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Holographic Microscopy : 3D Tracking of Gold
Nanoparticles, Applications in Biology

Abstract:

In this thesis, we have developed a novel heterodyne digital holographic
microscope combining the off-axis geometry and phase-shifting interferometry
to detect and localize in three dimensions nanometric-sized colloidal gold
particles used as biological markers in live cells environments. Genuine
aliasing-free holograms are obtained using the phase-shifting technique that
is performed using two accurately synchronized Acousto-Optic modulators,
and since a heterodyne detection is performed, holograms are only shot-noise
limited. We have also elaborated an ingenious numerical reconstruction
method that offers striking advantages : reconstructed images do not suffer
from longitudinal distortions, reconstruction parameters are obtained without
an additional experimental calibration, aberrations compensation as well as
lens curvature corrections are automatically obtained.

Using the developed optical apparatus and numerical processing procedure,
we have been able to image and localize for the first time in the context of
digital holographic microscopy, 40 nm gold particles attached to the integrin
surface receptors of live 3T3 fibroblasts with a localization precision of 5
nm laterally and 100 nm in depth, when 32 images averaging is performed.
Additionally, 3D mapping of the entire scattered field was achieved where the
3D exploration was performed within a relatively big volume ~ (90 x 90 x 90)
pm. Finally, we have been able to characterize the scattering regimes of the
gold markers and cellular structures by analyzing the 3D shape of the cor-
responding scattering patterns that are easily accessible by digital holography.

Keywords:

Digital Holographic Microscopy, Gold Nanoparticles, 3T3 Fibroblasts, In-
tegrin Receptors, Holographic Reconstruction, Heterodyne Detection, Optical
Microscopy, Phase-Shifting Holography, Off-axis Holography, Acousto-optic
Modulators







Microscopie Holographique : Suivi 3D de Nanoparticules
d’Or, Applications en Biologie

Résumé:

Dans cette thése, nous avons développé une nouvelle technique de

microscopie holographique digitale hétérodyne pour détecter et localiser
en trois dimensions des nanoparticules d’or utilisées comme marqueurs
biologiques dans des cellules vivantes. On combine la géométrie hors-axe
et l'interférométrie par décalage de phase, ou deux modulateurs Acousto-
Optique minutieusement synchronisés sont utilisés, afin d’obtenir des
hologrammes sans alias. La détéction hétérodyne permet d’atteindre la limite
de bruit théorique (shot-noise). Nous avons aussi élaboré une méthode de
reconstruction numérique astucieuse : les images reconstruites ne souffrent
pas de distortions longitudinales, les parmétres de reconstruction sont obtenus
sans avoir besoin de les mesurer en effectuant une calibration expérimentale
supplémentaire, la compensation des aberrations et les corrections de cour-
bure de phase sont automatiquement obtenus.
Nous avons pu imager et localiser, pour la premiére fois dans le contexte de
la microscopie holographique digitale, des billes d’or de 40 nm de diamétre,
attachées aux récepteurs transmembrannaires intégrine de fibroblastes 3T3
vivantes avec une précision de localization de 5 nm latéralement et 100 nm
en profondeur quand un moyennage sur 32 images est effectué. De plus,
une exploration 3D, dans un volume relativement grand ~ (90 x 90 x 90)
um, de la totalité du champ diffusé est obtenu. Finalement, nous avons pu
caractériser les régimes de diffusion des marqueurs d’or et des structures
cellulaires en analysant la forme 3D des motifs de diffusion correspondants
qui sont facilement accessible par holographie digitale.

Mots-clés:

Microscopie Holographique Digitale, Nanoparticules d’Or, Fibroblastes
3T3, Récepteurs Intégrine, Reconstruction Holographique, Détection Hétéro-
dyne, Microscopie Optique, Décalage de Phase, Holographie Hors-axe, Mod-
ulateurs Acousto-optiques
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Oa Absorption cross section
g  Anisotropy factor

Te Coherence time

¢.  Coherence length
n  Complex refractive index
¢ Complex dielectric constant
V x Curl operator
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O, Extinction cross section
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t  Imaginary part of the refractive index
V2 Laplace operator
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G Microscope objective magnifying factor
d,,  Pixel’s dimension of the conjugate image
¢ Propagation speed of light in vacuum
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p(8,8")  Scattering phase function
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1.1 Context

The importance of light in medicine dates back to ancient history where the
healing power of light was attributed to mythological figures called "gods
of light". Throughout human history, and with the advent of science and
technology, the contribution of light in medicine has evolved. The invention
of the microscope as well as the invention of the Laser were major milestones
for the development of research in the field of biophotonics, a field that
has emerged from research conducted at the interface of the physical and
biological sciences.

Numerous optical imagery techniques have been developed in order to in-
vestigate biological tissues, at the cellular and subcellular levels, for medical
diagnostic and therapeutic applications. Although these conventional imagery
techniques produce high resolution images, they suffer from two main draw-
backs :

e Only intensity information is captured : Since most recording ma-
terials are only intensity-sensitive, the phase information of the investi-
gated specimen is lost during the imaging process. However, in biological
imagery, the quantitative phase information is important since biolog-
ical objects are characterized as transparent "phase objects" that ex-
hibit weak intensity contrasts. Phase-contrast imagery techniques (e.g,
Differential Interference Contrast DIC, Zernike etc...) should thus be
employed in order to visualize biological objects.
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e Only two dimensional information can be obtained : In or-
der to achieve high lateral resolution, high Numerical Apertures (NA)
should be considered. However, for high NA, the depth of focus
(Azfoe = nA/NA? where ) is the wavelength and n the refractive in-
dex of the medium) is small. Hence, only two dimensional information
of the investigated object can be obtained. In order to obtain full 3D
information, images at several focal depths should be recorded. This re-
quires a physical sectioning of the sample or a mechanical motion along
the optical axis to scan the complete experimental volume. However,
physical sectioning of a biological sample is invasive and the mechanical
operation of scanning increases the acquisition time and increases conse-
quently the exposure time which might damage the biological specimen.
Furthermore, since scanning is needed in order to obtain 3D images,
dynamics of the investigated specimen cannot be observed.

An alternative potential optical imagery method that allows to circumvent the
drawbacks of conventional optical imagery techniques is Digital Holographic
Microscopy (DHM). In DHM, two components of coherent light are superim-
posed : one fraction illuminates the specimen while the other part reaches
the digital detector intact. The resulting interference pattern (hologram),
contains amplitude as well as phase information in its intensity profile. The
image of the illuminated specimen is then numerically reconstructed using
Fourier optics-based algorithms. Full 3D information of the object is thus
revealed from a single recorded hologram and without any sectioning or me-
chanical scanning since the focusing control is performed numerically during
the reconstruction process (this is called the "numerical focusing" capability
of DHM). Digital Holographic Microscopy is thus potentially adequate for the
optical imagery of biological objects and can be used to monitor the dynamic
changes of investigated specimens. Many worldwide research groups have
used DHM for different biomedical applications : imaging various types of
cells [Colomb et al. 2006b, Debailleul et al. 2008, Mann et al. 2006], studying
cell cultures and their evolution during time [Dubois et al. 2008], investi-
gating cellular dynamics [Kemper et al. 2006, Kemper & von Bally 2008,
Jeong et al. 2007|, monitoring laser microsurgery on cells [Yu et al. 2009],
cell counting [Mélder et al. 2008], to cite some.

Many of the cellular constituents, like the nuclear receptors, some organelles,
surface receptors, DNA molecules, enzymes etc... have typical dimensions in
the nanometer scale. Hence, in order to investigate and characterize such
objects, new tools capable of probing the nanometer world are needed. For
this purpose, nanotechnology have provided a diverse set of nano-objects
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that can be used for biological labelling. Particularly, gold nanoparticles
present unique optical and biochemical properties that made them very
appealing to probe biological systems. Gold nanoparticles are biocompatible
and, given their chemical properties, they allow for custom functionalization
and for preparation in wide size range. Furthermore, gold nanoparticles
present excellent optical properties that result from the resonant excitation of
collective oscillations of the particles’ free electrons, also called surface plas-
mons, which cause large optical cross-sections at their respective resonance
wavelengths [Kreibig & Vollmer 1995]. Gold nanoparticles are not only very
bright but they also display an extreme photophysical stability. Since their
signal is based on light scattering, gold nanoparticles do not blink or bleach
and enable, unlike fluorescent dyes or quantum dots, continuous observation
without limitations in total observation time.

Gold nanoparticles have been used for a broad range of biomedical applica-
tions. They have been used as biomarkers for live cell imaging using photother-
mal tracking [Lasne et al. 2006, Cognet et al. 2003, Boyer et al. 2003] and
light scattering spectroscopy |[Raschke et al. 2003] has been demonstrated.
The detection of live oral cancer cells using gold nanoparticles has been
obtained [El-Sayed et al. 2005].  Detection of DNA sequences using gold
nanoparticles has been achieved [Storhoft et al. 2004| and they have also been
used as vectors for tumor directed drug delivery [Paciotti et al. 2004] and
many more biological applications [Sperling et al. 2008, Lee et al. 2009).

1.2 Motivations and Scope of the thesis

We have seen that digital holographic microscopy is a propitious tool for
biomedical imagery. Additionally, the use of gold nanoparticles in this same
application field is promising and offers exceptional assets. In this thesis,
we have combined both tools and thus we have developed a scattering-
based holographic microscope to detect and localize in three dimensions
nanometric-sized colloidal gold particles used as biological markers in live
cells environments.

The three-dimensional detection and localization of scattering gold nanopar-
ticles, either spin coated on a glass substrate or in free motion within a water
suspension, has been already achieved in our group in Laboratoire Kastler
Brossel by Atlan et al. [Atlan et al. 2008]. In this thesis work, we go further
and we target the 3D detection and localization of gold particles attached to
cellular surface receptors of live cells.
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1.3 Manuscript Organization

This thesis is organized into eight chapters and two sets of appendices. The
main body of content in this manuscript is contained in Chapters4, 5, 6 and
7.

Chapter2 "Optical Imagery of Complex Media" characterizes the light
interaction with gold nanoparticles conjugated to biological cells. First, the
basic concepts that describes a general light-matter interaction are reviewed.
Then the optical properties of biological tissues are depicted. Finally, the
optical detection and unique properties of gold nanoparticles as potential
biological markers are presented.

The basic optical concepts and principles of holography are reviewed in
Chapter 3 "Holography : the principles" . Both classic holography and digital
holography are then presented. Approaches for numerical reconstruction of
recorded holograms are finally discussed.

Chapter 4 "Heterodyne Digital Holography" is dedicated for the description
of the adopted heterodyne detection-based holographic system that uses
phase-shifting holography. Some possible direct applications are also pre-
sented.

The general description of the optical apparatus used for holographic
microscopy experiments as well as the optical arrangement that is considered
for the reconstruction process are described in Chapter5 "Interferometric
Heterodyne Digital Holographic Microscopy". An exhaustive study of the
reconstruction procedure that we used for the reconstruction of all our
experimental data in this thesis is also provided while discussing about
possible aberration corrections.

Chapter 6 "Digital Holographic Microscopy of Gold Nanoparticles in living
cells" contains main experimental results obtained for gold nanoparticles
conjugated to live cells. First, the biochemical procedure that we used in
order to attach gold nanoparticles to live cells is outlined. Then a detailed
description of the experimental apparatus is presented. Finally experimental
results are depicted and discussed.

Some technical and experimental developments that tend to treat the
limitations encountered in the previous chapter are presented in Chapter 7
"Technical Developments" .

4



1.3 Manuscript Organization

Chapter 8 presents an overall conclusion with an outlook to possible
future experimental developments.

The biochemical protocols that were used in this thesis are included in Ap-
pendix A whereas the published papers are attached in AppendixB.
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A scattering-based imagery and localization of nanometric gold particles

conjugated to live biological cells is the main ambition of this thesis. When
gold-labeled cells are optically investigated, the light interaction with such ob-
jects is mainly dominated by absorption and scattering processes. The scope
of this chapter is to characterize this interaction for a better understanding of
the light propagation in such complex media.
In the first section of this chapter, Section 2.1, we will present a review of
the basic concepts that describes a general light-matter interaction. The op-
tical and spectral properties of biological tissues are presented in Section 2.2.
Section 2.3 addresses the physics behind gold nanoparticles : their optical de-
tection is described and their unique properties as potential biological markers
are presented.
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2.1 Light-Matter Interaction : A Review

Our main interest is in the propagation and scattering characteristics of a
wave in a biological media in the presence of nanometric-sized gold particles.
The interaction of light with small particles depends strongly on the size,
shape and composition of the particles, as well as on the composition of the
medium in which the particles are embedded.

This section reviews the basic concepts that are needed to describe the
propagation of light waves in such complex media.

2.1.1 The refractive index

The refractive index (or index of refraction) of a medium is a complex number
noted n with both a real and imaginary part. It describes the linear optical
properties of the medium and its general form is given by :

A\ = n(\) — ik (2.1)

The imaginary part encompasses the attenuation of a wave due to
absorption (and scattering if the medium is heterogeneous) at a particular
wavelength, thus the imaginary part is also called the extinction coefficient
k. The convention is to refer to the real part as the "refractive index" (as
distinct from the "complex refractive index").

The real part, noted n, characterizes the phase velocity of the wave in
the propagation medium and is expressed as a ratio of the speed of light in
vacuum ¢ (where ¢ ~ 3 - 108m s™!) relative to that in the considered medium

Cmed -

C

n = (2.2)

Cmed

Nyee = 1 and the wavelength of light in the medium \,,.4 is given in terms
of the vacuum wavelength \,.. as :

)\vac

Nimed

Amed = (2.3)

Even though the phase speed and the wavelength of light depend on the
refractive index, the wave frequency v is always the same as in the vacuum :

c Cmed
= = 2.4
Y )\vac /\med ( )
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2.1.2 Scattering

When a light wave propagates in a medium and hits a localized structure
with a different refractive index, a scattering process will occur : some of the
incident light is redirected over a range of angles relative to the scattering
structure. The scattering process depends on the size, morphology, and
structure of the scattering object. In principle, the scattered radiation can be
calculated if the refractive index of the medium where the light wave initially
propagates, the refractive index of the scattering object, and the size and
shape of the scatterer are known.

For a monochromatic wave that has a given intensity /y encountering the
scattering object, some amount of power Pi,..; gets spatially redirected (i.e.
scattered). The ratio of the power scattered out of the wave to the incident
intensity is called the "scattering cross section” o .

Pscatt
Iy

This parameter is used to quantify the scattering process.

(2.5)

Og =

A medium containing a uniform distribution of identical scatterers is char-
acterized by the scattering coefficient p :

Hs = pOs (26)

where p is the density number of scatterers.
The scattering coefficient is essentially the cross-sectional area for scattering
per unit volume of medium.

The appropriate expressions for calculation of the scattering cross section
expressed above are provided from two theoretical frameworks : the theory of
Rayleigh Scattering (after Lord Rayleigh) and the theory of Mie Scattering
(after Gustav Mie).

2.1.2.1 Rayleigh Scattering Regime

When a light wave is scattered by non-absorbing structures much smaller
than its wavelength, the corresponding scattering regime is called "Rayleigh
Scattering” . The most important implication of the small size-to-wavelength
ratio is that, at any moment in time, the scattering object sees only a spatially
uniform electric field in the surrounding medium. In the electromagnetic wave
description of light, this condition gives rise to a dipole moment yielding to a
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redistribution of the charges in the scatterer. This dipole moment oscillates
in time with the frequency of the incident field and, as a consequence, gives
off dipole radiation [Bohren & Huffman 1983, Hulst 1981, Ishimaru 1978|.

2.1.2.2 Mie Scattering Regime

Scattering of light by spherical objects is described by Mie theory
[Mie 1908], which is in principle applicable at any size-to-wavelength
ratio. In the intermediate size-to-wavelength ratio range, where the
Rayleigh and geometric approximations are not valid, Mie theory is used
[Bohren & Huffman 1983, Hulst 1981, Ishimaru 1978]. Thus a scattering
process that occurs in this region where the scatterer size and wavelength
are comparable is called the "Mie scattering regime”. Because the scatterer
is on the order of the wavelength, it experiences a more complex field in the
space around it at any moment in time, and thus the motion of charges in
the scatterer in response to the field is also more complex. This results in
a more complex angular dependence for the scattered light relative to the
Rayleigh approximation. There can also be resonances and nulls due to the
constructive and destructive interferences of the fields set up in the scatterer.

Because Mie scattering theory has no size limitations and converges to
the limit of geometric optics for large particles, it may be used for describing
most spherical particle scattering systems, including Rayleigh scattering.

The Mie scattering theory was specifically developed for spherical parti-
cles, although the label "Mie regime" is commonly used to refer to scattering
from particles of arbitrary shape whose dimensions are on the order of or
greater than the wavelength.

2.1.2.3 The Phase Function

The angular distribution for a single scattering event is described by the scat-
tering phase function p(s,5”), where § is the direction of the incident light
and §” is the direction of the scattered light as illustrated on Figure2.1. The
angle between directions §and §” is noted 6. If scattering is symmetric relative
to the direction of the incident wave, then the phase function depends only
on the scattering angle 6 and is defined as the probability density function
for scattering, in the direction 57, of an incident light wave traveling in the
direction § [Cheong et al. 1990] :

10
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incident light Scaatntglrzieng

scatterer

Figure 2.1: Scattering of a light wave by a localized scatterer

/ p(5.57) dO) = (2.7)
4
where dS) is the differential solid angle in the scattering direction s’ as

illustrated on Figure2.1.

The scattering phase function can be difficult to calculate, especially for
complex scattering structures where detailed knowledge of the system is not
possible. It is thus necessary to approximate this function.

2.1.2.4 The Anisotropy Factor

In order to approximate the scattering phase function, we introduce a new
parameter, g, which is the average cosine of the phase function called the
anisotropy factor. ¢ is defined as the integral over all angles of the phase
function (47 steradians for a complete circle) multiplied by the cosine of the
scattering angle 6 :

g:/ p(s,8") (5 8")dQ (2.8)
47
g defines thus the mean cosine of the scattering angle 6.

The anisotropy factor g is a measure of the asymmetry of the single scat-
tering pattern and its value defines the scattering regime and varies in the

11
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range from 0 to +1. A scatterer with g > 0 is more likely to forward-scatter
a photon, while a negative g indicates a preference for backward scattering :

e when g = 0, light is scattered isotropically and this scattering process
is called sotropic scattering regime

e when g = 1, light is scattered in the direction of the incident wave and
the scattering process is a total forward scattering regime

e when g = -1, light is scattered completely backwards and the scattering
process is a total backward scattering regime

2.1.3 Absorption

When a light wave propagates in a medium and hits a localized structure, an
absorption process will occur : the absorbing structure extracts some energy
from the incident light.

For a localized absorber, the "absorption cross section” o,, which is the ratio
of the absorbed power to the incident intensity, can be defined in the same
manner as for scattering :

Pabs
Iy

where P, is the amount of power absorbed out of an initially uniform
wave of intensity [ .

(2.9)

Oq =

A medium with a uniform distribution of identical absorbing structures
can be characterized by the "absorption coefficient” u, :

Lo = PO (2.10)

where p is the density number of absorbers.

For an absorber of thickness z, the transmitted intensity I; is given by the
Beer-Lambert law :

I, = Iyete* (2.11)

and the transmission T of the structure is thus defined as the ratio of the
transmitted intensity I; to the incident intensity I :

T =1,/I (2.12)

12



2.2 Optical Imagery of Biological Media

The attenuation, also called absorbance A or optical density OD, of a
structure is given by :

A=0D = lOglO(]O/It) = —lOglo(T) (213)

2.1.4 Extinction

The total extinction of the incident light wave by the localized structure con-
tains contributions of both scattering and absorption. The extincted energy
is the sum of the absorbed and scattered energy. We can define thus the
"extinction cross section” o, that is given by :

0. = 04+ 0, (2.14)

2.2 Optical Imagery of Biological Media

Various photonic tools for probing, manipulating, and interacting with
biological systems are provided by the electromagnetic spectrum of light. A
great variety of electromagnetic phenomena are used in the field of biomedical
photonics to detect and treat diseases and to contribute to the advancement
of the scientific knowledge.

In this thesis, we are interested by the phenomenon of propagation of
"light” in biological tissues labeled with gold nanomarkers, where the term
"light" refers here to the visible and near infrared (NIR) portion of the
electromagnetic spectrum.

The interaction of visible and NIR light with biological tissues is dominated
by [Richards-Kortum & Sevick-Muraca 1996] :

e Absorption processes which are due to the presence of various chro-
mophores such as hemoglobin, oxyhemoglobin, melanin, water, and
lipids

e Scattering processes which are due to the cell membrane and cell struc-
tures such as the nucleus, mitochondria, lysosomes etc... that have het-
erogeneous refractive indices

Penetration of light in tissue is dependent on the extent of the two pro-
cesses above and is low in the high-energy visible region of the spectrum.
This is due to high absorption by hemoglobin and severe light scattering.
In the wavelength regime between 600 nm and 1100 nm, absorption and

13
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scattering losses are lower permitting high-light penetration. This is the so-
called "optical imaging window" which is exploited for deep imaging in tissues
[Richards-Kortum & Sevick-Muraca 1996].

2.2.1 Optical Absorption of Biological Tissues

The process of absorption in biological tissues is important for medical diag-
nostic and therapeutic applications :

e Diagnostic applications : Transitions between two energy levels of a
molecule that are well defined at specific wavelengths could serve as a
spectral fingerprint of the molecule for diagnostic purposes

e Therapeutic applications : Absorption of energy is the primary mecha-
nism that allows light from a laser to produce physical effects on tissues
(e.g., heating) for treatment purposes

The core of this thesis work is the scattering process, we will not thus focus
on absorption.

2.2.2 Optical Scattering of Biological Tissues

In biological tissues, scattering interactions are often dominant mechanisms
affecting light propagation. In biological tissues, scattering processes occurs
because these objects are very heterogeneous structures and correspondingly
have spatial variations in their optical properties. The spatial variation and
density of these fluctuations make these tissues strong scatterers of light.

2.2.2.1 Coherent Scattering in Biological Tissues

Various cellular structures, such as mitochondria and nuclei, and extracellular
components like collagen fibers have sizes on the order of hundreds of
nanometers to a few microns, and are comparable in dimension to the
photon wavelengths generally used in biomedical applications (0.5 to 1
pum). When monochromatic coherent sources of high coherence length are
used to investigate biological structures, the scattered light exhibits inco-
herent properties and can also exhibit coherent properties since the size of
the scatterers (cellular structures) is on the order of the excitation wavelength.

14
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2.2.2.2 The Anisotropy Factor of Biological Tissues g,

Although the cellular structures are not necessarily spherical, their scattering
behavior can be modeled reasonably well by Mie theory applied to spheres
of comparable size and refractive index. Refractive index in tissues is of
great importance for light-tissue interaction. Most tissues have refractive in-
dices for visible light in the range from 1.335 to 1.62 [Tuchin 2007, Duck 1990] .

We have seen in the previous section (Section 2.1), that the overall direc-
tional tendency of the scattered light is represented by the anisotropy factor
g which characterizes the scattering phase function.

It is demonstrated that for biological tissues, this anisotropy factor gy,
is well characterized when the scattering phase function is approximated us-
ing the Henyey-Greenstein function [Prahl 1988, Yoon 1988, Vo-Dinh 2003,
Tuchin 2002, Jacques et al. 1987] :

N 1 1— gg
3 s =np0) =—- L0 2.15
p<575) p( ) A (14-91?1-0—295100089)3/2 ( )
In these approximation conditions, gy, is given by :
Gbio = 1 - M;/Ns (216)

where 1, is the reduced scattering coefficient that describes the random
dispersion of scattered light in the tissues due to the strong scattering.

It is demonstrated experimentally that the anisotropy factor of biolog-
ical cells gy, varies in the range from 0.8 to 0.95 [Prahl 1988, Yoon 1988,
Vo-Dinh 2003, Jacques et al. 1987, Cheong et al. 1990] i.e. close to one. This
yields to a scattering that is strongly peaked in the forward direction.

2.3 Optical Imagery of Gold Nanoparticles as
Biomarkers

Gold nanoparticles are spherical clusters of gold atoms with diameters
typically between 1 and 100 nm. They are complex many-electron systems,
where reduced sizes and quantum confinement of electrons and phonons give
birth to fascinating new effects, potentially tunable with particle size and
shape.

Gold nanoparticles have been broadly used in the field of biomedical
imagery because they present a set of unique size and shape-dependent

15
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optical and biochemical properties in addition to their easy synthesis in a
wide size range.

This section presents a review about gold nanoparticles and their potential
use as biological markers. In the first part of this section, the synthesis of
nanometric-sized colloidal gold particle is reviewed. The optical properties
of gold nanoparticles are presented in the second part of this section. In the
last part, biochemical properties of gold nanoparticles, which makes them
appealing biological markers, are presented.

2.3.1 Synthesis of Gold Nanoparticles

The synthesis of gold nanoparticles was first reported by Michael Faraday,
who, in 1857 [Faraday 1857], described the chemical process for the produc-
tion of nanosized particles of gold from gold chloride and sodium citrate.
Since then a number of different methods have been developed to synthesize
colloidal gold with controllable size [Daniel & Astruc 2004].

The most commonly used method of preparing gold nanoparticles, dis-
persed in water, is the citrate reduction of HAuCl4 in water method that was
first proposed by Turkevich et al. in 1951 [Turkevich et al. 1951 and then was
developed by Frens in 1973 [Frens 1973] : Gold salt and citrate are stirred in
water, while the temperature, the ratio of gold to citrate, and the order of
addition of the reagents control the size distribution of the generated gold
nanospheres.

2.3.2 Optical Properties of Gold Nanoparticles

The confinement of electrons and phonons causes the physical properties of
nanometer-sized objects to depart from those of bulk solids. In nanoscience,
these deviations are exploited in order to tailor the properties of nanoparticles
through their sizes and shapes.

The surface plasmon resonance of colloidal gold nanoparticles, which
is a collective oscillation of the conduction electrons, governs their strong
interaction with light : the strongly enhanced surface plasmon resonance of
AuNps at optical frequencies makes them excellent scatterers and absorbers
of visible light [Kreibig & Vollmer 1995, Jain et al. 2006].  The surface
plasmon resonance of nanometric spherical gold particles in water is observed
at about 520 nm [Van Dijk et al. 2006].

16
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In addition to their high scattering efficiencies, gold nanoparticles are
immune to photobleaching and photoblinking [Cognet et al. 2003].

There have been several reports |Link & El-Sayed 1999, Alvarez et al. 1997,
Bohren & Huffman 1983] on the optical properties of metal nanoparticles,
including gold nanospheres and well-established theoretical tools based on
the Mie theory method have been readily exploited for a quantitative study
of the nanoparticle optical properties [Bohren & Huffman 1983].
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Figure 2.2: Real part of the refractive index of gold in function of the wave-
length. Data measured by Palik [Palik 1991|

2.3.2.1 Complex Refractive Index and Dielectric Constant of Gold

Optical properties of gold nanoparticles can be presented in terms of the com-
plex refractive index 7. Another representation that describes very well these
properties, apart from a small correction for particles with a radius a below 5
nm [Link & El-Sayed 1999, Kreibig & Vollmer 1995], is in terms of the com-
plex dielectric constant e.

Assuming the material is not magnetic, the dielectric constant and the com-
plex refractive index are related by [Doremus 1964] :

e=n? (2.17)

The complex refractive indices and the dielectric constants of most noble
metals are known from experiments, mostly done in the 1960’s and 1970’s
[Johnson & Christy 1972]. For gold, values of the real part n of the complex
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refractive index in function of the wavelength, that we used in this thesis and
that were obtained by Palik [Palik 1991], are plotted in Figure 2.2. Values of
the imaginary part x are plotted in Figure2.3.
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Figure 2.3: Imaginary part of the refractive index of gold in function of the
wavelength. Data measured by Palik [Palik 1991]

2.3.2.2 Scattering of AulNps

Solving the problem of light scattering by a small particle involves solving
Maxwell’s equations with the correct boundary conditions. For spherical
particles, this problem is exactly solvable. This was first shown in 1908 by
Gustav Mie [Mie 1908]. A complete derivation of Mie theory is given by
Bohren & Huffman and Hulst [Hulst 1981, Bohren & Huffman 1983]. From
Mie theory scattering matrices can be derived, from which information about,
for example, the direction and polarization dependence of the scattered light
can be extracted.

Scattering Cross Section o, of AuNps

An important parameter that can be calculated with Mie theory is the scat-
tering cross section o, described in Section 2.1 of this chapter :

Mo
oo == 2n+1)(la] + [57) (2.18)
n=1

Coefficients a,, and b, describe the amplitudes of the scattered electric and
magneti fields respectively and are given by :
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w mp, (ma)i, (2) — U (2)2), (mx)

(2.19)

_ wa(ma) (x) — mi () (ma)
o (m), () — mGu () (mix)

where ¢ and ( are Ricatti-Bessel functions of order n (they are
related to Bessel and second-order Hankel functions respectively)
[Bohren & Huffman 1983|, x = ka is a size parameter, a is the radius
of the particle and m = \/€44/Emea 1S the square root of the ratio of the
dielectric constant of the gold particle and of the medium where the particle
is embedded and k is the modulus of the wave vector in that medium.

The prime indicates a derivation to the parameter in parentheses.

by (2.20)

Using the experimentally determined real and imaginery parts of the
refractive index of gold, plotted respectively on the graphs of Figure 2.2
and Figure2.3 in Section 2.3.2.1, the dielectric constant of gold €4, can be
calculate using Equation2.17. Equation 2.18 thus provides the scattering of
the nanoparticle as functions of the particle radius a, the refractive index
of the particle and the refractive index of the medium n,,.q in which it is
embedded.

It is shown that the scattering cross section of a small gold nanoparticle
varies as a® [Hulst 1981, Van Dijk et al. 2006] :

9
m? —1

m2 + 2

_ 1287° 6

Y (2.21)

Os

Anisotropy Factor g, of AuNps

By performing scattering calculations based on Mie theory, the anisotropy
factor of a scattering gold nanoparticle embedded in a medium can be calcu-
lated (check http://omlc.ogi.edu/calc/mie_calc.html). Parameters like
the real refractive index of the particle, the imaginary refractive index of the
particle, the refractive index of the medium where the particle is embedded,
the diameter of the particle etc..., should be defined in order to complete the
calculations.

The anisotropy factor ga,, calculated for a gold nanoparticle, is tiny and
can be considered as null. Consequently, gold nanoparticles scatters light
isotropically without any directional tendency.
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2.3.2.3 Absorption of AulNps

Similarly to scattering, the absorption of gold nanoparticles can be charac-
terized by Mie theory. In fact, we have seen in Section2.1.4 of this chapter
that the absorbtion cross section o, is related to the scattering cross section
os and to the extinction cross section o, (see Equation2.14).

From Mie theory [Bohren & Huffman 1983], the extinction cross section o, is
given by :

2

Oe = ;—WRe(an +b,) (2.22)

Using Equation 2.22 and Equation 2.14, the absorption cross section o,
can be deduced.

It is shown that the absorption cross section of a gold nanoparticle varies
as a : [Hulst 1981, Van Dijk et al. 2006]

8 3 m? —1
Oa=———a Im (m2+2) (2.23)

2.3.3 Biological Properties of Gold Nanoparticles

There is an enormous interest in exploiting nanoparticles in various biomedi-
cal applications since their size scale is similar to that of biological molecules
(for example : proteins, DNA etc...) and structures (e.g., viruses and bac-
teria). Furthermore, useful properties can be incorporated into the design of
the nanoparticles for manipulation or detection of biological structures and
systems.

2.3.3.1 Cytotoxicity of AulNps

Cells exposed to gold nanoparticles will incorporate the particles or will in-
teract with them. Hence biocompatibility issues have to be considered.

Gold nanoparticles are composed of an inert material and thus acute cytotox-
icity has not been observed so far. AuNps are regarded as biocompatible
and it may be applicable to use gold nanoparticles as a reference nanoparticle
for low toxicity [Lewinski et al. 2008, Sperling et al. 2008, West et al. 2006].

2.3.3.2 Bioconjugation of AulNps

Gold nanoparticles are surrounded by a shell of stabilizing molecules. With
one of their ends, these molecules are either adsorbed or chemically linked to
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the gold surface, while the other end points towards the solution and provides
colloidal stability.

Biological molecules can be attached to the particles in several ways. If the
biological molecules have a functional group which can bind to the gold
surface (like thiols or specific peptide sequences), the biological molecules
can replace some of the original stabilizer molecules when they are added
directly to the particle solution. In this way molecules like oligonucleotides,
peptides or PEG can be readily linked to AuNps and subsequent sorting
techniques even allow particles with an exactly defined number of attached
molecules per particle to be obtained. Alternatively, biological molecules can
also be attached to the shell of stabilizer molecules around the Au particles
by bioconjugate chemistry [Sperling et al. 2008].

Molecules coated on gold colloids retain their native structure without
denaturation, which allows further application of those bio-modified nanopar-
ticles [Pasquato et al. 2004].

With related strategies almost all kinds of biological molecules can be
attached to the surface of gold nanoparticles.

2.4 Overview

In this chapter, we have first reviewed the basic concepts that governs
light-matter interaction for a better characterization of the light propagation
in complex biological media in the presence of AuNps. Complex refractive
index, is thus defined as well as absorption and scattering cross sections.
Moreover we have seen that the overall directional tendency of the scattered
light is represented by the anisotropy factor g.

Then, we have specifically described the interaction of light waves with
biological tissues that are characterized as strong light scatterers because
their structure is very complex and heterogeneous. In fact, their structure
consists of several organelles and cellular elements of different sizes and
refractive indices. Additionally, we have seen that the anisotropy factor of
biological tissues gy, is close to one yielding to a scattering that is peaked in
the forward direction.

We have also described the interaction of light waves with spherical gold
nanoparticles. Based on Mie theory, we have seen that the scattering cross
section of a gold nanoparticle (radius a), varies as a®, while its absorption
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cross section varies as a® only. Therefore, for very small particles, absorption
is dominant, and thus their detection, using scattering-based methods, is
challenging. Furthermore, we have seen that the anisotropy factor of AuNps
gy is almost zero yielding to an isotropic scattering regime.

Finally, we have discussed about the unique properties of gold nanopar-
ticles that makes them appealing objects for biological labeling : it is easy
to synthesize gold particles in a wide size range, it is easy to functionalize
them with a variety of small molecules, they have potential light extinction
efficiencies in the visible (and NIR) region of the spectrum due to their surface
plasmon resonance, they do not suffer from photobleaching and photoblinking
and are inert yielding to low cytotoxic effects.
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Holography : the principles
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3.1 Historical Introduction

Holography, a technique employed to make three-dimensional images, origi-
nates from the work of the British-Hungarian physicist Prof. Dennis Gabor
(Figure 3.1), while trying to improve the resolution of his electron microscope
in 1947 by recording a diagram of the amplitude and the phase of the wave
at the same time. Gabor, influenced by the work of Sir Lawrence Bragg,
proposed a two-step process : illuminating the samples with electron beams
and using white light to read out the recordings. It should be noted that the
concept of separating the recording from the reconstruction was first proposed
and used by Ernest Abbe.

Gabor’s drawing of his setup, as published in his article ‘A New Microscopic
Principle’(|[Gabor 1948]), is depicted in Figure 3.2. A diverging reference wave
(primary wavefront) illuminates an object. Part of the wave is scattered by
the object. This secondary wave interferes with the reference wave, and the
interference pattern, named hologram (from Greek : holos = whole, graphein
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Figure 3.1: Dennis Gabor

= to write), is recorded on a photographic plate. All 3D information of the im-
aged object is contained in one single recorded hologram. For reconstructing
the image, the photograph is first developed by reversal and then illuminated
with an optical imitation of the electronic wave.

The method was named "Microscopy by reconstructed wavefronts"
(|Gabor 1949]) that becomes, throughout the years, "holography".

In 1971 Dennis Gabor was rewarded the Nobel prize "for his invention and
development of the holographic method’. Yet the success and progress of
holography did no come overnight because of two main limiting factors :

e The origin of holography traces back to a time when lasers were not
yet invented and, a the time, coherent light sources consisted of a mer-
cury lamp used with a combination of a pinhole and color filters. Light
sources, used in holography, suffer thus from weak intensity and low
temporal coherence resulting in poor quality distorted holograms.

e The reconstructed images contains, in addition to the original object’s
image, a second image of the object (named twin image) and a coherent
background that results from the directly transmitted beam. Those two
last terms disturbs the reconstructed relevant image leading to a poor
image quality. This overlapping of the different diffraction orders was
not solved at the time.

24



3.2 Physical basis of Holography

The invention of the laser by Dr. T.H. Maiman in 1960 [Maiman 1960]
marked a new era in holography : monochromatic and coherent lights
obtained from lasers made it possible to produce distortion free holograms of
high quality.

Moreover, =~ Emmeth Leith and Juris Upatnieks in late 1962
(|Leith & Upatnieks 1962, Leith & Upatnieks 1963]) presented a solution for
the overlapping of the different diffraction orders on the reconstructed images,
by introducing the "off-axis holography", a modified configuration of Gabor’s
initial setup. In this configuration, the object beam is spatially separated
from the reference beam, resulting in image and twin image sufficiently far
apart from each other and from the reference beam.

Consequently, an important step was done toward the developing of
holography as an imaging technique.

The lasers at the time had poor temporal coherence and mode stability,
and their holograms where degraded by reflections and noise. With the de-
velopment of laser and availability of high coherent lasers the holographic
technique is now possible for different applications.

M
1} .
= Interference
,maxima
- Primary wawefront \
Point focus Y : \’i'éwi
r -7 ens
T Wty -~ :’ A
T - Phase!
- 7\\\‘ *.Secundary wavefront :iomcnd‘tnoes
Object ™~  Emitizd by object Vot
!
'y
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[

Photographic plate ~

Figure 3.2: Dennis Gabor initial experimental holographic setup

3.2 Physical basis of Holography

Since ancient antiquity, two controversial competing theories describing the
nature of light exists. The first theory, called the wave theory of light mainly
conducted by Christiaan Huygens and later confirmed by Thomas Young and
Augustin-Jean Fresnel, describes light as a propagating wave. While the sec-
ond theory, called the corpuscular theory of light mainly conducted by Isaac
Newton, describes light as a current of particles called photons. Both theories
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contradict each other, but are necessary to describe the full spectrum of light
phenomena.

In practice, the theory to be referred to depends on the experimental situ-
ation itself ; taking into account the coherence requirements, holography is
essentially an ingenious combination of Interference and Diffraction, two phe-
nomena based on the wave nature of light and are thus perfectly described by
the wave theory, which is based on the theory of classical electromagnetism
formulated by James Clerk Maxwell.

3.2.1 Wave Theory of Light

Light is a transverse electromagnetic wave, propagating at the constant speed
of light ¢, characterized by two oscillating components, the electric field and
the magnetic field B.

As formulated in the classical electromagnetic theory, the electric and mag-
netic fields are coupled through Maxwell’s equations [Kreis 2005] :

v.E=" )
€0
V-B=0
. > Maxwell’s Equations 3.1
VXxE= _0_]3 b (31)
ot
- - OF
V X B = poJ + pogo—
ot )

V- is the divergence operator defined as : V- = a% + a% + %

0A, 04y

I T

Vx is the curl operator defined as ' : Vx A= [ 2= — 24
0Ay  0A,

ox oy

€0 is the permittivity of free space, g is the permeability of free space, p is
the total charge density and J is the total current density.

Light propagation is described by the wave equation, which follows
from Maxwell’s equations. The wave equation in vacuum is :
2

1

Q

V2E —

9}

!Here, A is an arbitrary vector
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where V2 is the Laplace operator defined as :

0? 0? 0?
e —— =+ =— 3.3
v ox? + 0y? * 072 (33)
and c is the propagation speed of light in vacuum :
c = 299792458 m s~ = 3 - 10°m s~ (3.4)

(z,y,z) are the Cartesian spatial coordinates and t denotes the temporal
coordinate.

In many applications, the wave vibrates only in a single plane. Such
light wave is called linearly-polarized light. For a linearly-polarized light
wave, propagating in the z-direction, it is sufficient to consider the scalar
wave equation :
PE  10°E
S (3.5)
0z2 2 ot?
The most important solution of the wave equation is the harmonic plane wave
described in real notation by :

E(z,y,z,t) = a cos(wt — k7 — ) (3.6)
a is the real amplitude of the wave and the spatially varying term :
= —ki" = (3.7)

is the phase, with ¢y a phase constant.
7 is a position vector defined as : ¥ = xZ + yy + 22
The symbol " signifies a unit vector.

The wave vector k describes the propagation direction of the wave :

K
k= k, (3.8)
k.
k= k(ka® + kg + k.2) (3.9)

The modulus of /;:, named wave number, is calculated by :

- 2
kll=kFk=— 3.10
IR =k == (3.10)
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the wave vector is thus :
.9
k= Tﬂ(kxfc + kyf + k22) (3.11)
The angular frequency w is related to the frequency v of the light wave by :
w =2y (3.12)

Frequency v and wavelength X\ of the light wave are related by :

&
= 1
V=1 (3.13)

Using the Euler’s formula that relates the trigonometric functions and the
complex exponential :
e =cosa +isina (3.14)

where ¢ = v/—1 is the imaginary unit, equation 3.6 can be written in complex
form : .
E(x,y, z,t) = a Re{e'@ ko (3.15)

Since only the real part of the complex field E(x,y, z,t) represents the physical
wave, the "Re" notation can be omitted, and thus the harmonic wave in
complex notation is :

E(z,y, 2,t) = a @ —Fro) (3.16)

Using the complex notation of 3.16, we can separate the spatial and temporal
parts of the wave :

E(z,y,2,t) = ae™' ei(—kr =)

E(z,y,2,t) = ae“'e (3.17)

In optics calculations, only the spatial distribution of the wave is of interest.
So by dropping the time dependence, only the spatial part of the electric field,
named complex amplitude, has to be considered :

E(z,y,2) = ae' (3.18)

E(z,y,z) as given by Equation 3.18 represents thus the complex amplitude
of the electric field. Equation 3.18 is valid for plane waves and in general for
any three-dimensional wave whose amplitude a and phase ¢ may be functions
of z, y and z.

Intensity
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The only directly measurable quantity is intensity [, which is defined
as the time average of the amount of energy which crosses in unit time a unit
area perpendicular to the direction of the energy flow :

T
I = eoc{F*(z,y,2)); = goc lim E?(x,y, z) dt (3.19)
T—o0 _T
In complex notation and for a plane wave, the intensity is simply calculated
by taking the square of the modulus of the complex amplitude :

I(z,y,2) = E(x,y,2) - E(x,y,2)" = |E(z,y,2)]* = a’ (3.20)

3.2.2 Interference Theory

The term Interference describes the superposition of two or more waves in
space. The idea was first introduced by Thomas Young in 1803 in the context
of water waves. The interference phenomenon is the basis of holography and
holographic interferometry.
In the following, we consider the interference of two monochromatic waves,
emitted by the same source.
In order to interfere, the two electromagnetic waves must be coherent, have
very nearly the same frequency, and the superposition principle must apply
[Schnars & Jueptner 2005] :

e Coherence will be described in details in the next section (Section 3.2.3).

e The superposition principle is automatically fulfilled because of the lin-
earity of the differential wave equation : since each individual wave of
the two interfering waves, described by E;(7,t) is a solution of the wave
equation, the superposition of those two waves is itself a solution two.
This superposition is given by :

E(Ft) =Y Ej(Ft) (3.21)

The result of adding two waves of the same frequency depends on the value
of the phase of the wave at the point in which the waves are added.

The complex amplitude of the two interfering monochromatic waves are re-
spectively :

Ei(z,y,2) = a e (3.22)
Ey(z,y,2) = age#? (3.23)
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Because the two interfering waves are identically polarized, the scalar ap-
proach can be considered here and the resulting complex amplitude F is then
calculated by adding the individual complex amplitudes :

E(l’,y,Z) :El(x,y,z)+E2(x7y,z) (324)

From Equation 3.20, the intensity of the interference is? :

I = |E + B (3.25)
= (BE1+ Ey) (E1+ Ey)" (3.26)
I = (a1€® +aye®?) (a; e + aye#?)* (3.27)

By developing the complex exponentials and using the following trigono-
metric identities® :

2cosCcosn = cos(¢ —n)+cos(C+n) (3.28)
2sin(sinn = cos(¢ —n) + cos(¢ +n) (3.29)
we get :
I=a;?+ ay? +2a1a5 cos (91 — ) (3.30)
I I Ay
and finally :
I =1+ 1)+ 2\ I I;cos Ap (3.31)

where I; and I, are the individual intensities and Ay is the phase
difference between the two waves.

The resulting intensity consists of one part that is the addition of the
individual intensities and another part, the interference term 2+/I; I cos Ay
which depends on the phase difference between the two interfering electromag-
netic waves. It can be easily demonstrated, that in the case of orthogonally
polarized waves, interference is not possible and thus the interference term do
not appear. Consequently, the result of their superposition consists only on
the addition of the individual intensities.

Constructive interference is achieved when the condition :

Ap =2nmt,n=0,1,2, ... (3.32)

is fulfilled yielding to a maximum of intensity ([,..), whereas points corre-
sponding to
Ap=02n+1)m,n=0,1,2,.. (3.33)

2The "(z,y, z)" notation in the equations is dropped for clarity and simplicity
3Here, ¢ and 7 are arbitrary functions
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conduct destructive interference where the intensity reaches its minimum
(Imin). Parameter n is an integer and refers to the interference order.

As a consequence, an interference pattern composed of an alternation of bright
and dark fringes is obtained. When the interfering waves have equal or nearly
equal amplitudes, their superposition gives complete constructive and destruc-
tive interference yielding to the clearest interference pattern with maximum
fringes’ contrast. The visibility of the interference pattern refers to the con-
trast of the fringes and is described by :

I — I
V= max min 3.34
[mam + ]mm ( )

3.2.3 Coherence Requirements

Coherence, in the context of interference, is an important property of the
superposing waves. It defines the correlation between the phases of the
individual waves and is, consequently, a direct measure of the interference
ability of light waves : two waves should be mutually coherent in order to
interfere. For this reason, interference is described as a coherent superposition
of electromagnetic waves.

When two interfering waves are mutually coherent, their phase difference,
defined by the term Ay = ¢; — ¢y introduced in Equations 3.30 and 3.31, is
constant in time. However, when Ay varies randomly or rapidly in time, the
average value of the cos Ay term is zero and the waves are mutually inco-
herent. Subsequently, interference is not achieved and only a pure addition
of the individual intensities is observed : this is called incoherent superposition

The general concept of coherence includes two intrinsic aspects which are
temporal coherence and spatial coherence|Kreis 2005].

3.2.3.1 Temporal Coherence

Temporal coherence of light waves is commonly revealed by a typical Michelson
interferometric experiment illustrated on Figure3.3 : a beam splitter (BS)
splits the light of an emitting source into two waves that travel to mirrors M,
and My (M is a fixed mirror while M, is a translating mirror) were they are
back-reflected into their initial incident directions. Both beams cross again
the beam splitter and a detector discloses their superposition in the form of
an interference pattern. The optical path length from BS to M; and back
to BS is noted d; and the optical path length from BS to M, and back to
BS is noted dy. Since M, is a translating mirror, ds can be experimentally
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Ma
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Figure 3.3: Michelson’s interferometer

controlled. An interference is observed only when the optical path length
difference between the two superposing waves dd, where dd = d; — dy, does
not exceed a certain length /.. When dd exceeds this limit, a vanishing of the
interference fringes on the superposition pattern is observed, revealing that
interference hasn’t occurred.

This critical length ¢, is named coherence length and the corresponding
emission time for the wave train is named coherence time :

i
o 3.35

This time interval 7., that describes the temporal coherence of a light
wave is the time required for the train-wave to traverse, when traveling in
vacuum, the coherence length /. which is the greatest distance between two
points for which there is a phase difference that remains constant in time.

Temporal coherence thus describes the correlation of a wave with itself at
different instants in time and is related to the finite spectral bandwidth of the
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Figure 3.4: Young’s double slit interferometer

emitting source Av (7. = oo in the ideal case of pure monochromatic waves) :

1
T Av

The coherence length is therefore a measure of the spectral bandwidth of
the light source :

(3.36)

Te

(o= — (3.37)

3.2.3.2 Spatial Coherence

Spatial coherence depicts the mutual correlation of different parts of the same
wavefront. It is commonly revealed by a typical Young’s double slit inter-
ferometer illustrated on Figure3.4 : a screen with two transparent slits (h;
and hy) is mounted between a light source and a detection screen. The slits’
screen is placed at a distance d from the initial light source. h denotes the
distance between h; and hs. Light waves pass through the slits and interfere
on a detection screen placed at distance r in front of them. In reality, a light
source is never an ideal point source but an extended source that emits light
from different points (source points s; and sy on the illustration of Figure 3.4
were the distance between s; and s, is noted s). The distances between the
source points and the slits are noted d; and ds, those between the slits and
the detection point are r; and 5.
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If the phase between s; and s, is fluctuating randomly, interference is not
observed on the detection screen and we get only a sum of the individual
intensities. However, in order to obtain an interference pattern similar to the
one obtained from and ideal one-point source, a fixed phase relation between
s1 and ss should exists. The path shift should be thus less than a half-fringe
spacing :

A
|81 — 82| < § (338)
This condition should be fulfilled for every point of the extended light
source.

For the edges’ points s; and s, , the following relations are valid :

h—
= A2+ i (3.39)
h
5o = 4/d2+ ;9 (3.40)
Since h < d and s < d, we get :
hs
— N — 3.41
51— 52| = (341)
Combining 3.38 and 3.41, we get :
hs A
— < = 42
2d =2 (3.42)
Consequently, the spatial coherence length, noted hg, is given by :
hss A
== 3.43
2d 2 ( )

From Equation 3.43 we can see that the spatial coherence does not depend

only on the intrinsic properties of the light source itself (\), but depends also
on the geometry of the optical arrangement (s and d).
In the context of holography, the spatial coherence of the used laser sources
is associated with the transverse mode structure of their resonance cavities.
For lasers resonating in the lowest order transverse mode (T'E My, mode), all
points on the wavefront essentially have the same phase, therefore they have
extremely good spatial coherence.
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Figure 3.5: Huygens’ principle

3.2.4 Diffraction Theory

Diffraction of light was first finely characterized by Francesco Maria Grimaldi
in 1665. The term originates from the Latin word “diffringere” that means ‘to
break into pieces’. Diffraction, which is commonly described as the bending
of a lightwave from its rectilinear propagation direction, occur whenever a
portion of the wavefront is obstructed in some way. For example, a light wave
illuminates an opaque screen with a small transparent hole, and the result is
examined on a screen on the other side. From geometrical optics, one would
expect a uniformly bright spot of the size of the hole surrounded by shadow.
A closer look however reveals a pattern of bright and dark regions. This
effect is due to diffraction.

The Huygens’ principle, illustrated on Figure3.5, brings out a qual-
itative explanation of this diffraction phenomenon by which wavefronts
of propagating waves bend when they are obstructed : ewvery point of a
wavefront can be considered as a new source point for ‘secondary’ spherical
wavelets. Hence, the primary wavefront, at a later instant, is the ‘envelope’
of these wavelets [Hecht 2001].

A quantitative description is given by the Fresnel-Kirchhoff inte-
gral [Schnars & Jueptner 2005] :

/

ikp

1 teo
[(z,y,2) = By // A(x’,y’)% cos © dz'dy’ (3.44)

This integral can be derived from the Kirchhoff-Helmholtz integral
theorem, as shown in [Born et al. 1999].
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A(2',y') is the complex amplitude of the wave in the aperture plane. p
is the distance between a point in the aperture plane and a point in the
observation plane. Since according to Huygens’ principle, every point (x’,y’)
within the hole in the aperture is a source of a spherical wave, the wavefront
[ at any point (x,y) in the observation plane is the superposition of all
those spherical waves. This superposition is expressed by the integral. The
amplitude of each spherical wave is proportional to the amplitude A(x’,y’)
of the original wave at the aperture plane. The inclination factor cos® is
introduced to exclude the propagation of the secondary spherical waves back
in direction towards the source.

Diffraction is the second optical phenomenon that forms, together with
interference, the basis of holography. While interference is associated with
the recording of holograms, diffraction is implicated in the second facet of the
holographic technique : the reconstruction of wavefronts. Indeed, holographic
reconstruction can be described as an evaluation of the propagating field
received at a certain distance when obstructed by the recorded interference
holograms. The scene is very well elucidated by the diffraction theory of waves.

In this section, we have presented a brief review of the main results of
scalar diffraction theory as they are needed in what follows. A rigorous treat-
ment of the theory leading to the diffraction formulas can be found in Refer-
ences [Born et al. 1999, Hecht 2001, Goodman 1968].

3.3 Theory of Classic Holographic Imaging

Optical wave fields consists of an amplitude distribution as well as a phase
distribution. However, in most conventional optical imaging techniques, the
phase of a recorded optical wave field is lost in the recording process since
all detectors or recording material (photographic films, CCD detectors etc...)
have only the possibility to register intensities. The unique characteristic of
holography is the idea of recording both the phase and the amplitude of light
waves by converting the phase information into variations of intensity.

A hologram is defined as the recorded interference pattern between a
coherent object wave, transmitted or reflected by an object, and a reference
wave which interferes directly with this wave at the recording medium. The
hologram contains information about the entire three-dimensional object field
(amplitude and phase) which is encoded in the form of interference fringes. In
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classical holography, holograms are usually recorded on a photographic plate
using a coherent illumination of the object. The recorded object field is then
reconstructed optically by illuminating the chemically processed hologram
with an optical replica of the reference wave. This produces a reconstructed
object which is indistinguishable from the original object and contains the
3D information, both amplitude and phase.

In this section, we will start first by describing the classic holographic
recording procedure. We will describe then the holograms optical reconstruc-
tion process.

3.3.0.1 Holographic Recording

Holograms, in classic holography, are recorded on a photographic plate
using a coherent illumination of the object (complex field Eyj(z,v,2))
and introducing, as shown in Figure3.6, a reference beam (complex field
Er(x,y, z)) derived from the same source. The photographic film records the
interference pattern (the "Hologram") produced by this reference beam and
the light waves scattered by the object.

We have seen in Section 3.2.3 that if two waves of the same frequency
interfere, the resulting intensity distribution is temporally stable and depends
on the phase difference Ag. This is used in holography where the phase
information is coded by interference into a recordable intensity. Clearly,
to get a temporally stable intensity distribution, at least as long as the
recording process, Ap must be stationary, which means the wave fields must
be mutually coherent.

The intensity of the interference (I(x,y, zaet)) of En; and Efg is recorded
at the detector plane (z = z4) and is given by :

I(SU, Y, Zdet) = \ER(% Y, Zdet) + Eobj(ny Y, Zdet)\Q
I(ﬂj, Y, Zdet) = [ER(-Q:’ Y, Zdet)) + Eobj<x> Y, Zdet)] [ER(xa Y, Zdet) + Eobj (ZU, Y, Zdet)]*
(3.45)

where * symbolizes the complex conjugate. The expression of this inter-
ference can be decomposed in three terms :
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Figure 3.6: Schematic drawing of the hologram recording procedure in classic
holography. The initial beam partly illuminates the object and partly forms
the reference beam. The light scattered by the object forms the object beam
Eoj . Egj interferes with the reference beam Eg on the photographic plate,
yielding the hologram

38



3.3 Theory of Classic Holographic Imaging

I(l’, Y, Zdet) = ER<x7 Y, Zdet) E}k%(xa Y, Zdet) + Eobj (IE, Y, Zdet) E:bj (fIJ, Y, Zdet)
+ ER(xv Y, Zdet) E;bj (Ia Y, Zdet)
+ E;—Z<I7 Y, chet) Eobj (.T, Y, Zdet) (346)

using :

IR - ER(Z', Y, Zdet) E}-k{(xa Y, Zdet) - ‘ER(I7 Y, Zdet) |2 (347)
Iobj = Eobj(xa Y, Zdet) E;kbj (.Z', Y, Zdet) = |Eobj (*Ta Y, Zdet) ’2 (348)

the interference equation can be rewritten as :

I(x,y, zdet) = Iopj+ IR
+ER Ey,
+E% Eo, (3.49)

The spatial coordinates are omitted for the sake of readability.

The first term in Equation 3.49, corresponds to the sum, at the detector
plane zg.; of the intensity scattered by the object I,; and the intensity I of
the reference wave. This term doesn’t holds any phase information and thus
do not allow the reconstruction of the illuminated object. The second term
in Equation 3.49, is proportional to the object’s field and the third term to
its complex conjugate. Accordingly, these two last terms are useful for the
reconstruction of the object.

At the end of the recording process, the photographic plate is chemically
processed and the "hologram" of the investigated object is thus obtained.
Each point (x,y) of this hologram is proportional to the recorded intensity
I(x,y, z4et) of the interference between the reference wave and the object’s
scattered wave.

3.3.0.2 Optical Reconstruction

To reconstruct the object, the recorded hologram is illuminated, at the initial
position of the photographic plate, with the same original reference wave Er
as illustrated on Figure3.7. The complex field, behind the hologram, will be
thus the sum of the three terms of the interference expression of Equation 3.49
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Figure 3.7: Optical reconstruction in classical holography

multiplied by the reconstruction wave Eg, yielding to the reconstructed field

E, = (Iobj + IR) Er+ Eg E;bj Er+ E;% Eobj Er

E, = (Ipj+ 1) Eg+ER* E}y; + I Eqy; (3.50)
-1

From Equation 3.50, three terms in the formation of the reconstructed
holographic image can be identified :

e The first term represents the reference wave modulated by the intensities
Ir and Iy, . It is called the zero diffraction order.

e The second term contains the conjugate complex of the object wave and
produces a real image located on the other side of the hologram. Since
this term is formed by the conjugate of the object wave the depth is
inverted and can thus be imagined as the time-reversed original object
wave Ey,. It is called the -1 diffraction order.

e The third term contains the desired information about the object. This
term is the reconstruction of the object wave FE,; where the multipli-
cation with the amplitude factor I can be viewed as an amplification
of the reconstructed signal. It forms the virtual image located at the
position initially occupied by the object. It can be viewed through the
hologram. This term is called the +1 diffraction order.
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3.3 Theory of Classic Holographic Imaging

In this way, a method is found to preserve the whole complex amplitude
of a wave in a two-dimensional image.

It must be noted that the resulting reconstructed wavefront is an overlay
of the three terms described above. Only the +1 order is of interest for the
reconstruction of the object’s field. Consequently, this term should be isolated
from the other overlapping terms. In fact, using a proper design of the refer-
ence wave and recording geometry, the 0 and -1 terms are suppressed or will,
spatially, not affect the desired virtual image. The spatial separation of the
three diffraction order components can be achieved using the off-axis configu-
ration. Off-axis holography will be described in details in the next section of
this chapter. Moreover, the 0 and -1 terms can be completely suppressed using
phase-shifting holography. This last technique will be described, in details, in
the next chapter of this thesis (Chapter4).

3.3.0.3 Off-axis configuration in classic holography

Leith and Upatnieks succeeded, since 1962, in spatially sepa-
rating the three terms that occur in the reconstruction proce-
dure [Leith & Upatnieks 1962, Leith & Upatnieks 1964].  Their idea was
to introduce a sufficient angle 6 between the propagation direction of the
reference wave and of the object wave as illustrated on Figure3.8. The
increase in the angle between the two interfering waves increases the spatial
distance between the 0 order and the two holographic terms which is desired so
that one can easily extract the relevant information for the holographic image.

The recording reference plane wave travels in the (x,z) plane at an
angle 6 with respect to the z-axis and is recorded by the photographic plate
in an off-axis configuration. This reconstruction wave can be written as :

Er(x,y, 24et = 0) x Ag o~ thwsing (3.51)

where Ap is a real constant.

The reconstruction reference wave is a plane wave that travels in the
propagation direction of the object wave and can be written as :

Er(x,y,z) x Ag (3.52)

From Equation3.50, the wave scattered by the hologram becomes
[Saleh et al. 1991] :
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Figure 3.8: Schematic drawing of the hologram recording procedure in off-axis
classic holography. The initial beam partly illuminates the object and partly
forms the reference beam. The light scattered by the object forms the object
beam E,; . Eq,; interferes with the reference beam Egr on the photographic
plate, yielding the hologram
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E, « A:}s__{
+ARr(Eobj Eob;™)
+A%{ Eobj* eikxsiné

+ AR Egyj e~ ron? (3.53)

The first term is the source term which is a plane wave traveling in
z-direction and the last term is the reproduced object wave. The third term
contains the phase-inverted image of the object. This wavefront propagates
in a direction including an angle -6 with the z-axis. If the angle 6 is cho-
sen large enough, these three terms are now well-separated [Saleh et al. 1991].

The second term can be neglected, if the object is small enough. If this is
not the case, this term produces a halo surrounding the reference wave with
approximately twice the angular spread g of the object [Goodman 1968|. So
the angle 6 has to be large enough to ensure the separation of the waves :
this is satisfied for 6 > 30s [Saleh et al. 1991].

As we will see in the next section of this chapter when we consider digital
holography, this constraint on the off-axis tilt angle imposes a lower limit on
the camera resolution.

3.3.0.4 Overview for classic holography

In classical holography, holograms are recorded on photographic films that
consists of very fine photographic emulsion (usually silver halide crystals)
suspended in gelatin. Because the grain size of the emulsion is tiny, holograms
are recorded with a high resolution allowing high resolution reconstructions of
the investigated objects. However, photographic film holography suffers from
a main experimental limitation which is the chemical processing necessity of
the holographic films.

In digital holography, which is an alternative method to classic holography,
this experimental limitation does not exists since holograms are recorded
on digital devices that consists of pixels’ arrays. Holograms acquisition is
thus faster than in classic holography. However the resolution in digital
holography is lower than the one achieved in film holography since the grain
size of the photographic emulsion is much smaller than a digital pixel.

The next section of this chapter is a review of digital holography.
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3.4 Digital Holography

Digitization in the context of holography concerns the two main steps of this
imaging technique : the recording of holograms and the reconstruction of
the object. Accordingly, the physical and chemical recording processes are
replaced with electronic ones. Moreover, the optical reconstruction process is
replaced with a numerical computation of the object field.

First digitization attempts have been done in 1967 by J.W. Goodman
et R.W. Laurence[Goodman & R.W. 1967]. But it is until 1994 that dig-
ital holography gained its wide spread when U. Schnars and W. Jiiptner
[Schnars & Jiiptner 1994] replaced the photographic plate with a CCD (Cou-
pled Charge Device) camera that records the interference of the reference
field and the object field as illustrated on Figure 3.9.

In this section, we will present first the numerical recording procedure of
digital holograms. Then, we will describe how objects fields can be restituted
numerically in digital holography.

3.4.1 Digital Recording of Holograms

Similarly to classic holography, holograms can be recorded in-line or off-axis.
The hologram recording procedure in in-line digital holography is illustrated
on Figure 3.9 and the digital off-axis configuration is sketched on Figure 3.10.
The recording principle is exactly the same as in film holography, but the
photographic plate is replaced here with a CCD camera : an initial coherent
laser beam partly illuminates the object and partly forms the reference beam.
The light scattered by the object forms the object beam Ey;. Ey; interferes
with the reference beam FEx on the digital camera, yielding the hologram.
The intensity of this interference is directly recorded on the detector of
the CCD device since this intensity induce an photoelectric current that is
proportional to the number of incident photons.

The expression of the digital holographic field is exactly the same as the
expression obtained in classic holography (Equation 3.49) :

I = Iobj + Ig+ ER E:bj—i_EE Eobj (354)
I I
0 I +1

Where :
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Figure 3.9: Schematic drawing of the hologram recording procedure in in-line
digital holography. The initial beam partly illuminates the object and partly
forms the reference beam. The light scattered by the object forms the object
beam Ey; . Eop; interferes with the reference beam Epr on the digital camera,
yielding the hologram.
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Figure 3.10: Holograms Off-axis recording in digital holography
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e [ is the 0 diffraction order term and corresponds to the directly trans-
mitted wave

e [ 4 is the -1 diffraction order term and gives the real image or twin
image

e [, is the +1 diffraction order and gives the desired virtual image of the
object

Figure 3.11 shows an image, in the Fourier space, of a holographic signal
recorded by a CCD camera in an off-axis geometry. The sample that we
imaged here consists of 40 nm Gold Nanoparticles in a water and agarose
solution. It should be noted here that Figure3.11 is a reconstructed image
of the specimen at an intermediate plane and not at the object’s plane (it is
in fact a reconstructed image at the microscope objective rear aperture plane
as it will be explained in Chapter 5 of this manuscript). On this image, the
three terms of the interference are spatially separated, thanks to the off-axis
angle, and can be clearly depicted : [ is the centered structure with a halo,
the blurry structure corresponds to the twin image /_; and the sharp circular
structure, symetrical to I_; corresponds to I, .

Fourier space

Figure 3.11: Off-axis holographic signal recording by a CCD device. The three
interference terms can be clearly depicted

The signal that corresponds to [, is the interesting signal that is used to
reconstruct the object’s field. In digital holography, only this signal is con-
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served while the two other terms, Iy and /_;, are completely filtered out using
an appropriate numerical spatial filtering technique exhaustively described in
Chapter 5 of this manuscript. It is also possible, as we have mentioned before,
to directly obtain genuine holograms that contain only the interesting 1,
term using phase shifting holography [Yamaguchi & Zhang 1997| described in
details in the next chapter (Chapter4).

Spatial Frequency Requirements for Hologram Recording

In digital holography, the interference pattern is formed by the superposition
of the object wave with the reference wave is recorded by a digital device
(CCD camera). Spatial resolution of an imaging device describes the ability
of this device to resolve image details. The main parameters which determine
spatial resolution are pixel size and pixel number. We use CCD cameras whose
detectors are rectangular arrays of light sensitive pixels organized in N lines
and M rows. The center-to-center spacing of the pixels, the pixel pitch, is pe
and pn in the two orthogonal directions (see Figure 3.12).

M
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Figure 3.12: CCD array architecture
According to the Shannon-Nyquist sampling theorem, a correct acquisition
of a hologram by a CCD camera requires that the sampling frequency (Nyquist

frequency) must be at least twice as high as the highest signal frequency.
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This means that the recorded signal can be reproduced faithfully from data
recorded by the array up to spatial frequencies :

1

= 3.55

fN& 2p§ ( )
1

S 3.56

In, o (3.56)

were [y, and fy, are the Nyquist frequencies.
This requires that the angle between the object and reference waves must
be sufficiently small.

In practice,the CCD devices that we use are composed of square pixels
with identical spacing in vertical and in horizontal directions :

A = An = d, (3.57)

Pixel pitches are also equal and the interspace distance between two con-
secutive pixels is too small that it can be neglected.

pe = AL = d,, (3.58)

Py R AN = dpg (3.59)
Thus, the Nyquist frequencies are equal :

1
2,
Moreover, the sampling theorem states that every interferometric fringe of
the hologram has to be sampled by at least two pixels of the CCD array to
resolve the fringe frequency : the interference fringe spacing d; should be at
least twice the CCD pixels spacing d,,

Ine = fn, = fn= (3.60)

1
dy  2dy,
The maximal inter-fringe distance dy, determines the maximum spatial
frequency of the recorded signal fy which needs to be resolved, for the wave-

length \ and is given by the maximum angle between the reference and the
object waves 0,4, :(see figure 3.13) :

(3.61)

dy = A

- 1 Gmaz
2sin =2

(3.62)
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Figure 3.13: Interfringe distance

Using the small-angle approximation :

sinf ~ ¢ (3.63)
and combining equations 3.61 and 3.62, the maximum angle is given by :

emax = L
2y

Since the size of the CCD pixels is fixed, the spatial sampling cannot be
increased. The only way to obey the sampling theorem, in order to create good
recording conditions, is to correctly adapt € which is the off-axis angle between
the object and the reference beams ; 6 should not exceeds the maximum angle

(3.64)

Qmaz

<5 (3.65)

px

3.4.2 Numerical Reconstruction Approaches

As described previously, to optically reconstruct the image from a hologram,
the hologram is illuminated with the reference wave Eg. The complex
amplitude behind the hologram is given as established by Equation 3.50, and

50



3.4 Digital Holography

the wavefront propagates as described by the Fresnel-Kirchhoff formula. In
digital holography, the complex amplitude of the wave is calculated from the
digital hologram, and the propagation of the wave is computed numerically.
Numerical reconstruction has a major advantage compared to the optical
method : since it is the complex amplitude which is computed, not only the
intensity of the wave can be calculated, but also the phase.

Mathematically, the reconstruction process reduces to the calculation of
the Fresnel-Kirchhoff diffraction integral. If one treats the digital holo-
graphic system as a coherent imaging system, then the reconstruction al-
gorithm functions like the lens in an optical system. All computer calcula-
tions can be performed based on the Fresnel-Kirchhoff diffraction formula,
however, using this formula directly is often time consuming. There are a
number of computationally efficient numerical methods available to calcu-
late the holographic diffraction [Kreis et al. 1997]. The most commonly ap-
plied method has been the discrete Fresnel Transform where the approxi-
mation of spherical Huygens wavelet by a parabolic surface allows the cal-
culation of diffraction integral using a single Fourier transform. In the
Convolution Method, the diffraction integral is calculated without such ap-
proximation using three Fourier transforms through the convolution theo-
rem [Demetrakopoulos & Mittra 1974, Kreis 2002]. On the other hand, the
Angular Spectrum Method involves two Fourier transforms, plus simple fil-
tering of the angular spectrum [Yu & Kim 2005]. In this thesis work, we are
interested by the Fresnel Transform and the Angular Spectrum methods.
We review thus here these two methods.

3.4.2.1 Reconstruction by the Fresnel Transformation

In this section we confine ourselves to the Fresnel approximation of the
Fresnel-Kirchhoff diffraction integral which is feasible due to the sufficient
distance between the object and the CCD device.

Fresnel Transformation : the formula

Figure 3.14 describes the coordinate system used for the numerical recon-
struction : a CCD device records the hologram FEpy(x,y,0) and the field at
the image plane E'(£, 1/, z,), situated at a distance d.. behind the CCD plane,
is reconstructed.

In classic holography, the field at a plane situated behind the hologram (real
or virtual image) is reconstructed by diffracting the same reference beam that
is used to record the hologram, onto the holographic plate. However, in dig-
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Figure 3.14: Coordinate system for digital holography

ital holography, the hologram is recorded on a digital CCD detector and the
diffraction needed for the reconstruction is not performed optically but is "nu-
merically simulated".

This diffraction is described by the Fresnel-Kirchhoff integral based on the
Huygens-Fresnel principle, as introduced in Section 3.2.4 . The diffraction pat-
tern, which gives the reconstructed image in the image plane E'(¢', 7/, z.), is
thus given by the Fresnel-Kirchhoff diffraction formula which states that a
wave field, which is known in a given plane, can be calculated in any other
plane in the three-dimensional space :

eikp’

1 oo
E,(flanlazr) = a// EH<w7yvO)ERd($7yaO) p, COS@dZL’dy (366)

where p' is the distance between a point in the hologram plane M and
a point in the reconstruction plane M’ and Ej, is a digital replica of the
optical reference wave Fpr that is used to record hologram Ey(z,y,0). As
described in Section3.4.1, only the virtual /,; relevant term is of interest.
The hologram field that is used for the reconstruction Fy(x,y,0) includes
thus only this I term : Ey(z,y,0) = Ex(z,y,0) Eg;(z,y,0).

According to Figure 3.14, p' is defined as :

po= |MM|
— \/d;2+(x—£’)2+(y—77’)2 (3.67)
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Due to the small angles between the hologram normal and the rays from
the hologram to the image points, the obliquity factor can be set to cos © =1
Since the values of =, y, £’ and n are small compared to the distance d.. between
the reconstruction plane and the CCD device, the expression in Equation 3.67
can be expanded to a Taylor series which is limited to the linear and quadratic
terms :

(z—€)°  (y—n)
2d!* 2d!?
The reconstructed image, using an additional approximation of replacing
the denominator p’ in Equation 3.66 by d., is thus expressed as :

P d + (3.68)

zkd’

El ! / T —
&'z il

+o0
// Ey(z,y,0)Egr,(z,y,0)e ik[(z—€')?+(y—n')?]/2d;, dzdy

(3.69)
By developing the exponential in Equation 3.69, we get :

’Lkd/

+o00
E’(f',n’,zr) = // Ey(z,y, O)ERd(x y,0)e ik(z?4y?)/2d).

tAd),
o (§’2+n'2)/2d/r€_1k(x€/+yn )/ds. dg;dy (370)

This equation is named Fresnel transformation. The Fresnel transfor-
mation enables the reconstruction of the wave field in a plane behind the
hologram. It states that the reconstruction distance z is sufficiently larger
than the size of the diffracting obstruction (here the obstruction is the
hologram). The Fresnel transformation is quite similar, as we will see later
on, to a traditional Fourier Transform : it is essentially the Fourier transform
of the diffracting hologram multiplied by the phase factor of the light waves
at the hologram.

For digitization of the Fresnel transform integral, the following spatial
frequency terms are introduced :

k¢ £

b= 5o = 2 (3.71)
k / /

W= 2 (3.72)

v 2nd. M.
Using these substitutions in the last exponential under the integral of
Equation 3.70, we get :
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zkd’ +o00
Bk, k), 2) = o // En(z,y,0)Eg, e*@+v)/2d

k(€2 n?)/2d;. —i2m (@ ki+y ky) dxdy (3.73)

In practice, the reference wave Eg, (z,y, z) is a uniform plane wave that is
simply given by its real amplitude :

Egr,(z,y,z) x ag, (3.74)

ag, is constant, the multiplication with the digital reference wave Er, can
thus be omitted in the calculations. Equation 3.73 is thus (Ey = Ey(z,y,0) =
E}k%(xa Y, 0) Eobj(xa Y, 0) = ER*Eobj) :

E(K K etkdr +OOE ik(x2+y?)/2d. ik(¢2+n'?)/2d,. —i2n(x kL +yk!) dred
(wy)r)_M//oo HE ;’ae v/ dxay
—— 2
1

(3.75)
The term, €™ /i\d., noted ”1” in Equation3.75, is a constant term,
independent of the position (£,7') in the reconstruction plane zg, and
depends only on the wavelength A\ of the wave and on the reconstruction
distance d’, that are both fixed . Moreover, the term, e*€”+1°)/2d: noted 72
in Equation 3.75, shows that, in reality, the reconstruction is not performed
over plane (z,y, z.) but over a spherical surface of radius d,. and centered in

point z = 0.

The phase factor ¢*% /i\d. is constant and thus do not intervene. Phase
factor eF(€*+1)/2d. 4156 do not intervene because, here, only the intensity is
of interest. Consequently, these two phase factors can be neglected. Equa-
tion 3.75 can thus be rewritten as :

+oo
E k/ K - // EH x Y, ) ik(z?+y? )/2d;. o —i2m(x ki +y ki) dzdy (376)

x) y7T

A comparison of equation 3.76 with the definition of the two-dimensional
direct Fourier transform :

+o00
FUany = [[ et @
shows that the reconstructed field E'(k,k;,z,), obtained by the

Fresnel transformation, up to a neglected spherical phase factor
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1 3! 1N A : 12 /2 / . . . . .
gihdr /My k(€7 407)/2di - ig proportional to a two-dimensional Fourier

transform of the digital hologram Ey(x,y,0) multiplied by a quadratic phase

term e*@+y*)/2d; that accounts for the curvature of the wave fronts.

It is also demonstrated, that this quadratic phase factor e*(=*+v*)/2d;
is equal to the transmission function of a lens with focal length f = d.
[Schnars & Jueptner 2005].

Discretization of the Fresnel Transformation integral

In practice, the hologram is recorded by a CCD detector which is a two-
dimensional matrix of pixels as illustrated on Figure3.12. The hologram’s
field Ey(x,y,0) is thus sampled on a M x N pixel array with steps (A&, An)
along both the horizontal and vertical directions. The continuous formulas are
transferred into finite discrete algorithms which can be implemented in digital
image processing systems : the Fresnel transformation integral is discretized
by replacing the double integral with a double summation ( g:_ol i\ia 1) and
the continuous variables x and y at the hologram plane are now described as
discrete coordinates :

(z,y) = (FAE, lAn) (3.78)
where £ and [ are integers varying in the range of 0 < £ < M — 1 and
0<I<N-1

Similarly, the continuous frequency variables £/, and k; are converted into
discrete variables too :

(K, k) = (mAk,, nAk;) (3.79)

where m and n are integers varying in the range of 0 < m < M — 1 and
0<n<N-1.

The maximum frequency is determined by the sampling interval in the

spatial domain :

1

Ko = MAK, = Ac (3.80)
1
kl’lmax - NAIC; — A_T] (381)

with the condition :
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— Ky, [2<k,, <—k, /2 (3.82)

T:Ymax
The pixel’” size in the hologram (A, An) and the pixel’ size in the re-
constructed image plane (A&, Ar') are not equal. Relations between them
is deduced from the previous equations [Schnars & Jueptner 2005| (Equa-
tions 3.71,3.72,3.80,3.81) as following :

Ad.
AE = AT (3.83)
Ad!
Ap = or 84
"= NAg (3.84)

From Equation 3.83 and Equation 3.84, we can see that the pixel’ size
(AL, An') of the reconstructed image, which is determined directly from the
Fresnel transform, vary as a function of the reconstruction distance d... There-
fore the reconstructed image changes in size according to the reconstruction
distance.

Ad!

I

A¢ = F7As (3.85)
A,

A = RAr (3.86)

Equation 3.85 and Equation 3.86 give the horizontal and vertical diame-
ters of the Airy disk in the image plane and set thus the diffraction limited
resolution of the optical system.

Limitations
Highly diffusive objects

In order to conserve the accuracy of the Fresnel approximation, the
value of the integral in Equation 3.70 should remains undisturbed. Hence,
it is necessary that the higher order terms of the Taylor expansion remains
negligible.

Although the Fresnel diffraction formula can still give an accurate
reconstruction for smooth and slowly varying objects where the Fresnel
approximation is not strictly satisfied, it cannot correctly reconstruct near
wave-fields for more diffractive objects, where the higher-order terms in the
Taylor expansion of the Fresnel approximation are more significant.
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Reconstruction distance requirements

The Fresnel transform also requires that the distance between the object
and the hologram plane be sufficiently large in comparison to the size of the
object or the hologram. This sets the minimum reconstruction distance d,. ,,

Size of the reconstructed image

A deep examination of the reconstructed image, obtained from the re-
constructed field £'(k;, k,, z-), shows that the image coordinates correspond
to the components(k,, k,) of the wave vector k which is oriented along the
varying reconstruction point AM’. Hence, dimensions of the reconstructed

image directly depends on the chosen reconstruction distance z,
Overview of the reconstruction with the Fresnel transformation

From the the hologram’s field Ey(z,y,0) recorded at the CCD plane, the
field E'(¢',1, 2,) of a plane situated at any distance d, behind the CCD can
be reconstructed using the Fresnel Transformation which consists of two steps :

The first step consists of multiplying the initial wave field at the
CCD plane Ey(x,y,0) by a phase factor ek(@+%)/24, that accounts for the
curvature of the wavefronts, which is also equivalent to the transfer function
of a lens with a focal length d.

The second step consists of performing a Direct Fourier Transformation
(DFT) of the obtained function that will yield to the field E'(£, 7/, 2,) at the
reconstruction plane.

E'€.0,2)=E(K. K, 2) = DFT{Ey(z,y,0)e*= t¥)/2d (3.87)

x) Vys T

In practice, holograms are recorded on discrete numerical CCD detectors
and calculations are carried out on discrete processors, we use the discrete
version of the Fresnel transform integral and thus the Fourier transforms are
done using the Fast Fourier Transforms algorithms (FFT).

3.4.2.2 Reconstruction by the Angular spectrum method

The angular spectrum method of calculating holographic optical fields is
noted to have several advantages over the more commonly used Fresnel trans-
formation or Huygens convolution method : spurious noise and interference
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components can be tightly controlled through the analysis and filtering of
the angular spectrum. Moreover, the reconstruction distance does not have
a lower limit, and the off-axis angle between the object and reference wave
can be lower than that of the Fresnel requirement, while still allowing the
zero-order background to be cleanly separated.

The angular spectrum reconstruction method is formulated in a frame-
work that closely resembles the theory of linear, invariant systems were the
complex wave field is expanded into a summation of infinite number of plane
waves. The technique can predict a field distribution over a plane, based
upon knowledge of the field distribution at a parallel plane. In fact, if the
complex field distribution of a monochromatic disturbance is Fourier-analyzed
across any plane, the various spatial Fourier components can be identified
as plane waves traveling in different directions away from that plane. The
field amplitude at any other point, or across any other parallel plane, can
be calculated by adding the contributions of these plane waves, taking into
account the phase shifts they have undergone during propagation.

Definition of the Angular Spectrum

Suppose that, due to some unspecified system of monochromatic sources, a
wave is incident on a transverse (z,y, 0) plane and traveling with a component
of propagation in the positive z direction. Let the complex field across that
z = 0 plane be represented by Ey(z,y,0); our ultimate objective is to calculate
the resulting field E,.(z,y, z,) that appears across a second, parallel plane
(x,y,z) at a distance z = z, to the right of the first plane as illustrated on
Figure 3.15 4.

By the use of the generalized form of the two-dimensional direct and inverse
Fourier transforms :

+oo
F{f ()} = Flu,v) = / / Fla.y) - e drdy  (3.88)

FA{F(u,v)} = f(z,y) = //_ b F(u,v) - e+ dy dy (3.89)

across the z = 0 plane, the function E, (Fy = Ey(x,y,0)) has a two-
dimensional Fourier transform given by [Goodman 1968 :

“the notation "r" is used to refer to "reconstruction"
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“+oo
FLE} = Ao(f, £,10) / / Ey - e 2w gy gy (3.90)

The inverse Fourier transform of Ay (Ag = Ao(fz, fy; 0) is

+00
T {Ao} = Eo = / / Ao - =R gf, df, (3.91)

[e.9]

To give physical meaning to the functions in the integrand of the above
integral, consider the form of a simple plane wave F(z,y, z) propagating with
wave vector k as formulated in the beginning of this chapter. Such a plane
wave has a complex representation of the form:

E(z,y,2) = ¥ = eiF” (3.92)
writing the dot product of vectors k and 7 out fully, we get, :

E(z,y,z) = e X Rertho) ik (3.93)

The coordinates of k are interrelated through:

ko= /K2 — k2 — k2 (3.94)

Thus across the plane z = 0, the complex-exponential function e?27(e#+/yy)
may be regarded as representing a plane wave propagating with :

k, =27 f,
k= k, =27 f, (3.95)
k.= \/k*— k2 — k2

In the Fourier decomposition of E, the complex amplitude of the plane-
wave component with spatial frequencies (fy, f,) is simply Ao(fs, fy,0) df. dfy,
evaluated at (f, = k,/2m, f, = k,/2)

For this reason, the function Ay(k,, k,,0) is called the angular spectrum of
the disturbance Ey(z,y,0) :

+o0o
Ao(kz, ky;0) = // Eo(x0,40,0) - e kezthyy) g dy (3.96)

+o00
o(Zo, Yo, 0 / / Ak, ky; 0) - e'berthv) g dk, (3.97)

Propagation of the Angular Spectrum
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\%
A
Eo(x,y,0) Er(x,y,zr)
k
R
K kz
A

Z=0 Z=7r

Zr

Figure 3.15: Coordinate system of the angular spectrum propagation

We will consider now the angular spectrum of the disturbance E across a
plane parallel to the (z,y) but at a distance z. from it. The coordinate
system is sketched on figure 3.15.

The function A, (k,, ky; z.) represents the angular spectrum of E,(z,y, z,)

“+o00
A (ky by 2) = E.(x,y, z) - e " kamkt) go dy 3.98
)

“+oo
E(z,y,2) = / / Ap(ky, ky; 2,) - €m0 d dk, (3.99)
In order to determine the effect of wave propagation on the angular spec-

trum of the disturbance, the relation between Ay(k,,k,;0) and A, (ks, ky; 2,)
should be determined.

The complex amplitude of any monochromatic optical wave propagating
in free space must satisfy the Helmholtz equation. Hence, E,(x,y, z.) must
obey :

V2ER +k°Ep =0 (3.100)
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Consequently, A, (A, = A, (k,, ky; 2,)) must thus satisfy the following dif-
ferential equation :

d? 2T 4 9 9
d_z,?AT + T[k —ky — kA, =0 (3.101)

An elementary solution of this equation is :
Ak, Eoys 20) = Aol ky; 0)e' VI Rk = (3.102)
A, = Aget=r (3.103)

Equation 3.103 establishes thus the relation between the angular spectrum
Ay(ky, ky; 0) at the (z,y,0) plane and the new angular spectrum A, (k,, ky; 2,)
at the propagation plane (z,y, z,).

It is thus interesting to introduce the notion of "optical transfer function".
Equation 3.103 can be rewritten as :

A, "
— = 3.104
e (3.10)
By writing k. = \/k* — k2 — k2 and switching to the spatial frequencies,
equation 3.104 gives :

Ar(fas fy 2r)
AO(fma fy; O)

where H(f,, f,) is called optical transfer function and characterizes the sys-

= H(fo, f,) = >V QP finfi o (3.105)

tem’s propagation phenomenon in the frequency domain :

27 )2 12 i :
VORI i 2 f2 < (3.106)
0 elswhere

H(faca fy) = {

The propagation phenomenon can be considered as a low-pass filter, whose
transmittance is equal to zero outside of a circular region of radius % in the
frequency plane. Inside this circular domain, the transfer function modulus is
equal to 1, but a phase shift dependent on (f;, f,), A and z, is introduced. In
other words, the effect of a propagation over a distance z, is simply a change

of the relative phase of the various components of the angular spectrum.

For simplification in what follows, the optical transfer function in equa-
tion 3.105 can be rewritten as :

H(fmfy) — TNV A= )2 = (M fy)? 2 (3.107)
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We make a Taylor expansion of the square root term in equation 3.107 and
we obtain :

\/(1 — (M2 (M2 = (1= (M) = (A2

)\2
1— 7(fj + 1)) (3.108)

12

By substituting equation 3.108 in equation 3.107, we get :

™

H(foify) = X 2 en ™t = (3.109)

constant phase

The first term in equation 3.109 is a constant phase term and can thus be
omitted in what follows.
By substituting (f,, f,) in equation 3.109 with (% ky), we get :

ko Ry
2w 21w

(k2 4kD)

H(kg k) = ez = (3.110)

yielding finally to :

Ar(kxa ky; Z7'> = A0<kac7 ky; O) eikZ'ZT
(K3 +ky)

= Ay(ky, ky;0)e "2 0 (3.111)

Equation 3.111 describes the propagation effect of the angular spectrum
A from the plane z = o to the plane z = z, : this propagation can be simply
performed by multiplying the angular spectrum of the primary plane (Aq) by

(k2+4K2)

ik, 2z — 671 o

< Zp

a phase factor, which is the exponential term e
We can notice that this phase factor is quadratic in k, and £, and linear in z.

Reconstruction by propagation of the Angular Spectrum

In practice, holographic experiments are performed using a CCD detector
which is a 2D matrix of discrete pixels (N x N). Consequently, a discrete
formulation of the Angular Spectrum is considered in the following discussion.

An optical field E;(x,y, ;) created at an initial plane (z,y, ;) propagates
along the z direction. The disturbance created by this propagating field can
be evaluated at any later z = z, distance by reconstructing the resulting op-
tical field E,.(z,vy, 2,) at this desired parallel plane (z,y, z,). The geometrical
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e (k2+k32)

o8 e iR dr

22 (Ailkxky,zi) ' > Ar(kx, ky, zr
L A propagation of the angular spectrum

E < decompostion of the field
into its angular spectrum
A
]
©
& |Ei(x,y,zi) Er(x,y,zr)
©
- initial plane reconstructed plane
. . >z
Z=2Zi z=zr
< D>
dr

Figure 3.16: Numerical reconstruction by the angular spectrum method

distance between the two planes is noted d,. The reconstruction method is
a 3-steps process that involves two Fourier transforms. The full procedure is
illustrated on figure 3.16.

The first step consists of decomposing the initial field F;(z,y, ;) into its
two-dimensional angular spectrum of plane waves (A;(fs, fy;2)). As demon-
strated in the previous paragraph, the angular spectrum is the Fourier trans-
form of the field distribution. Hence, the angular spectrum decomposition

process is, in practice, equivalent to a two-dimensional Direct Fourier Trans-
form (DFT) :

+oo
Ai(ky, ky; 2i) = // BEi(x,y, z) - e kestkt) do dyy (3.112)

The second step consists of propagating, in the reciprocal space, the
initial angular spectrum (A;(ks, ky;2;)) to the desired reconstruction plane
(x,y,2,) in order to get its angular spectrum (A, (k., ky; 2.)) . The propaga-
tion of the angular spectrum has been exhaustively described in the previous
paragraph. It consists of a simple multiplication of the primary angular spec-
trum by a phase factor (or propagation term) which accounts for the phase
change that each plane wave of the spectrum will undergo on its journey from
the initial plane to the reconstruction plane :

(k3 +h3)

A, (kg ks 20) = Ai(ky, Ky i) e 2r 9 3.113
Y Yy

The angular spectrum A, (k,, ky;2,) at the reconstruction plane is thus
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obtained.

The third and last step of the reconstruction procedure allows the
obtention, from the new resulting angular spectrum A, , of the optical field
E, over the desired reconstruction plane (x,y,z.). The field disturbance is
the inverse Fourier transform of its angular spectrum : F, is thus obtained
from A, by applying a two-dimensional Inverse Fourier Transform (IFT) :

+oo
E.(x,y;2.) = // A, (ky, by 2p) - ¢! kartkyy) g dk, (3.114)

At the end of this chapter, it should be noted that, although we have
described the basic processes in holography using the theoretical continuous
variables definitions, in real experiments, holograms are recorded on discrete
digital pixel arrays with finite pixels’ number and size. The continuous double
integrals that were used to describe the Fourier transformation operations are
in practice discretized with discrete double summations and the corresponding

discrete Fourier transforms were computed using the Fast Fourier Transform
(FFT) algorithms.
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Heterodyne Digital Holography
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In this thesis work, a system of heterodyne phase-shifting digital holog-
raphy was elaborated. This system was basically used for the acquisition
of all experimental holograms that are mainly presented in Chapters 5, 6
and 7 of this manuscript. This chapter is dedicated for the description of
the adopted heterodyne detection-based holographic system while showing
some possible direct applications. A detailed description of the holographic
detection system is presented in Section4.1 of this chapter. In Section 4.2
we will discuss about shot-noise in heterodyne holography. An application
of phase-shifting heterodyne digital holography for the imagery of vibrating
objects is presented in the last section of this chapter (Section 4.3).

We have seen in Chapter 3, that isolation of the third term in the interference
(Equations 3.54), which is denoted +1 term or "complex interference" term,
is a major issue in holography. This complex term is given by :

I+1 = EE Eobj

The off-axis technique introduced by Leith and Upatnieks
[Leith & Upatnieks 1962], which was described previously in this manuscript
in Section 3.3.0.3 of Chapter 3, ensures the spatial separation, in the frequency
domain, of the three different interference terms (0, -1 and +1), but I, is
not straightforwardly isolated on the hologram captured by the CCD device.
Accordingly, several methods have been developed for removal of the two
disturbing terms from off-axis holograms. These methods are essentially
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based on numerical filtering procedures [Kreis 2005].

In the case of in-line holography, the three terms overlap spatially making
the isolation of I,; much more complicated.

An effective technique of producing straightforward "pure" holograms where
only I, is conserved is the Phase-shifting digital holography.

4.1 Phase-Shifting Digital Holography

Phase-Shifting holography was first introduced in 1997 by Yamaguchi and
Zhang [Yamaguchi & Zhang 1997, Zhang & Yamaguchi 1998] and has at-
tracted widespread interest. This technique works well for off-axis holography
as well as for in-line holography and can be applied in both configurations.
The basic principle of Phase-shifting holography emanates from the following
observation |[Mertz 2010] : the arbitrary phase between the reference and
object waves, which is omitted when it is assumed to be fixed, can play quite
a significant role when it is varied in a controlled manner. In the phase-
shifting technique, the 0 and —1 terms are retrieved through multi-exposure
holographic recording while shifting the phase of the reference wave by an
integer fraction of 27 between two consecutive captured CCD images.

Taking into account the spatial and the temporal dependence, the complex
notation of the reference field, where the wave is assumed to be traveling in
the z-direction, is given by :

ER(x,y,z,t) — aReithei(*szvo)

Eg(x,y,2,t) = ape 2™ Irtell=kz=¢o) (4.1)

where : f; = 21 /wy, is the frequency of the initial Laser source.
From Equation 4.1, we can see that two experimental approaches are possible
for shifting the phase of the reference wave :

1. Modulating the optical path z of the reference wave : this is performed
using a reflective mirror mounted on a piezoelectric transducer (PZT)
[Yamaguchi et al. 2001, Yamagushi 2006]

2. Modulating the frequency of the reference wave using a pair of Acousto-
Optic Modulators (AOMs) [LeClerc et al. 2000]
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4.1 Phase-Shifting Digital Holography

Both approaches will be described, but we will focus on the second method
that performs frequency modulation using two AOMs in the context of this
thesis.

4.1.1 Phase-Shifting using a mirror mounted on a Piezo-
electric Transducer

Mirror

\ys

A4

N

Figure 4.1: Phase-Shifting of the reference wave using a mirror mounted on a
Piezoelectric Transducer

In a holographic experiment, the object wave and the reference wave are
interfering at the surface of a CCD detector. In the phase-shifting technique
that we are describing here, a phase shifting device is employed : the phase
of the reference wave is shifted, relative to that of the object wave, by means
of a mirror mounted on a piezoelectric transducer as shown in Figure4.1.
The piezo-crystal is controlled electrically. A mirror shift of \/8 corresponds
to a path-length change of 27 /8 and due to the double pass results in a phase
shift of 7/2 in the reflected reference wave.

This is the most commonly used phase-shifting method. However, because of
the non linearity of piezoelectric transducers, it is hard to achieve an equal
accurate 7/2 phase-shift between each two consecutive acquired images.
Thus, we used another method that involves two acousto-optic modulators
to achieve a better accuracy on the desired phase-shift thanks to the ability
of AOMs to shift the frequency of a laser light beam by a precise and stable
amount, which is crucial for the holographic experiments.
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4.1.2 Phase-Shifting using a pair of Acousto-Optic Mod-
ulators

In this phase-shifting technique, a heterodyne method is used to generate
the phase shift on the reference beam. The technique makes use of a
frequency shift . a continuous phase change can be produced by inserting two
acousto-optic modulators into the experimental arrangement.

We will first briefly present a review about Acousto-Optic Modulators.
Then we will describe in details how heterodyne phase-shifting holography
is achieved experimentally and we will describe the heterodyne detection
method. Finally we will present the demodulation method that we used to
extract [, from the several acquired phase-shifted holograms.

4.1.2.1 Acousto-Optics Modulators

acoustic
absorber

acoustic wave
faom

ated beall

268 fr+faom
first order deflected beam

i

piezo-electric
transducer

RF generator
=80MHz

Figure 4.2: Acousto-Optic Modulator or Bragg Cell

An acousto-optic modulators, also called a Bragg cell, uses the acousto-
optic effect, i.e. the modification of the refractive index by the oscillating
mechanical pressure of a sound wave, to diffract and shift the frequency
of an incident laser light. The commonly used sound waves are usually at
radio-frequency.

The key element of an AOM is a transparent crystal through which the
light propagates. A piezoelectric transducer attached to the crystal is used
to excite a sound wave with a frequency of the order of 100 MHz. This acts
like a "phase grating", traveling through the crystal at the acoustic velocity
of the material and with an acoustic wavelength As05; dependent on the
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4.1 Phase-Shifting Digital Holography

frequency of the used RF signal (see Figure4.2). Light can then experience
Bragg diffraction at the traveling periodic refractive index grating generated
by the sound wave; therefore, AOMs are also called Bragg cells. Several
diffraction orders can be observed(£1, £2 ...) in addition to to undiffracted 0
order. However at one particular incidence angle 6, only one diffraction order
with a maximum intensity is produced. This critical Bragg angle is given by :

AL

0, —
B 2X a0Mm

(4.2)

This first order diffracted beam is deviated by an angle which is equal to
20p. The change in direction is small since the wavelength of the incident laser
beam is very small compared with that of the sound wave. Furthermore, the
diffracted beam is frequency shifted by Doppler effect. The frequency shift
can be varied within the RF bandwidth of the Acousto-optic device by tuning
the input RF carrier frequency and this shift ¢ f is given by :

of =+faom (4.3)

The light beam will be upshifted (§ = +faons) when the sound wave
have a component of motion toward the incident beam, and downshifted
(0 = —faom) when the sound wave have a component of motion away from
the incident light beam. In this thesis, the upshifted first diffracted order is
of interest, accordingly, the laser beam, after passing through the AOM, has
a total frequency of fr + faon (see Figure 4.2).

The frequency and direction of the scattered beam can be controlled via
the frequency of the sound wave, whereas the acoustic power is the control
for the optical powers. For sufficiently high acoustic power, more than 50%
of the optical power can be diffracted and in extreme cases, even more than

95%.

4.1.2.2 Experimental Configuration for Heterodyne Phase-Shifting
Holography

In our holographic experiments, a CCD camera detects the interference of the
object and reference beams. Detection is only possible when the frequency of
the resulting interference falls in the bandpass of the detection camera. In
practice, CCD cameras have bandpass ranges limited to typically few tens of
Hertz. It is thus impossible to acquire holograms where the reference beam
was modulated by an AOM that operates in the domain of radio frequencies
(80 MHz in our experiments). A heterodyne detection is thus needed in order
to transpose the energy of the spectrum towards low frequencies to fall in
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" fitfaom
3
) RF generator
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Figure 4.3: Arrangement for holographic heterodyne detection using two
Acousto-Optic Modulators
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the bandpass of the camera. Consequently, the modulated reference beam
needs to be mixed with the object beam that is set to a close-by frequency
before the final detection. This is achieved by shifting, as well, the object
beam using a second AOM. This is why we have previously evoked that this
phase-shifting technique requires the use of a pair of AOMs.

Figure 4.3 shows the typical arrangement that we adopted to perform holo-
graphic heterodyne detection using two AOMs.

The initial beam of the laser source (frequency f1) is splitted into a
reference beam (frequency fr) and an object beam (frequency fr). To
perform temporal heterodyning, two AOMs were used.

AOM; is implemented on the object arm and is driven at frequency
faorm, = faomr = 8OM Hz. Using an iris, we select the upshifted first order
that is diffracted by the AOM. This diffracted beam is now the new object
beam and its complex field is given by :

Eopj ™ op; ¢! 2 fobst (4.4)

where :

Jobj = fr + faom, = o + faom (4.5)

AOM, is implemented on the object arm and is driven at frequency faon, =
faomr — Af =80MHz — Af. Using an iris, we select the first order that is
diffracted by the AOM. This diffracted beam is now the new reference beam
and its complex field is given by :

Ep ~ ape'*™I#t (4.6)

where

Jr=Jr+ faor, = fr + faom — Af (4.7)

and Af is the heterodyne beating frequency and is chosen to be in the
bandpass of the detection CCD device. Af is thus tuned to be proportional
to the frame rate frequency foeop of the camera.

In this manner, heterodyne detection is achieved : the two optical waves
(E.p; and Eg) are mixed after being set at a close-by frequency. The outcome
is an intensity distribution oscillating with the beat frequency, which is the
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introduced slight difference frequency Af, that still carries the interesting
information of the original high frequency signal but is now oscillating at a
lower more easily processed carrier frequency.

Combining Equations 4.4, 4.5, 4.6 and 4.7 the interference of the obtained E,;
and Ep is given by :

= (Er+ Eouj)(Er+ Ewj)”

* i2r Aft * —i2r Aft
= Ip+ Ly + Ep Eg* e 4+ Eg* Eyje ! (4.8)
S—— ~ ~\"~ - ~ ~"~ -
Oorder —lorder +1lorder

In Equation 4.8, the 0 order term constitutes the homodyne part of the
detected signal which is the self-beating term :

Ihom - ]R + ]obj (49)

The —1 and +1 terms of Equation 4.8 constitutes the heterodyne part :

[het — ER Eobj* ei27TAft + ER* Eobj efiQTrAft (410)

The second term of Equation 4.10, is the relevant term that constitutes
our holographic signal. A demodulation method is then used to eliminate the
0 and —1 terms and isolate the +1 term.

4.1.2.3 Four phases Demodulation

From the complex structure of Equation 4.8, we can perceive that if a four
phases demodulation is executed using a sequence of M different holograms
(where M is a multiple of 4) with the same frequency shift Af but captured
at different instants with a relative phase shift Ap = 2rAft = 7/2 between
two consecutive frames, 0 and —1 terms automatically cancel. Thus, the ac-
quisition of a sequence of M different holograms with the same frequency shift
Af on the reference wave but with different phase-states (Ayp) is necessary :

s Af

Ap=—=2r
2 feep

The frame rate frequency of the camera foeop should thus be 4 times larger
than the frequency shift Af :

(4.11)

Af = fr— fobj = faom, — faom, = feen/4 (4.12)
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Along these lines, a sequence of M holograms is recorded by the CCD camera
(Hy,...,Hys), each individual hologram having a phase-shift of Ap; = j7. Pa-
rameter j defines the index of each individual recorded hologram j = 1,...,M.
Each hologram is defined as :

Hj = IR + Iobj + EREobj*eigj + ER*EObjeii%j (413)
Hj = [R+[obj+EREobj*ij +ER*Eobj (—Z)] (414)

The total demodulated complex field at the CCD plane Eccp is the sum
of all the Hj holograms :

M

Ecep =Y i) H; (4.15)

j=1
Combining Equation 4.14 and Equation 4.15, we get :

M M M

Ecep =Y il (Ip+ L) + Y _(—=1)7 ErEa;" + Y (+1)7 EgEgy;  (4.16)

Jj=1 J=1 Jj=1
A

S

~
+1 order

The two first terms of Equation4.16 automatically cancel during the sum-
mation. A pure hologram, containing only the +1 term is thus generated

Eccp = M - Ep*Ey, (4.17)

4.2 Holography at Ultimate Shot-Noise

We have seen in the previous section that our heterodyne technique used in
an off-axis holographic configuration allows to record holograms with optimal
sensitivity since the technical noise (the 0 order term), mainly related to the
reference beam, is fully filtered-off. The only limiting noise, is the shot noise
on the reference beam. Consequently, holographic imagery can be achieved
at very low object’s signal levels. The exhaustive review, that includes a
comparative theoretical and experimental study, published as a book chapter
[Joud et al. 2010a), is totaly out of scope of this thesis and can be found in
Appendix B.3.
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4.3 Application for the Imagery of Vibrating
Objects

A possible direct application of phase-shifting heterodyne digital holography
is the imagery of vibrating objects. More specifically, we have considered
a vibrating clarinet reed that is excited by a sound wave produced by a
loudspeaker. Since the reed is vibrating, the backscattered optical field is
phase-modulated and is consequently expanded into carrier and sideband
components. We have shown, that by a proper tuning of the frequency-shift
induced by the AOMs, holographic imagery can be performed not only at the
carrier frequency but also selectively at the vibration sidebands’ frequencies.
This is called sideband digital holography. Sidebands orders up to 120 have
been observed allowing the characterization of oscillation amplitudes that are
significantly larger than the optical wavelength. By this way, the vibration
shape of the reed is reconstructed.

Since this application is not in the essence of this thesis work, we have de-
cided to include in this section the journal paper, published in Optics Ex-
press [Joud et al. 2009a], that describes the experiment in details for interested
readers. For information, another complementary paper [Joud et al. 2009b],
published in Optics Letters, is included in Appendix B.4 of this manuscript.
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Abstract: We obtain quantitative measurements of the oscillation
amplitude of vibrating objects by using sideband digital holography. The
frequency sidebands on the light scattered by the object, shifted by n times
the vibration frequency, are selectively detected by heterodyne holography,
and images of the object are calculated for different orders n. Orders up to
n = 120 have been observed, allowing the measurement of amplitudes of
oscillation that are significantly larger than the optical wavelength. Using
the positions of the zeros of intensity for each value of n, we reconstruct the
shape of vibration the object.
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Holographic imaging is based on interferences between a signal optical field and a reference
beam; it provides an accurate method to image the vibration of various objects. Powell and
Stetson [1] have shown that the time-averaged hologram of an harmonically vibrating object
involves the Bessel function Jo(z), where z is the phase modulation amplitude. In the backscat-
tering geometry, z= 4xA/A where A isthe mechanical amplitude of vibration and 4 the optica
wavelength. Image reconstruction then provides adirect mapping of the amplitude A at various
points of the object, in the form of dark fringes appearing around points where Jy(z) is zero.

Picard et a. [2] have simplified the processing of the data by performing Time Averaged
Digital Holography (TADH) with a CCD camera, leading to numerous recent developments[3,
4,5, 6, 7]. Nevertheless, the quantitative measurement of vibration amplitudes remains limited
to situations where fringes can be counted, which implies that the amplitudes of vibration must
be relatively small; otherwise, it becomes difficult to count many narrow fringes, and even
impossible when they are smaller than the optical resolution.

In this letter, we show how Sideband Digital Holography (SDH) can overcome the problem.
Sideband holography was already demonstrated in 1971 by C.C. Aleksoff, in a pioneering ex-
periment [8] where the reference beam was frequency-shifted by an ultrasonic diffraction cell;
selecting a given frequency resulted in a selection of a given sideband of the signal backscat-
tered by the object. The experiment was done with holographic plates. Here, we use digital het-
erodyne holography [9]; both reference and illumination laser beams are frequency shifted, and
the selection of one sideband is obtained by a proper detuning of one of the beams followed by
heterodyne detection on a CCD camera; thistechnique provides much moreflexibility and leads
to accurate quantitative measurements. As a demonstration, inspired by the work described in
[10, 11] we perform an experiment where the vibrating object is the reed of a clarinet; in ad-
dition to the intrinsic interest of such an object, with its possible musical implications, a reed
provides a test system that is particularly well adapted to our purposes, with typical vibration

WAOM1 |

M/ ---|AOM 1 S

E‘ 7~-{AOM2

B "gs
WAOM?2 LSm

M

Fig. 1. Setup. L: main laser; AOM1, AOM2: acousto-optic modulators, M: mirror; BS:
beam splitter; BE: beam expander; CCD: CCD camera; LS: loud-speaker exiting the clar-
inet reed at frequency wa/27.
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Fig. 2. Reconstructed holographic images of aclarinet reed vibrating at frequency wa /27 =
2143 Hz perpendicularly to the plane of thefigure. Fig. (a) showsthe carrier image obtained
for n = 0; Fig. (b)-(d) show the frequency sideband images respectively for n = 1, n = 10,
and n = 100. A logarithmic grey scale has been used.

amplitudes of the order of 0.1 mm. We will see that, even with smaller amplitudes, there is no
difficulty in obtaining holographic images corresponding to the n sideband with n up to 100
or more.

The experimental setup is schematically shown in Fig. 1. A laser beam, with wavelength
A ~ 650 nm (angular frequency ) is split into alocal oscillator beam (E_o) and an illumi-
nation beam (E;); their angular frequencies wm o and w, are tuned by using two acousto-optic
modulators (Bragg cellswith a selection of thefirst order diffraction beam) AOM1 and AOM2:
Lo = 0L + ®Waom1 ad @ = @ + waom2 Where waomi,2/2m ~ 80 MHz. The clarinet reed is
attached to a clarinet mouthpiece and its vibration is driven by a sound wave propagating inside
the mouthpiece, as in playing conditions, but in our experiment the sound wave is created by a
loudspeaker excited at frequency wa and has alower intensity than inside a clarinet; no attempt
has been made to reproduce the mechanical effect of the lip of the player. The excitation fre-
guency is adjusted to be resonant with the first flexion mode (2143 Hz) of the reed. The phase
of the field E backscattered by any element of the reed is then phase modulated at frequency
W, SO that E can be expanded into carrier (Eg) and sideband components (Ep) as:

E( ) (@ej(mt jzsin(wat) z En (1)

N=—o0

En(t) = &dn(2)ei el (@romatnon)t o

where & isthe complex field of the object in the absence of modulation, z= 4rA/A isthe phase
modulation amplitude, A the amplitude of vibration of the particular element, and J, isthe n-th
order Bessel function of thefirst kind (with J_(z) = (—1)" Js(2) for integer n and real 2).

To selectively detect the n sideband we use 4 phase shifting holography [12] and adjust the
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Fig. 3. A dlice of the data along the y = 174 line is used in this figure; the x horizon-
tal axis gives the pixel index (100 pixels correspond to 3.68 mm.), the vertical axis the
phase modulation amplitude z. The lower part of the figure shows the normalized signal
|En(x)|?/|E(X)|? for aparticular sideband order n = 5, with a downwards axis; the left part
shows the corresponding square of the Bessel function |Js(2)|? with a leftward axis. The
zeroes of the two curves are put in correspondence, which provides the pointsin the central
figure; a different color is used for each harmonic order n = 0,1,5,10...100; the crosses
correspond to n = 5. The juxtaposition of the points for all values of n gives an accurate
representation of the amplitude of vibration A as a function of x.

frequency waom1 to fulfil the condition:
WAOM2 — WAOM1 — N WA = Occp /4 (©)

where wccp isthe CCD camera frame frequency and n is a (positive or negative) integer; the
phase of the modulated signal is then shifted by 90° from one CCD image to the next [13]. The
sideband complex hologram signal H,, provided by each pixel of the camera, proportional to
the local sideband complex field, is obtained by 4-phase demodulation:

Hn=(lo—1l2)+j(la—13), @

where ly, - - - 13 are 4 consecutive intensity images digitally recorded by the CCD camera (Pike:
Allied vision Technology Inc, 12 bits, wccp/2m = 10 Hz, exposure time 100 ms, 1340 x 1024
pixels). The LO beam is dightly angularly shifted (~ 1°) with respect to the beam originating
from the reed; in this way, the zero order and twin-image aliases [14] can be suppressed and an
ultimate detection sensitivity can be reached [15, 16].

From the complex holograms, the images of the reed are reconstructed by the standard con-
volution method [17]. To simplify the Fourier transform calculation, the 1340 x 1024 pixels
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data are truncated to 1024 x 1024. Because of the angular shift, the image of the reed liesin
the upper side of the reconstruction grid. In Fig. 2, for pixels ranging from 200 to 1023 along
the x axis and 0 to 511 on the y axis, we show the reconstructed images for different sideband
orders n; only the square modulus of the complex signal is retained (the phase coming from &
isignored), so that we obtain intensity images, proportional to |Ep|? for each different sideband.

Figure 2(a) is obtained at the unshifted carrier frequency (n = 0). The left side of the reed
is attached to the mouthpiece, and the amplitude of vibration is larger at the tip of the reed
on the right side; in this region the fringes become closer and closer and difficult to count.
The mouthpiece is aso visible, but without fringes since it does not vibrate. Similar images
of clarinet reeds have been obtained in [10, 11], with more conventional techniques and lower
image quality. Figures 2(b)-2(d) show images obtained for three sideband frequencies. As
expected, the non-vibrating mouthpiece is no longer visible. Figure 2(b) showsthe n=1
sideband image, with J; fringes that are dlightly shifted with respect to those of Jo. Figure
2(c) shows the order n = 10 and (d) the order n = 100 (e). The left side region of the image
remains dark because, in that region, the vibration amplitude is not sufficient to generate these
sidebands, J,(z) being evanescent for z< n.

We have performed cuts of the reconstructed images signal |En(x,y|? obtained for different
sideband orders n aong the horizontal line y = 174 (this value has been chosen because it
corresponds to a region where the fringes are orthogonal to the y axis). To reduce the effect of
speckle fluctuations, the intensity signal |Eq(x,y = 174)|2 has been averaged over 20 pixelsin
the y direction (y = 164...184). Moreover, since the illumination of the reed is not uniform,
we have normalized the sideband signal by the reconstructed image intensity |E|? obtained at
the carrier frequency (n = 0) without mechanical excitation of the reed (Ioud-speaker off). One
example of the normalized signals |En|?/|E|? along the cut is shown for n = 5, in the lower
part of Fig. 3, with a downwards intensity axis. In this case, and for many other values of n,
we have checked that the normalized curves vary as the square of Bessel functions, with afirst
fringe that moves to higher values when n increases (it occurs when z ~ n and the amplitude of
vibrations increases with x). For instance, for n = 0, which corresponds to standard TADH, the
variations of |Jp(z)|? show a large number of nodes and anti-nodes, with decreasing visibility
for increasing x; above x = 700, the fringes are no longer visible. For n = 20, the first fringe,
which corresponds to z~ n = 20, is located near x ~ 560. Going to n = 60 pushes the first
fringe to x ~ 755, where the counting of fringes with TADH would no longer be possible. In a
more general way, the first fringe on the n sideband image provides a convenient marker for
theregion z~n.

For amore precise treatment of the data, we use the position of the antinodes, which isinsen-
sitive to inhomogeneities of illumination; no normalization isthen required. To build the central
part of Fig. 3, asimilar linear cut at y = 174 is processed, for the valuesn = 0,1,5, 10, ... 100.
The x locations of the successive minima of the signal |E,(x)|? are plotted against the zeros of
the corresponding |Jn(2)|2. Toillustrate the way the points are obtained, we show in the left part
of the Fig. 3 the expected signal |Js(2)|2, to be compared to the signal in the lower part. For all
observed sideband order n ranging from O to 100, al the points displayed on Fig. 3 fall on a
well defined curve, which provides the vibration amplitude z as function of the location x. The
excellent consistency of the overlapping data sets demonstrates the validity of expansions Eg. 1
for any order n. Therefore the figure provides a direct and accurate visualization of the map of
the maximal elongations of the reed, from the left part clamped on the mouthpiece to thetip on
theright; here, the maximum amplitude is z~ 120 radians, corresponding to A~ 6.2 um.

To conclude, recording separately different sideband Fourier components of the light back-
scattered by a vibrating object gives access to a large amount of information; this can be used
to remove ambiguities and inaccuracies in measurements of large modulation amplitude. Using
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large sideband order n actually makes the calibration of the vibration amplitude z straightfor-
ward: the first fringe of a high order image can be used as a marker. This marker is easy to
locate since it corresponds to a fast transition from zero signal, and moreover is brighter and
broader. Performing sideband holography with many orders n gives a direct and accurate ac-
cess to the shape of the vibration amplitude and its position dependence. Figure 3 shows only
arepresentation of a slice of the data along one given axis, but more information is available if
one changes the value of y or chooses another direction, for instance parallel to y to accurately
map the transverse variations of the amplitude A. Sideband digital holography therefore opens
up avariety of new possibilitiesin holography.

The authors acknowledge the support of French National Research Agency (ANR-05-
NANO-031) and the “Centre de compétence NanoSciences [le de France” (C nano IdF).
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CHAPTER 5

Interferometric Heterodyne
Digital Holographic Microscopy
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CHAPTER 5. INTERFEROMETRIC HETERODYNE DIGITAL
HOLOGRAPHIC MICROSCOPY

Y faom+ Af
phase-shifting

specimen

Figure 5.1: General Experimental setup for Heterodyne Digital Holographic
Microscopy

5.1 Optical Apparatus and General Recon-
struction Scheme

This section is reserved to the general description of the optical apparatus
used for holographic microscopy. The optical arrangement that is considered
for the reconstruction process is also described here.

5.1.1 Optical Apparatus for the Holographic Microscope

The optical apparatus of digital holographic microscopy is illustrated on Fig-
ureb.1. Tt is a modified Mach-Zehnder interferometer were a laser is used as a
coherent illumination source. A polarizing beam splitter cube, noted PBS, is
used to split the original illumination laser light into two beams, a reference
beam and an object illumination beam. The complex field of the reference
wave is noted Eg and its frequency fg. Similarly, the complex field of the
illumination wave is noted E,; and its frequency f,;. Those beams form
thus the two arms of the Mach-Zehnder interferometer. A combination of two
neutral density filters (ND;, ND,) is used to prevent the saturation of the
detector by controlling the optical power traveling in each arm. Two acousto-
optic modulators AOM1 and AOM2, driven around 80 MHz with a selection
of the first order of diffraction, shift both frequencies at respectively faonr
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5.1 Optical Apparatus and General Reconstruction Scheme

and faome. Acousto-optic modulators are driven at faon1 and faone us-
ing two synchronized numerical waveform synthesizers allowing thus to finely
control faoarn and faonre and consequently the frequency (and the phase) of
the reference wave :

Ir = fonj + (faorr1 — faonrr) (5.1)

The object beam illuminates the sample in total internal reflection (TIR) and
a microscope objective (MO) collects the light scattered from the sample. A
beam splitter BS is then used to combine the scattered object wave and the
reference wave which is slightly angularly tilted (0 ~ 1°) with respect to the
propagation axis of the object wave in an off-axis configuration. In order to
fulfill optimal interference conditions, the polarization of the two interfering
waves is controlled using the two half wave plates (\/2) that are implemented
on the optical apparatus. The interference of Er and Ey; is detected by
the sensor of a CCD camera that records a sequence of M (M is an integer)
intensity frames (or holograms) Hoop; (j is the frame index, varying from 1
to M), where each frame corresponds to a given phase state of the reference
wave.

Typical experiments are made in phase-shifting recording configuration
with a relative phase-shift Ay = 7/2 between two consecutive frames. As
described in Chapter 4, this 4-phases configuration corresponds to :

fr= foj + fecen/4 (5.2)

and this is achieved when faonn — faonz = foop/4, where foep is the camera
frame frequency. The complex field at the CCD plane Eccp is given by :

M

Ecep(x,y,zcep = 0) = ZZ "Heep (5.3)

J=1

with 2 = —1

5.1.2 Optical Arrangement for Reconstruction in Holo-
graphic Microscopy

The different steps of the reconstruction process are based on a specific
adopted optical arrangement. Thus, in order to explain the reconstruction
algorithm, we should first start by describing this specific arrangement. We
focus on the yellow-highlighted part of the general experimental setup of fig-
ure 5.1, which is the main part of the holographic microscope. This part of
the optical apparatus is illustrated in details on figure 5.2.
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Figure 5.2: Optical arrangement for reconstruction in Digital Holographic
Microscopy
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The CCD camera, the microscope objective and the specimen are aligned
along a vertical axis which defines the optical axis z of the holographic micro-
scope. The position of the CCD sensor along axis z defines the CCD plane
with coordinates (z,y,z = zocp = 0). The hologram that is recorded by the
CCD camera, at this plane, is denoted Hoep. The position of the specimen
along along axis z defines the specimen plane with coordinates (z,y, z = zg).
The hologram at the specimen plane is noted Hg.

F'is the front (or principal) focal point of the microscope objective lens
and defines thus the front focal plane. [F” is the rear (or back) focal point
of the objective and defines thus the rear focal plane. Point P defines the
z-position of the rear aperture of the microscope objective tube, and thus the
corresponding plane is called the exit pupil plane with coordinates (x,y, zp).
The hologram at this plane is noted Hp.

The image of Hoep through the microscope objective is formed at z = z;.
This position defines the conjugate image plane with coordinates (x,y, zr).

In the illustration of figure 5.2, d is the distance between the CCD plane
and the exit pupil plane, while dy denotes the distance between the conjugate
image plane and the specimen plane.

5.1.3 The principle of the Reconstruction In Heterodyne
Holographic Microscopy

The optical arrangement described above is the basis of the reconstruction
algorithm that we used to reconstruct all our experimental data. Green arrow
1 and orange arrow 2 on Figure 5.2 briefly shows, in parallel with the corre-
sponding optical arrangement, the general adopted reconstruction process.

Two important observations have drawn the main lines of our reconstruc-
tion method :

e It’s easy to obtain the conjugate image from the CCD hologram : Hj is
the conjugate of Hoop which is, indeed, on focus on the CCD sensor.

e The conjugate image plane and the specimen plane are located in the
same half-space. Hence, the propagation from H; to Hg is a free space
propagation that carry the great advantage of keeping the pixels size
constant while propagating. Images obtained by free space propagation
are thus undistorted.

Accordingly, the reconstruction process is performed in two steps. First,
the hologram of the conjugate image, which is the image through the MO of
the hologram recorded by the CCD device, is reconstructed (green arrow 1
in Figure5.2). This hologram is then used to reconstruct the object by free
space propagation (orange arrow 2 in Figure5.2).
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5.2 First Step of The Reconstruction : Recon-
struction of the Conjugate Image

As we have introduced above, the easiest way to reconstruct the object field
is to start first by reconstructing the conjugate image, that is located in the
near vicinity of the object and in the same half space. We should also note
that the conjugate image plane is situated nearby the front focal plane (F) of
the MO.

5.2.1 Determination of the lens, tilt and magnification
parameters by a proper calibration of the setup

The calculation of H; from Hoeop seams to be not very complicated, since the
corresponding intensity images are identical : |H;| = |Hceop|. Nevertheless,
three main optical and experimental considerations (called : lens, tilt and
magnification) should be taken into account in order to obtain properly the
complex field :

1. Lens: The specimen is imaged through a microscope objective. Con-
sequently, recorded holograms present phase curvatures and eventually
phase distortions that are related to the microscope objective. Thus, be-
fore computing the field E; at the conjugate image plane, a lens phase
correction factor, noted ¢, must be added to the phase of the complex
field Eccp of the recorded hologram in order to compensate this curva-
ture.

2. Tilt: This is an experimental consideration related to the off-axis record-
ing geometry of the considered holographic microscope. The off-axis tilt
effect on the recorded CCD hologram should be compensated by adding
a phase correction factor ¢; to Fcop.

3. Magnification: Due to the magnification effect of the microscope ob-
jective, pixels’ size in the conjugate image plane d’ and in the CCD
image plane d,, are not equal but interrelated through the transverse
magnification factor G of the MO.

Hence, pixel’s size should be properly corrected.

Many research papers [Ferraro et al. 2003] discuss about the cor-
rection of these phase effects, in particular from the C. Depeursinge
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Group [Montfort et al. 2006, Colomb et al. 2006a, Colomb et al. 2006¢,
Colomb et al. 2006b)].

One must notice that many of the paper listed above discuss about mi-
croscope objective abberations. In most cases, this is an improper use of the
term "abberation" since, as we will see, the phase corrections would be the
same with an ideal objective free of abberation. In some cases, nevertheless,
abberations play a significant role and can be compensated in holography
[Nicola et al. 2002, Colomb et al. 2006b)].

The correction of these phase effects, which is essential in order to get a
proper reconstruction of the conjugate image, is not very eased because each
correction factor should be calculated separately and added to the phase of
the CCD hologram. Colomb et al. have proposed an automatic procedure
to perform these corrections in situ |Colomb et al. 2006a], but this proce-
dure (as most of the works done by the C. Depeursinge group) implicitly
consider phase-contrast holographic microscopy [Marquet et al. 2005]. This
means that the sample exhibit flat phase regions, where a phase reference can
be easily measured.

In our experiments where gold nanoparticles are targeted, the illumination
is made in Total Internal Reflection (TIR) configuration and there is no way to
get a phase reference, because, approximately, the detected signal corresponds
only to the gold nanoparticles. The Colomb et al. in situ calibration cannot be
thus used. To reconstruct the images of the gold particles, it is thus necessary
to determine the correction parameters by another way. The best way is to
perform a proper calibration of the setup.

The purpose of this calibration is to compensate the lens and tilt effects
by multiplying the CCD recorded hologram Heocp by the proper lens and tilt
phase maps (¢, and ¢;). By this way, the phase of hologram H; becomes flat
for a flat-phase sample.

H(z,y) = Hoop(x,y) e ) emiow) (5.5)

A simple way to get a flat-phase sample is to consider a NULL sample il-
luminated by a plane wave (see Figure5.3). This means that one records a
hologram without a sample Hcepo, and with plane wave illumination. The
phase of this plane wave is zero in any plane located in front of the MO
entrance aperture, in particular in the conjugate plane z = z;.

One can then directly measure the phase of Hoopo(x,y) getting by this
way the phases ¢, + ¢; needed to execute the phase corrections as described
in Equation 5.5.

(G0 + du)(2,y) = arg(Hoepo(w,y)) (5.6)

This method is very simple but can be troublesome if Hoep o is measured in
noisy conditions.
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Figure 5.3: Holograms of a flat phase object in the CCD image conjugate
plane (z = zy), in the rear focal plane z >~ z, and in CCD plane z = z¢cp.

A better calibration is to perform a Zernike polynomial development of
Heepyo in order to remove the noise. The phase correction ¢, + ¢; is then
extracted from that development.

5.2.1.1 The lens phase correction

One can notice that the plane wave is focused by the microscope objective MO
in the rear focal point F’. This point /'’ becomes a point source, which emits
a spherical coherent wave. For this reason, the hologram of the flat-phase
sample is uniform in amplitude and has the phase of a spherical wave with a
curvature R = |[F’A| ~ d (see Figure5.3). We have thus :

Ecop(x,y, zoep) o e@+y?)/2d (5.7)
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Figure 5.4: Reconstructed image of the MO rear focal plane with plane wave
illumination and without sample : image (a) and zoom of the bright point in
the left hand side of the image (b). Display is made in colored logarithmic
scale for |[Hp/|? (see scale bar).

where k = |k| = A\/2r is the modulus of the wave vector k. To establish
Equation 5.7, we have made the small angle approximation that yields a
quadratic phase. This approximation is valid, since the detector size (< 1
cm) is much smaller than the pupil to CCD distance d (20 ¢cm or larger in
typical microscopic experiments).

Case of a plane wave reference field Ex

If the reference field on the CCD detector is uniform in amplitude and flat
in phase, we have

Er(z,y,2ccp) = Eryp (5.8)

The interference pattern recorded by the CCD (i.e. the hologram Heep)
exhibit then the same phase factor than the field Eccpo recorded without
sample

Heep = [EcopoER| (1,y) = ECCD,OE}},O«BM(IQWQ)/M (5.9)

The CCD conjugate image hologram H; is thus obtained by multiplying the
CCD recorded hologram Heep by the inverse phase factor e~ tk@®+y?)/ 24 and
the lens phase correction is simply :

de(x,y) = k(2® +y*)/2d (5.10)

A possible method to determine ¢, is to measure d by perform-
ing the holographic reconstruction of the holographic signal in the MO
rear focal plane (Hp) using the Schnars et al. reconstruction method
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[Schnars & Jiptner 1994] (see Figure5.4). This reconstruction is made by
multiplying Heep by the factor e~ #(#*+4°)/2d (where d is the reconstruction
distance), and by performing a Fourier transformation. This is equivalent
to a Fresnel transformation as described in Chapter3 of this manuscript.
One can than adjust d in order to get, on the reconstructed image, a bright
point as sharp as possible. This bright point is visible on the left hand side
of Figure5.4(a), and on Figure5.4(b). It corresponds to the F’ field source,
while the black background corresponds to the other points of the MO rear
focal plane. One can notice that the reconstruction phase factor k(z%+y?)/2d
is equal to the lens correction factor ¢,, which is determined by this way.

Case of a spherical reference field £y

This result remains valid if the hologram is recorded with a spherical ref-
erence field Eg.
Eg(2,y, zcop) = Egoe™ = Hv)/24 (5.11)

The field E is then emitted from a point source M, and d’ is the M to CCD
distance. In this case, Equation 5.9, which gives the phase of the hologram
recorded without sample, must be replaced by :

Heop = EcopEg < Ecep(@,y, 2cop) oc e+ (5.12)
where
1 1 1
The lens phase correction becomes
e, y) = k(2* +y*)/2d" (5.14)

The Schnars et al. [Schnars & Jiiptner 1994] reconstruction is also affected
by the sphericity of Ex, and, to reconstruct F’ on focus, Hocp must be
multiplied by e~*@*+4*)/2d" \where d”, given by Equation 5.13 is the rear focal
plane apparent reconstruction distance.

In both cases (plane reference wave and spherical reference wave), the lens
phase correction ¢, can be obtained by recording a hologram without sample,
and by adjusting the Schnars et al. [Schnars & Jiiptner 1994] reconstruction
distance d or d” in order to get in the reconstructed image a bright point as
sharp as possible that corresponds to F”.

One must notice that this calibration do not depends on the exact location
of the object, but only on the CCD detector to MO back focal point F’
reconstruction distance d or d”. This means, that the calibration of the set-
up can be made once, and remains valid if the CCD detector to microscope
objective distance d is not modified, which is generally the case.
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Figure 5.5: Example of an off-axis reconstructed holographic image: image
from [Schnars & Jiiptner 2002] (a) and zoom from [Schnars & Jiiptner 1994]

(b)

5.2.1.2 The off-axis Tilt phase correction

We have seen in the description of our optical apparatus, that the reference
wave interferes with the object illumination wave in an off-axis geometry. This
off-axis geometry is used in order to separate spatially the three interference
terms [Cuche et al. 1999] preventing by this way the overlapping of the self
beating term and twin image term with the relevant image term in the fre-
quency domain of the recorded holograms.

The off-axis tilt effect can be clearly seen on the reconstructed
image of the object on Figureb.5 from the Schnars historical papers
[Schnars & Jiiptner 1994, Schnars & Jiiptner 2002|. The image of the object
is visible slightly off axis in the bottom. The zero-order and twin images
[Cuche et al. 1999] correspond respectively to the white blurred square in the
center of Figure 5.5, and to the the totally blurred white zone in the top.

The off-axis tilt effect is also seen on the rear focal plane image of Figure 5.4
: we can see that image of F” is not situated in the center of the image but
is slightly translated to the left hand side of the image. To correct the tilt
effect, one must multiply Hoep by €/, with :

th = kt71.$ + kt,yy (515)

By choosing the correct values for k;, and k,,, the bright point that corre-
sponds to F” is shifted back in the center of the reconstructed image. Using
this method the tilt phase ¢, can be adjusted very accurately.

Here again, we must notice that the off-axis tilt calibration do not de-
pends on the exact location of the object. It nevertheless depends on the
illumination direction of the reference hologram recorded without a sample.
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Figure 5.6: Standard USAF resolution target

This direction defines here the optical axis in the object half space of the
microscope objective.

5.2.1.3 The MO transfer magnification factor G

The transfer magnification factor G defines the relation between the pixels’
size in the CCD image plane d,, and in the conjugate image plane d, :

d X
G = d/i (5.16)

px
In order to calculate factor GG, the most commonly used method is the use of
a standard USAF 1951 Test Target shown in Figure5.6. This standard test
object is composed of horizontal and vertical three-bar patterns in the form
of a reflecting chromium coating set on a glass substrate. These patterns
are specifically arranged into groups of six elements where each element is
composed of three equal longitudinal bars and three equal horizontal bars.
The vertical bars are used to calculate horizontal resolution and the horizontal
bars are used to calculate vertical resolution. Each one of these bars are very
well calibrated and each bar of each element in each group have well defined
dimensions and frequency. USAF targets are provided with the corresponding

calibration chart.

According to Figure 5.2, the transverse magnification factor G of the mi-
croscope objective is the ratio of the sizes of the CCD image (segment AB)
and of the conjugate image (segment C'D). G is also the ratio of the distance
between the center of the imaging lens (O) and the CCD image plane z = zcop
versus the distance between O and the conjugate image plane z = z;.

_AB_ 0A

G=2p~oc

(5.17)
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Moreover, the transfer magnification factor GG is defined as the ratio of the
distance between the back focal point F’ of the MO and the CCD image
2z = zocop, versus the focal length f; of the microscope objective MO :

A d
FOf

(5.18)

The focal length f; of the used microscope objective is known. In order to
calculate G, parameter d must be determined. Since d is the reconstruction
distance needed to reconstruct properly the rear focal point F’, the distance
d and thus the transfer magnification factor G can be calculated from the
hologram recorded with the plane wave and no sample. One must nevertheless
notice, that this measurement must be done with a known curvature reference
field E'r that is, in practical situations, a plane wave reference beam FE.

5.2.1.4 Spatial Filtering

Although our experiments are predominantly carried out by acquiring a se-
quence of M phase-shifted holograms (M is an integer multiple of 4), and
performing a four-phases demodulation method in order to retrieve the rele-
vant grating order +1 term only, reconstructions based on a single acquired
hologram are sometimes needed, especially in the case of fast object-tracking
experiments. In this last case were the four-phases demodulation is not per-
formed, the self beating terms (zero grating order image) and the twin images
(—1 grating order) persists on the recorded holograms.

It is thus necessary to remove the zero and —1 grating order signals. This
is generally done by spatial filtering in the Fourier space [Cuche et al. 1999).
One must notice that in our nanoparticle experiments, the nanoparticles signal
can be extremely week, since it is roughly proportional to the 6'h power of
the particle diameter a (o< a®). It is thus important to optimize the spatial
filtering process in order to remove the parasitic grating orders 0 and —1
totally, while keeping all the useful information of the relevant grating order
+1. This spatial optimization problem has been discussed in details by Li et
al. [Li et al. 2010] for free space holography.

5.2.2 Determination of the lens, tilt and magnification
factor by reconstructing the image of the MO exit
pupil

We have seen that in order to execute a proper reconstruction, the three
correction parameters (lens, tilt and magnification) should be accurately de-
termined using a plane wave calibration of the optical setup. However, in some
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cases, this calibration has not been made, or has been lost. In this section, we
will see that, by performing a very convenient alternative calibration process
based on the reconstruction of the microscope objective exit pupil plane, it is
nevertheless still possible to determine the lens, tilt and magnification factors.

We will thus present an ingenious in situ method (that do not require
flat phases regions of the sample) and that can be applied in almost all ex-
perimental situations. In this method, the complex field E(z,y,zp) at the
exit pupil plane of the MO is reconstructed from the recorded CCD hologram

Heep -

5.2.2.1 Lens parameter

In our experiments, and more generally in most of bio-imagery applications,
specimens are imaged using high magnification microscope objectives. In
practice, high magnification objectives have very short working distances,
typically less than one millimeter. Yet, working distances of low magni-
fication objectives are more significant. Since in our application we use
high magnifying objectives (typically 50x) with short working distance, the
distance PF’ between the back focal plane of the MO (given by point F’ on
Figure 5.2) and its back aperture plane (given by point P) is tiny. We can
thus consider that both planes are coincident. This is only true for objectives
with magnifying powers going from 40x and above.

In most experimental situations, investigated specimens scatter some light
in all directions yielding enough light in the rear pupil plane allowing thus the
reconstruction of the MO exit pupil’s image. By adjusting the reconstruction
distance d” until the reconstructed image of the pupil present sharp edges
as illustrated on Figure5.7, one can measure the MO pupil 2z = zp to CCD
detector z = zpoop distance.

Similarly to the calibration with plane wave illumination without a sample
(see Section 5.2.1.1), the distance d”, that produces a sharp image, may differ
from the real CCD to pupil distance d. This is in particular the case if the
reference beam is a spherical wave that is emitted from a point source located
at distance d’ from the CCD, since in that case we have (see Equation 5.13)

1 1 1

" d d

Nevertheless, whatever the sphericity of the Eg field is, the measured distance
d" is very close to the distance that must be used to calculate the lens phase
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image of MO exit pupil

Figure 5.7: Reconstructed intensity image of a microscope objective exit pupil
in a gray logarithmic scale

correction.

bo(x,y) ~ k(z* +y*)/2d" (5.19)

One can thus approximates ¢,. This is sufficient in most cases. If one needs
to get a better estimation of ¢,, one can measure the distance between the
rear pupil (z = zp) and the rear focal point F’, and add to ¢,, given by
the above equation, the numerical lens that shifts the image of the rear pupil
plane z = zp into the rear focal plane F’. This correction corresponds to
few millimeters and is not very significant especially when compared with d
(d ~ 20 c¢m in typical experiments).

5.2.2.2 The tilt parameter and Spatial filtering

Although spatial filtering approaches are confronted to significant difficulties
(mainly due to the irregularity distributions of the spectrums to be treated),
the spatial filtering is especially easy in the presented reconstruction method,
since the relevant term obtained by the reconstruction of the MO rear
aperture (plane z = zp), is presented as a bright disk with sharp edges
as illustrated on Figure5.8 (a). Figure5.8 (a) is thus a reconstruction
of hologram Hp and gives consequently the field Ep(z,y,zp). On Hp,
the useful signal that brings information on the investigated sample is
included within the bright disk, while parasitic signals and the noise are
out of the disk. A genuine numerical spatial mask, that accurately matches
the well defined circular geometric shape of the bright disk, can thus be
easily applied as illustrated on Figure5.8 (b). By this way, optimal spa-
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image of MO exit pupil spatial filtering off-axis tilt correction
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Figure 5.8: (a) Reconstructed hologram Hp in the MO objective rear aperture
plane z = zp. The specimen consists of 80 nm gold nanoparticles in a water
and agarose solution. The hologram Hgoep is recorded with 4 phases phase
shifting method. (b) Same hologram filtered with a numerical mask. (¢) Same
hologram filtered and corrected for the off-axis tilt. Images are displayed in
gray logarithmic scale for |Ep|? and |E}|*

tial filtering is performed and only the relevant holographic signal is conserved.

The filtered signal can now be translated to the center of the calculation
grid correcting by this way the off-axis tilt as illustrated on Figure5.8 (b).
The off-axis tilt effect can be clearly seen on the reconstructed image of the
MO exit pupil, since the obtained bright disk is not located at the center of
the reconstructed image but is spatially shifted. The translation is chosen in
such a way that the center of the selected zone coincide with the center of the
calculation grid. With this choice, the optical axis becomes coincident with
the experimental optical axis (which corresponds to the line drawn from the
center of the MO pupil to the center of the CCD zone that is used to record
the holographic data). This off-axis tilt compensation procedure, based on
the reconstruction of the MO rear pupil, is effortless. In many situations,
and in particular with our samples of gold nanoparticles coupled to live
cells, the light scattered by the nanoparticles and by the cells is sufficient to
visualize the disk that corresponds to the MO rear pupil. It is thus possible
to perform the spatial filtering and to correct the off-axis tilt in situ, i.e. from
the investigated sample’s holographic data without the need of a calibration
with an extra reference hologram recorded without sample.

At the end of this filtering and translation procedure, a corrected hologram
is obtained H)} (complex field E%(x,y,xp)) at the MO rear pupil plane.

96



5.2 First Step of The Reconstruction : Reconstruction of the
Conjugate Image

5.2.2.3 The magnification parameter G

The magnification factor G can be calculated from the experimental param-
eters that are manifested during the reconstruction process of the MO exit
pupil plane, without the need of a previous calibration with a USAF test
target. In fact, as explained in a previous section of this Chapter, G can be
determined if the physical distance d between the CCD and the rear focal
point F’ is known.

It is possible, indeed, to measure d from any recorded hologram, whatever
the curvature of the reference beam FEpg is. This can be achieved by
imaging the microscope objective’s exit pupil and by extracting quantitative
information from the rear pupil’s reconstructed image.

If the reference beam Ejy is a plane wave, the distance d” that makes the
pupil image sharp is equal to the CCD to pupil plane distance d. In this
case, d is thus determined. |AF’| can also be determined after performing
the small pupil to F” correction. Finally, as explained in Section5.2.1.3, G is
obtained using Equation 5.17.

If the reference beam Eg is not a plane wave, or if the experimental details
have been lost, one can nevertheless determine d, and thus GG, from the size in
pixels of the image of the rear pupil. The detailed procedure will be described
in the following, but we must first point out that the reconstructed hologram
Hp, and thus the size of the reconstructed exit pupil do not depend on the
reference field’s sphericity.

This can be proven by considering the two following experimental situa-
tions and comparing their corresponding results :

e Situation 1 : a plane wave reference beam Ep is used. The reconstruc-
tion distance d and the physical distance between the CCD and P (where
P = F') are thus equal.

e Situation 2 : a spherical reference beam FE'y is used. The reconstruction
distance d” is not equal to the physical distance d.

To reconstruct Hp, Hoeop is multiplied by the reconstruction phase factor
eIR@*+y)/2d  then a direct Fourier transform is executed :

e For situation 1, Er is a flat field (i.e. Er = Egyp) , we get thus :
HCCDejk(x2+y2)/2d _ ECCDE]*%ejk(x2+y2)/2d (5.20)

= EcopE} e/t v/
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Figure 5.9: Size of the pixels in the MO pupil plane

e For situation 2, Ej is a spherical wave field (Er = Eg e *@*+v%)/2d'y .

Hoope @024 — poop(a, y) By (x, y)e @ w2 (5.01)

ECCDE}k%ejk(ﬁerz)/?d”efjk(x2+y2)/2d’

= EcepEp Oejk(w2+y2)/2d

Equation 5.20 and Equation 5.21 show that the complex matrix that is trans-
formed to the Fourier space in order to get Hp is the same whatever the
reference field sphericity is. The reconstructed hologram Hp do not thus de-
pends on the sphericity of Eg.

As we will see, one can extract, from Hp, the CCD to pupil distance d (i.e.
the distance between the CCD and the rear focal point F which is ~ d), and
get thus G using Equation 5.18. Let us consider the Fourier transformation
that yields Hp. The hologram Hgcp is a matrix of complex numbers where
each pixel of the matrix corresponds to the physical pixels of the CCD camera.
For example, for one of the cameras that we used (PixelFly: PCO Inc.), the
number of pixels is 1280 x 1024 and the pixel size is dp, X d,, = 6.7x6.7um?. To
make easier calculations, the 1280 x 1024 matrix that is measured is truncated
to N x N = 1024 x 1024 where N = 1024 is a power of 2. By this way, we can
perform the reconstruction with efficient Fast Fourier Transformation (FFT).

Let us calculate the size in pixels Units of the MO exit pupil image in
the Fourier space (see Fig.5.9). Hp has been obtained by multiplying the
recorded CCD hologram Hgoep by a phase factor and applying then a FFT
[Schnars & Jiiptner 1994]. The Fourier space coordinates are (k,,k,). For
each point J of the pupil plane, we can introduce kj; = (ky, Ky, k) with:

ky=kiy (5.22)
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where k£ = 27/X is the modulus of the optical wave vector, and where
ity = OJ/|0J]| the Units vector that points from the center of the CCD
detector into point J. The Fourier coordinates (k,, k,) of J in wave vector
Units correspond thus to the transverse coordinates of the optical wave vector
EJ parallel to ;.

For Hoep , in the "real space, we have NV x N pixels of size dp, X d,,. For
Hp, in the "Fourier space", we have N x N pixels of size k,, < k,,. Because Hp
and Hoep are interrelated through a FE'T, the pixel sizes in real and Fourier
space are interrelated by :

Ndppkpy = 21 (5.23)

The pixels size 0,, = k”f in angular Units viewed from the CCD is then :
A

Ope = 5.24

p Ndpm ( )

Lets consider now the MO pupil. Its diameter can be measured in length
Units (Dp), in angular Units viewed from the CCD (6p) or in pixels Units
(Np) for the reconstructed images. These tree measures (Dp,Dp and Np) are
interrelated through :

0p = Dp/d (5.25)
Np = 0p/bp
We get from Equation 5.24 and Equation 5.25

_Dp  Dp  DpNdy
~ 0p  Npb,, Np A

d (5.26)

This last equation gives the CCD to MO pupil distance d = zocop — zp from
the ratio Dp/Np of the pupil diameter in length Units (Dp) and in pixels
Units (Np). The pupil diameter Dp is known, since it is related to the MO
focal length f; and MO numerical aperture NA by :

Dp=f-NA (5.27)

Another possible way of determining d can be achieved by measuring,
experimentally, the MO objective exit pupil’s diameter Dp from the recon-
structed image of Hp. d can thus be calculated from Equation 5.26. Finally,
knowing d (and f;), the magnification factor G' can be deduced using Equa-
tion 5.18.
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Figure 5.10: Etendue for the holographic signal collection

5.2.2.4 The Optical Etendue

A simple mnemonic method to get the size of the reconstructed pixels is to
introduce the etendue (http://en.wikipedia.org/wiki/Etendue) for the
holographic signal collection (see Figure 5.10). The etendue is the volume of
the phase space that is equal to the product of an area S by a solid angle €.
The holographic microscopic signal passes through the MO exit pupil aper-
ture and is collected by the CCD camera. The collection etendue SS2 is thus
equal to the product of the CCD area Sccp by the pupil solid angle viewed
from the CCD (Qp = Sp/d?). Tt is also equal to pupil area Sp times the
CCD solid angle viewed from the pupil (Qccop = Scop/d?).
We have thus :

SQ = SpQcen (5.28)

= Scepflp
Sp Scep
d2

Note that we can also consider the etendue of the CCD image with respect to
the MO entrance pupil aperture. The etendue S is then equal to the area
of the imaged region S; = Scop/G? times the MO solid angle Q)0 viewed
from the imaged region, which is directly related to the MO numerical
aperture (NA).

The collection etendue must be compared to the etendue [S€],, that cor-
responds to 1 reconstructed pixel. This etendue is equal to the pixel solid
angle 62 times the CCD area Sccp or to the reconstructed pixel area (6,,d)?

100


http://en.wikipedia.org/wiki/Etendue

5.2 First Step of The Reconstruction : Reconstruction of the
Conjugate Image

times the CCD solid angle Qccp = Scop/d?. We get:

2
[SUpe = 02, Scep = ( szx) X (J\ﬂd,,m)2 = \? (5.29)
For one pixel of the Fourier space, the optical etendue is thus simply equal
to A? and do not thus depends on the geometry (i.e. on the CCD to MO
distance d) and on the characteristics of the objective MO (focal length f;
or Numerical Aperture NA). This result is quite general and means that the
etendue of coherent detection on a single pixel detector is \2.

One can thus define the number of modes, channels, speckles of
a system that transport energy through waves as being the optical
etendue in A? Units [lmry 1986, Scheffold & Maret 1998, Feng & Lee 1991,
Scheffold & Maret 2001].

For example, if one wants to calculate a thermal energy radiated by a
black body of temperature 7" using the Plank’s law (http://en.wikipedia.
org/wiki/Planck’%27s_law), one gets that the energy W radiated in a time
t within a bandwidth 1/t is equal to 2 (because radiation can occurs in 2
orthogonal polarizations) times the Bolzmann energy hv/(e"/* —1) (that is
equal to kKT for kT > hv) times the number of modes (that is SQ/A\?) :

hv SQ
W = 2W X 5 (5.30)

In holographic microscopy, the number of modes N,,,4.s that collects the

signal corresponds to the etendue sustained by the pupil, and the CCD. We

have thus :
SpSccp

Ninodes = PV (5.31)
Niodes 18 also equal to the number of pixels of the exit pupil image. It repre-
sents also the number of independent pixels of information that describes the
complex field that passes through the MO pupil and that reaches the CCD
detector.
One can also calculates the etendue sustained by the CCD and the Fourier
calculation grid, whose area is Sp. This etendue corresponds to N? modes,
i.e. to the number of pixels of the CCD detector, since we have :

2 SrScep
d?\?
N2 is thus the maximum number of modes that can be detected by holography.

Since the area of the MO pupil Sp is smaller than the area of the Fourier
calculation grid S, we have :

(5.32)

Nonodes < N? (5.33)
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This means that the CCD camera oversample the field collected by the mi-
croscope objective and that reaches the CCD camera. The N,,,4.s pixels of
information of the imaged zone are thus collected by the microscope objective
and by the CCD camera without losses.

5.3 Second Step : 3D Reconstruction of the Ob-
ject by propagation of the Angular Spec-
trum

From the first step of the reconstruction process, a corrected field in the CCD
image plane z = z; is obtained. This field is corrected for the aberrations,
introduced by the imaging lens, and for the off-axis tilt. The obtained field is
also filtered from all parasitic noise. Moreover, the magnification factor G of
the MO that is used to calculate the new pixels’ size has been determined.

Here, we present the second step of the reconstruction process, which
consists of reconstructing the image at the object plane from the conjugate
image plane.

In the previous section, we have shown that the lens phase correction of
the conjugate image field E;(x,y, z;) is performed by multiplying the field at
the CCD plane Eccp(x, y, zocp) by the lens phase factor eZ*#*+4*)/2d (where
d is the CCD to MO pupil distance). The spatial filtering and the tilt correc-
tions are made then in the Fourier space. This means that we have calculated
the Fourier transform of Eccpel* @ +v%)/24 which yields to Ep, since the per-
formed operations are similar to the ones performed for the reconstruction of
field Ep in the pupil plane by the Schnars method [Schnars & Jiiptner 1994].
The spatial filtering and the tilt correction (translation) are thus made in the
Fourier space, i.e. on Ep. We get then the corrected pupil field Ef%. To
get back the corrected image field £}, we have to make a reverse Fourier
transformation. We have thus :

;  FFT!
EP

E}

E (5.34)

FrTH! E}g
The sample field Eg(x,y, 2) is then calculated from the corrected image field
FE}(z,y, zr) by free space propagation using the angular spectrum method that
involves two Fourier transformations. The corrected image field E} is thus the
starting point for this second reconstruction step. It should be pointed out
that E) is the Fourier transform of £} . We will thus consider that the first
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Fourier transformation of the angular spectrum propagation is already made,
and we start the propagation from E7.

The specimen, in most of the cases, is a thick volume object that is ex-
panded on the optical axis over a relatively broad range of z—positions that
are defined according to their relative position to z;. Each z—position of the
specimen, is defined by :

zs, =21 +d,, 02 (5.35)

where n is an integer varying from 0 to R — 1, R is the number of the de-
sired object reconstruction planes around the conjugate image plane and d,
is the distance between the conjugate image plane and each zg,  plane of the
specimen that is given by :

d, = (n— 5) 6z (5.36)
0z defines the step between two consecutive z—positions of the imaged speci-
men: it is thus the sectioning step of the specimen. In practice, 6z is defined
by the user and depends on the application. It is typically chosen in the order
of 100 nm.

The angular spectrum method is a very advantageous reconstruction
method because it has no minimal reconstruction distance requirement and
it keeps constant the pixels’ size. The pixels’ size do not vary with the vari-
ation of reconstruction distance, resulting images are thus undistorted. The
principles of this method have been described in details in Chapter 3 of this
manuscript.

The reconstruction scheme is mainly composed of three steps that involves
two Fourier transforms. An exhaustive illustration of the complete process is
illustrated on Figure5.11.

1. The determined field F(x,y, z;) is decomposed into its two-dimensional
angular spectrum components A;(k,, ky, zr). These components are cal-
culated from E}(z,y, z;) by a two-dimensional Direct Fast Fourier Trans-
form (FFTT!) :

E}(I7y7 ZI) FE;I A[(k?x,k?y,Z]) (537)

As noticed above (see Equation 5.34), this Fourier transformation is not
needed since A; = E» and E', have already been determined in the first
step of the reconstruction (from the reconstruction of the MO exit pupil
plane).

2. The angular spectrum Aj is then propagated in free space to the desired
reconstruction plane z, by multiplying each point in the spectrum by a
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Figure 5.11: Second step of the reconstruction by free space propagation of
the Angular Spectrum
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propagation term which accounts for the phase change that each plane
wave will undergo on its journey to the reconstruction plane.

In order to perform a 3D reconstruction of the entire volume object, the
angular spectrum A; must be propagated to each zg specimen recon-
struction plane. A; is thus multiplied, for each reconstruction plane, by
the corresponding propagation term 1,, that is given by :

wn(kx’ ky) _ 67id;(k§+k§)/2k (538)

The Angular spectrum Ag, (k;,k,,2s,) at each plane z = zg, of the
specimen is thus obtained :

3. The last step of the reconstruction process consists of performing a two-
dimensional IFFT (Inverse Fast Fourier Transform) for every Ag, to get
the reconstructed field Es, (z,vy, zs,) of each intrinsic object plane.

In order to obtain a full 3D mapping of the entire reconstructed object field,
intensity images can be calculated for every reconstructed object field Fg, :

L, =|E,[* (5.41)

For simplification, in the illustration of Figure5.11, we have considered only
five reconstruction planes of the specimen :

n=1{0,1,2,3,4} (5.42)

5.4 Abberations

Reconstructed holographic images can exhibit spherical aberrations if the
imaging microscope objective is used in an improper mode :

e Generally, in the field of biological imagery, specimens are investigated
while maintained in a nutritive medium, that consists mainly of water, to
ensure cell survival. Consequently, if such specimens are imaged with an
air microscope objective (and not an immersion microscope objective),
spherical aberrations are introduced.
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e Generally, in the field of microscopic imagery, specimens are mounted
on a microscope glass slide covered with a glass cover slip. Accord-
ingly, most of microscope objectives are tailored with a fixed-thickness
or adjustable-thickness cover glass correction. Consequently, if the spec-
imen is prepared without a cover slip and imaged with a cover glass
corrected MO, spherical aberrations are introduced.

Abberations may not be very significant if the imaging microscope
objective has a small Numerical Aperture since not all the distorted light
is collected. However, these aberrations become significant when large
Numerical Aperture microscope objectives are used. It is thus interesting to
compensate these aberrations by performing reconstructions using the proper
propagation term.

We will start first by describing this proper propagation kernel, then we
will discuss more about the two introduced possible aberrations” modes.

5.4.1 Propagation kernel for large Numerical Aperture
MO

When holograms have been recorded with a large Numerical Aperture (NA)
microscope objective, holographic images that are reconstructed with the
propagation kernel v, (k,, k,) of Equation 5.38 exhibit spherical aberrations.
We will analyze these abberation effects, and show that it is possible to com-
pensate them using the proper propagation kernel U, (k,, k).

When the Numerical Aperture of the microscope objective is large, the
quadratic propagation kernel ¢, (k,, k,) given by Equation 5.38, that is used
to propagate the field from z; to zg , is not valid anymore. This quadratic ker-
nel is only valid in the case of small angles (or small Numerical Apertures). In
our experiments, we used a microscope objective with a Numerical Aperture
NA=0.5. The propagation in the object half space of the microscope objec-
tive involves thus field components whose wave vector k makes an angle up
to arcsin 0.5 = 7/6 with respect to the propagation axis. The small angle ap-
proximation, that allowed the calculation of the propagation kernel v, (k,, k)
given by Equation 5.38, is thus not completely accurate. Consequently, it is
more efficient to use the unapproximated exhaustive propagation kernel :

Uy = (TR 519
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Figure 5.12: Gold nano particles on cell membranes in Petri dish imaged with
Total Internal Reflexion (TIR) illumination.

5.4.2 Specimen maintained in a culture medium and im-
aged with an air MO

In this thesis, we are mainly interested by the imagery of gold nanoparticles
in live cell environments (see Figure5.12). As we will describe in Chapter 6
and Chapter 7, during the holographic experiments cells are maintained in a
nutritive culture medium that consists mainly of water and glucose. There are
observed from the top with an air microscope objective. Specimens are illumi-
nated in dark field configuration from the bottom by provoking Total Internal
Reflection (TIR) on the medium-air interface. With such an optical setup, the
signal scattered by the sample, travels through different media (water and air)
of different refractive indexes. Abberations are thus induced. These induced
abberations are significant especially when the signal is collected by a large
Numerical Aperture microscope objective.

This microscopic imaging system exhibits thus spherical abberations
that are similar to common abberations obtained when an air microscope
objective is used without a proper correction for the cover glass thick-
ness (see http://www.microscopyu.com/tutorials/java/aberrations/
correctioncollar/). Since the culture medium mainly consists of water,
its refractive index is n = 1.33. TIts height in the observation chamber is
h ~ 1mm. The refractive index of a standard microscopy glass coverslip is
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Figure 5.13: Zoom of the TIR setup without (a) and with (b) culture medium
and gold particles

n = 1.515 and its thickness is A = 0.17. Since n and h of the culture medium
differs largely from the refractive index and thickness of standard microscopy
cover glasses, the objective adjustable or fixed cover glass correction cannot
work properly. It is thus necessary to perform the correction using another
method. As we will see, it is possible to make this correction by performing
the holographic reconstruction with the proper exhaustive propagation kernel
U, (s, ky).

To simplify the discussion we will consider a microscope objective without
cover glass correction that image gold nanoparticles immersed in a medium
(see Fig.5.13). The CCD conjugate plane z = z; is located (if imaged in air)
at a depth h below the medium-air interface z = z;,;. The reconstruction is
performed in plane z = zg, located at a depth d], below the interface. The
reconstruction in plane z = zg_  is made in two steps.

1. First, we propagate the field in air from the image plane z = z; to the
interface plane z = z;,; getting by this way the field F;,; at the interface.
We have thus :

Bunaly k) = VT ) e k) (pad)

Here, since the propagation occurs in the 2z~ direction, the exponential
has a "4" sign contrarily to Equation 5.43 where the exponential has a
"—" sign.

2. We propagate then the field in the medium from the image plane z =
Zint to the sample plane z = zg,. We have:

E.y (ko ky) = ¢ (Vowa Bk g gy (5.45)

108



5.4 Abberations

Here, since the propagation occurs in the medium, the wave vector k in
air, must be replaced by the wave vector in the medium k,,,.q,. Wave vec-
tors in the air and in the medium are interrelated through the refractive
index n = 1.33 of the culture medium :

kuir = k (5.46)

kmed = nk

The proper propagation term for a medium of height hA and that consists of
water is thus :

U, (ko ky) = efid;m(w/kﬁwdfkgfkgfkhﬁeﬂh(,/kgirkgfkgfkm) (5.47)
_ e—z’d’n(\/m—nk)e-&-ih(m—k)

5.4.3 Specimen uncovered with a coverslip and imaged
with a cover glass corrected MO

5.4.3.1 Abberations introduced by an improper glass coverslip cor-
rection

Figure 5.14: Reconstructed images of 200 nm gold particles from the holo-
graphic data of [Atlan et al. 2008]. The 3D reconstruction is performed on
a 512 x 512 calculation grid (z,y axis) for n = 0...512 different reconstruc-
tion distances d!, (z axis). Displayed images correspond to 2D cuts of the 3D
reconstructed data along the zy (a) and zz (b) plane

In the first experiments on gold nanoparticles carried in our group in the
Laboratoire Kastler Brossel [Atlan et al. 2008|, particles were spin coated on
a glass slide, illuminated in Total Internal Reflection using a green laser and
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Olympus UPLFLN 60X MO
Numerical Aperture 0.90
Focal Number 26.5

Working Distance | 0.2 mm

Table 5.1: Specifications of the Olympus UPLFLN 60X MO

a) b)
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[ n=1.33 glass cover slide] l

i glass slide
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Figure 5.15: Zoom of gold nanoparticles imaging setup with an improper cover
glass thickness compensation. (a) Setup with cover glass. (b) Setup without
cover glass and with particles at the surface of a glass slide.

imaged with an air Olympus Microscope Objective UPLFLN 60X whose char-
acteristics are given in Table 5.1.

Since the Numerical Aperture (NA=0.90) is high, the objective is provided
with the ability of correcting the cover glass thickness h. This correction can
be performed and adjusted for a cover glass thickness going from A = 0.11 to
h = 0.23 mm using a MO correction ring.

Holograms of the spin coated nanoparticles are thus recorded with a proper
cover glass correction. However, in practice, specimens of gold nanoparticles
are prepared without adding a glass cover slide on the top. Consequently,
huge spherical abberations are introduced. These abberations yield to the
rings that convolute the nanoparticles as seen on the image of Figure 5.14 (a).
The unsymmetrical triangular shape of the xz image of Figure 5.14 (b) is also
an effect of these aberrations.

5.4.3.2 Abberations correction : the principle

The compensation of the improper cover glass correction can be performed
similarly to the correction made in Section 5.4.2 using the proper propagation
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kernel U,, (see Figure5.15). First, the field is back-propagated, in glass, from
z = z7 t0 z =4, in order to remove the microscope objective cover glass cor-
rection (Figure?5.15 (a)). Here, h is a thickness equivalent to the thickness of
the considered MO glass correction ring (h=0.11 to 0.23 mm). We propagate
then the field, in air, from z = z;,; to the sample zg . In this case, the proper
propagation kernel ¥, is given by an equation similar to Equation 5.47, but
here the propagation over h is performed in glass, and the propagation over
d, is performed in air. We obtain :

Vb, ky) = e (VR B Huir) ity B R —hass) (5.48)
, .
_ e—id;(, /k2—k2—kZ—k) e+z’h(, /n?k2—k2—kZ—nk)

where n, here, is the refractive index of glass :

kair = k (549)

kglass = nk

5.4.3.3 Experimental results

Using the propagation kernel of Equation 5.48 that compensates equivalent
glass thickness h of the MO correction ring, we have reconstructed images
of gold particles from the holographic data of [Atlan et al. 2008].  Since
the correction ring equivalent thickness A is unknown (this information has
been lost), we have performed the reconstruction for different values of h.
For each value of h, we have performed the reconstruction for n = 1...512
reconstruction distance d, getting by this way 3D data. Moreover, for each
reconstruction distance d/,, we have calculated the intensity I,..(n) of the
brightest point M., on the intensity image I(z,y) = |E(z,y,2 = d.,)|?, and
we have plotted [,,,.(n) for the different h values on Figure5.17.

The shape of the curves on Figure5.17 (i.e. maxima, width and symmetry
with respect to maxima) depends on the value of the thickness correction
h. Without correction, i.e. for h = 0.00 mm, the maxima’s intensity is low
Inae(n = 197) = 0.846 x 10°, and the curve is broad and asymmetric. When
corrections are applied, the maxima’s intensity increases, the width of the
curve increases and the curve becomes more symmetric. The best correction
is obtained for a thickness h = 0.20 mm, which is within the range of the
possible h values of the MO correction ring (h—0.11 to 0.23 mm). For h = 0.20
mm we get [,q..(n = 94) = 0.571 x 10°. This corresponds to an improvement
of the particle image’s brightness by a factor of 6.75.

Figure 5.17 is a comparison of the reconstructed images of the gold parti-
cle without (a,b) and with (c,d) thickness correction. The brightness of the
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Figure 5.16: Plot of the intensity I,q.(n) of the brightest point M,,,, of the
intensity image I(z,y) = |E(x,y,z = d.,)|* of the 200 nm gold particles. The
reconstruction is made from the holographic data of [Atlan et al. 2008] for
different thickness corrections h. Vertical axis is [,,4,(n) in arbitrary Units.
Horizontal axis is the index n of the reconstruction distance d,.

holographic imaging system is highly improved when a glass coverslip thick-
ness correction is applied. The resolution is also improved by approximately
a factor of 3 in the xy direction, and by a factor of more than 10 in the z
direction.

5.5 Overview of the Reconstruction procedure
in Holographic Microscopy

In this section we will present an overview of the full reconstruction proce-
dure in digital holographic microscopy which is schematically illustrated in
Figure 5.18.

First, the exit pupil plane of the microscope objective, is reconstructed,
from the CCD hologram, by the Fresnel transform that requires one Fourier
transform :

Ecep(x,y,0) e*@+v)/2d s Ep(z,y, zp) (5.50)

This method of reconstructing the MO exit pupil plane is an ingenious way
to :
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h=0.0 mm h=0.0 mm

h=0.200 mm
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Figure 5.17: Reconstructed images of 200 nm gold particles from the holo-
graphic data of [Atlan et al. 2008]. 3D reconstruction is made on a 512 x 512
calculation grid (z,y axis) for n = 0...512 different reconstruction distances
d, (z axis). The displayed images correspond to 2D cuts of the 3D recon-
structed data along the zy (a,c) and zx (b,d) axis. Reconstruction is per-
formed without (a,b) and with (c,d) glass coverslip thickness correction with
h = 0.20 mm. Intensity images I = |E|* are displayed in a linear colored
scale from I = 0 (black) to I = I, = 0.846 x 10° for images (a,b) and to
I = I = 0.571 x 10 for images (c,d) (white). A x10 zoom of the particle’s
image is displayed on the right hand bottom side of each image (a,b,c,d)

113



CHAPTER 5. INTERFEROMETRIC HETERODYNE DIGITAL
HOLOGRAPHIC MICROSCOPY

Z=2cCD=0

TFCCDplane "'H'C'C'D“"ECCD(X,y,ZCCD) X ECCD KO

@)

1 |d =

7=7p Hp off-axis tilted correction > B
TP e I I oo EPGGy,ze)
- Hp = FT {HI} I I
MO

W g
z=21 /1 Eux,y,z1) »@
conjugate Image plane |F Hi !

2 Adasiipmo g (k2+k2)

¢ Speci;ne;splanekﬁgn Hsn E Uy = et TR
— n '

4 1 ESn(x,y,zsn)

dY

Figure 5.18: Overview of the reconstruction procedure in holographic mi-
Croscopy
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e casily correct the lens phase curvature ¢,, which is exactly equal to
the quadratic phase factor ® = k(22 + y?)/2d of the Fresnel transform
formulation, and is thus automatically included.

e retrieve all the parasitic technical noise and undesired terms by apply-
ing a simple numerical spatial filter around the well defined relevant
term obtained in the frequency domain of the reconstructed image, and
compensate the off-axis tilt by a simple translation of the relevant term
to the center of the image. These two operations can be symbolized
by the TSF operator (Translation + Spatial Filtering). This operator

transforms Ep into E’b:

TSF

e calculate the transverse magnification factor G' of the microscope objec-
tive, that is needed to determine the new pixels’size d;,, of the conjugate
image, directly from the experimental holographic data without any cal-
ibration of the optical system.

The corrected holographic field £, at the MO exit pupil plane, is thus ob-
tained. Because a high magnification MO is used, the distance between the
back focal plane and the exit pupil plane of the MO is very small. Thus, the
hologram at the exit pupil plane is the Fourier transform of the hologram FE’
at the conjugate image plane properly corrected and filtered. We have thus :

Ep(z,y, zp) iy Ei(z,y,2r) (5.52)

However, when a Direct Fourier Transform is applied to a complex field, it
decomposes this field into its Angular Spectrum. We have thus :

Ey = Ep(ky, ky,2p) = FFTY B (2, y, 21) = Ar(ky, ky, 21) (5.53)

Since the reconstruction of E»(z,y, zp) automatically yields to the angular
spectrum of the conjugate image A;(k,, ky, 1), the Direct Fourier Transform
of the angular spectrum reconstruction process, which is the second step of
the all reconstruction procedure, is not needed.

The reconstructed field, at the exit pupil plane, is thus directly propagated,
in free space, to the object plane. The propagation distance is defined by the
distance between the conjugate image plane and the object plane. The angular
spectrum of the field at the object plane is thus obtained :

As, (kg by, z5,) = Ap(kg, by, 2)e ™ (KEHE)/2k (5.54)

Finally, an Inverse Fourier Transform is applied to Ag, (ks ky, 2s,,) , in order
to get the reconstructed field at the specimen plane :
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The combination of the all above presented equations gives finally :

Es, (2,9, z5,) = FET Lemdnle+k)/2k TG F PR H0D/2E 0 (2 y,0)
(5.56)
We have seen that holograms are calculated by four-phase demodulation
method (see Equation5.3) :

M
Ecep(z,y, 2ccp = 0) = Y i "H; (5.57)
=1
We obtain finally :

M
Es, (z,y,z5,) = FET ke tk)/2k g Rt eik@®+v?)/2d Zl "Heoepj
=1

(5.58)
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6.1 Biological Context

The cell is the basic unit of every living organism. In nature, approximately
200 different types of cells exist. These cells forms biological tissues which
constitutes the different organs. Biological processes, as well as the maintain
of tissue cohesion, require the ability of cells to establish contacts with their
surrounding environments, either with other neighboring cells or with protein
complexes of the extracellular matrix (ECM) in the attempt of emitting
and capturing signals and generating forces to move according the well
defined paths. The presence of transmembrane cellular receptors promotes
the establishment of these contacts since they can identify specific ligands
that can be either adhesion proteins of a neighboring cell or proteins of the
ECM. This specific "receptor-ligand" interaction is one of the most basic
in all of biology, and defines the cellular adhesion. The cytoskeleton, a
three-dimensional array of protein fibers, is the intracellular structure that



CHAPTER 6. DIGITAL HOLOGRAPHIC MICROSCOPY OF
GOLD NANOPARTICLES IN LIVING CELLS

confers to the cell its shape and motility. The link between adhesion proteins
and the cytoskeleton are mediated by a specific protein complex. Hence, the
cell has the ability to form different adhesion zones whose properties differ
depending on the implied adhesion proteins [Brevier |.

Here we are interested in tight junctions that are responsible for the
mechanical bonding of cells to either the ECM or to other neighboring cells.
A cell bonds to its ECM via focal contacts that implicates membrane proteins
of the family of integrins (the cadherins family is implicated in adherent
junctions that connects two neighboring cells)|[Liddington & Ginsberg 2002].

Fibronectin is quite an interesting prototype ligand since it can be
pinpointed by the majority of the different existing cellular types via at least
10 membrane receptors of the integrin family. Consequently, fibronectin is
involved in many different biological processes [Johansson et al. 1997].

Since we were interested by the study of the organization and dynamics of
the individual integrin receptors and their response to stimuli, we have chosen
to investigate these integrin receptors by exploiting the "integrin-fibronectin"
interaction. Accordingly, nanometric-sized gold nanoparticles, conjugated to
fibronectin, were used as biological markers for the integrin receptors. When
cells meets the fibronectin-coated gold nanoparticles, the integrin receptors of
the cells will recognize the fibronectin ligand and "integrin-fibronectin" inter-
action is promoted. We used our heterodyne digital holographic microscope
to image and localize in 3D the gold nanoparticles that are conjugated to the
integrin receptors in an attempt of characterizing these receptors.

6.2 Materials and Methods

6.2.1 Biological Specimen Preparation

We use NIH 3T3 mouse fibroblasts with integrin surface receptors labeled
with 40 nm fibronectin-conjugated gold particles. Gold nanoparticles, pre-
coated with streptavidin, were attached to the cell surface integrin receptors
via biotin and fibronectin proteins. Streptavidin and biotin are two kinds
of protein molecules that are very well known for their extraordinarily high
mutual affinity [Green 1975], and fibronectin, an extracellular matrix protein,
has the property of interacting specifically with cell surface receptors of the
integrin family.
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In the next subsections of this part we will describe, step by step, and in details
the complete procedure that we used to prepare our biological specimens.

6.2.1.1 Cell Line

Figure 6.1: NIH 3T3 fibroblasts under bright-field microscopy (10X)

We use the NIH 3T3 standard fibroblast cell line originally obtained
from National Institute of Health Swiss mouse embryo tissue at the
School of Medicine of New York University in 1962 [Todaro & Green 1963].
3T3 refers to the cell transfer and inoculation protocol for the line, and
means "3-day Transfer, inoculum 3 - 10°cells". Figure6.1 is a 10X image
of a monolayer of the considered 3T3 cells obtained by bright-filed microscopy.

It should be pointed out that we have decided to work with NIH 3'T3 fibrob-
lasts because this cell line offers several advantageous properties :

e It is known than 3T3 Cells grow rapidly and can double every 18 hours.
The become confluent at a density of approximately 40 000 cells/cm?.

e 3T3 cells have a wide range of receptors and second messenger systems.

e This cell line is very common and can be found very easily.
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e Culturing 3T3 cells is not very complicated and do not require elaborate
growth conditions.

e 3T3 fibroblasts are relatively large cells (length ~ 20 — 30um, width
~ 5 —10pm).

6.2.1.2 Cells preparation

3T3 cells are seeded in 25 ¢m? tissue culture T-Flasks (from TPP) in 7.5
mL of Duelbecco’s modified Eagle’s medium (DMEM Gibco, Invitrogen,
Carlsbad, CA) supplemented with 10% fetal calf serum (PAA Laboratories
GmbH) at 37°C in a 5% CO2 atmosphere.

When cells reach a high density in their culture flask (when they are
approximately 90% confluent), cell division stops. Hence, they should be
passaged in order to be kept alive for extended periods of time.

Passaging

In their culture flasks cells are adherent to the surface of the flasks. In order
to disperse the adherent cells, Trypsin treatment is used to break down the
proteins responsible for surface adherence.

The complete subculturing protocol is described as follows :

1. The culture medium is totaly removed from the culture flasks and dis-
carded.

2. Adherent cells are briefly rinsed with 1 mL Trypsin solution to remove
all traces of serum that contains Trypsin inhibitor.

3. 2 mL of Trypsin solution is added to the culture flask and the flask is
gently rocked so that the solution totaly covers the surface. The flask is
then incubated at 37°C in a 5% CO2 atmosphere for 3-5 minutes until
cells are detached from the surface.

4. The flask is taken out of the incubator. At this stage cells are totaly
dispersed and do not adhere anymore to the flask’s surface. 2 mL of
fresh culture medium is added to the trypsinized cell suspension to block
the effect of Trypsin. Media and cells are swished to obtain a better
dissociation of the cells.

5. The trypsinized cell suspension is dispensed, at a density of 3 - 107 cells
(which is, in practice, equivalent to approximately 2 drops of the
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trypsinized cell suspension), into a new sterile culture flask containing
7.5 mL of complete growth medium. The new flask is lightly rocked
to allow a better repartition of the cells. The freshly prepared flask is
finally placed in the 5% CO2, 37°C incubator.

It should be noted that cells are passaged every 3 days and the passaging
procedure is operated under a laminar flow hood and all materials that are
used were previously sterilized.

Preparation of small culture dishes

Specimens of live cells should be prepared in adequate observation chambers
for the holographic experiments, thus, fibroblasts are transported from their
culture flask to a small sterilized 9.2 cm? culture dish (from TPP). Specimens
are prepared 48 hours before performing the holographic experiment.

First, a sterilized 32 mm diameter optical quality glass coverslip is placed
inside the culture dish in the bottom.

Second, the trypsinized cell suspension, obtained at step 4 of the passaging
protocol, is dispensed, at a typical density of 3 - 10° cells onto the glass slide
in the dish. Coverslips were coated, in advance, with fibronectin (fibronectin
from bovine plasma, Sigma, St Louis, MO) to fulfil optimal cell growth
conditions.

Finally, the culture dish is smoothly rocked in order to ensure an homoge-
nous repartition of cells on the complete surface of the glass coverslip and is
then placed overnight in the incubator to allow adherence and growing of cells
on the glass slide. After 24 hours of incubation, cells in the prepared petri
dish are ready to be labeled with gold nanoparticles. Labeled cells are then
for another 24 hours before performing the experiment.

6.2.1.3 Preparation of Gold Conjugates

We have previously evoked that biological specimens that we used in our
holographic experiments consist of 3T3 cells where their integrin surface cel-
lular receptors are labeled with fibronectin-functionalized gold nanoparticles.
Based on the very well known strong mutual affinity of streptavidin and bi-
otin molecules, Fibronectin-functionalized gold conjugates were prepared, via
biotin, from streptavidin-coated gold conjugates using a two-steps procedure
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1. Biotinylating fibronectin molecules

2. Conjugating biotinylated-fibronectin to the streptavidin-coated gold
nanoparticles

Biotinylation of fibronectin

Fibronectin proteins (fibronectin from bovine plasma, Sigma, St Louis,
MO) were labeled with biotin (Figure6.2) by using EZ-Link®Sulfo-NHS-
LC-Biotin according to the provider protocol (Pierce, Rockford, IL). The
biotinylation procedure is relatively complicated and time consuming. The
complete protocol can be found in Appendix A.1. The final concentration of
biotinylated-fibronectin solution was 0.447 mg/mL.

4 A \ > biotinylation ‘ l
Sareg e ﬁiﬁ

fibronectin L
biotin biotinylated-fibronectin

Figure 6.2: Biotinylation

The efficiency of the biotinylation protocol is verified by measuring the level of
biotin incorporation on an HABA [2-(4’ -Hydroxyazobenzene) Benzoic Acid)]
quantitation assay according to the provider’s protocol (Pierce, Rockford,
IL) that can be found in Appendix A.1. Average number of biotin molecules
obtained per fibronectin is 2.5.

Coating gold nanoparticles with biotinylated-fibronectin

We used a solution of 40 nm average diameter gold conjugates pre-coated
with streptavidin (from BioAssay, Gentaur-France) shown on Figure6.3. The
concentration of the initial gold solution is 15 OD (Optical Density).

Gold nanoparticles were functionalized with biotinylated-fibronectin (Fig-
ure 6.4) using the following protocol :

1. The streptavidin dressed gold conjugates were rinsed twice with 1X PBS
(Phosphate Buffered Saline) (pH = 7.25) in order to eliminate free sterp-
tavidin molecules from the solution : 10 uL of the 40 nm streptavidin-
dressed gold solution is mixed with 1,5 mL 1X PBS in a 2 mL. Eppendorf
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centrifuge tube. The tube, containing the mixture, is then vortexed and
centrifuged at 3000 rpm (round per minute) for 1 minute. After cen-
trifuging, the supernatant is carefully removed from the tube using a
Pasteur pipette and only the pellet is kept. The supernatant is dis-
carded.

. The obtained pellet is suspended into a tube containing 990 uL of 1X
PBS buffer : a 1 mL dilute streptavidin-coated gold solution is thus
obtained.

. 50 pL of the previously prepared biotinylated-fibronectin solution was
added to the tube containing the dilute gold solution. The mixture is
vortexed at 700 rpm during four hours at room temperature to allow
streptavidin-biotin bonding. Streptavidin and biotin have a strong mu-
tual affinity and the streptavidin-biotin interaction is one of the strongest
non-covalent interactions known in nature.

Figure 6.3: Streptavidin-coated Gold Nanoparticles solution from BioAssay
Works

At the end of step 3, a solution of 40 nm fibronectin-functionalized gold colloids
is obtained. This prepared solution was stored at 4°C and used within 24 hours
after preparation in order to ensure maximum functionality.

6.2.1.4 Gold-Cells conjugation

After 24 hours of incubation under 5% CO2 and 37°C atmosphere, the culture
dish, prepared as described in Section 6.2.1.2 is retrieved from the incubator
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Figure 6.4: Fibronectin-functionalized gold nanoparticles
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Figure 6.5: Labeled Cell
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and placed under the laminar flow hood in order to perform the coupling with
the prepared gold nanoconjugates. The dish contain a monolayer of 3T3 cells
on the glass coverslip immersed in 2 ml. of DMEM medium. The culture
medium contained in the dish is aspirated and replaced by a solution com-
posed of 2 mL DMEM plus 500 pL of the functionalized gold colloids solution
prepared as described in 6.2.1.3. The integrin-fibronectin link is created at
this level allowing the cells to attach, on their surface, the functionalised gold
nanoparticles (see Figure 6.5). It should be noted that the functionalized gold
solution was sonicated before being added to the culture dish.The culture
dish, containing now fibroblasts and functionalized gold solution, is gently
rocked in order to ensure a good repartition of the gold beads. The dish is
then reinserted in the incubator for another 24 hours prior to the envisaged
experiment.

6.2.1.5 Specimen in the Observation Chamber

24 hours after the conjugation process, the holographic experiment was per-
formed. Hence, the culture dish was taken out of the incubator and the glass
slide containing adherent 3T3 cells tagged with 40 nm gold nanoparticles was
extracted. The glass slide was mounted on a specific observation chamber.
The observation chamber that we used in the experiments presented in this
chapter is shown on Figure 6.6.

To ensure optimum cell survival conditions during the observation, coverslips
were kept in a special DMEM-F12 observation medium from PAA Labora-
tories (DMEM-F12 without Phenol red, B12 vitamin, Riboflavin, 0.5% fetal
calf serum) that is supplemented with L-Glutamine and 20 mM of HEPES |(4-
(2-hydroxyethyl)-1-piperazineethanesulfonic acid)|, which is a buffering agent
that maintains the physiologic pH conditions. In order to prevent the ob-
servation medium from leaking, a plastic well is mounted on the observation
chamber.

6.2.2 Optical Methods
6.2.2.1 Experimental Apparatus

The experimental apparatus is basically a modified Mach-Zehnder interfer-
ometer.Figure 6.7 is a schematic representation of the optical setup.

A coherent laser source is used as the illumination source. The initial
illumination laser light is splitted, using a polarizing beam splitter cube
(PBS), into two beams, a reference beam (complex field Eg, frequency fr)
and an object illumination beam (complex field F,, frequency f,) forming the
two arms of the Mach-Zehnder interferometer. A combination of a half wave
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Figure 6.6: Observation chamber for live biological specimens

plate (A/2) and two neutral density filters, ND; and ND,, is used to prevent
the saturation of the detector by controlling the optical power traveling in
each arm. Two acousto-optic modulators, AOM1 and AOMZ2, driven around
80 MHz with a selection of the first order of diffraction, shift both frequencies
at respectively faonr1 and faonre.

The object beam illuminates the sample, prepared as described in Sec-
tion 6.2.1, in a dark field arrangement in order to prevent direct illumination
light from entering the system. The illumination wave is scattered by the
specimen and this scattered wave (complex field FE,;) is collected by a
microscope objective (MO). A beam splitter (BS) is then used to combine
the scattered object wave Ey; and the reference wave Ep which is slightly
angularly tilted (f ~ 1°) with respect to the propagation axis of the object
wave in an off-axis configuration. The half wave plate on the object illumi-
nation arm aligns the polarization of the corresponding beam ensuring its
optimal interference with the reference beam. A CCD camera detects the
interference pattern (hologram Heep).

Laser source

In the experiments presented in the current chapter, the laser source that we
used is a DL7140-201S single-mode near infrared Sanyo Laser diode, emitting
at A=785nm. The laser is operated at 90 mA current and the optical output
power is 80 mW.
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Figure 6.7: Optical apparatus for DHM in total internal reflection
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(a) Photo of the Roper CCD camera (b) Quantum efficiency graph of the Roper
camera in function of the wavelenght

Figure 6.8: Roper cascade 512F CCD camera

CCD Camera

The CCD camera that we used is a Roper Cascade 512F (see Figure 6.8) with
a detector composed of 512x512 square pixels and 8.2x8.2 mm optically
centered imaging area. The physical size of the pixels is d,, = 16um. The
frame rate frequency of the camera is foop = 8 Hz.

Microscope Objective

In our experiments, we used an Olympus LMPLFLN air microscope objective.
The specifications of this objective are presented in table6.1 :

Olympus LMPLFLN 50X MO
Numerical Aperture | 0.5
Focal Length 3.6 mm
Working Distance 10.6 mm

Table 6.1: Specifications of the Olympus LMPLFLN 50X MO
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(a) Top view (b) Front view

Figure 6.9: Specimen microscopy stage

6.2.2.2 Sample Illumination

We used dark field illumination, by performing total internal reflection (TIR)
using a 90° prism, in order to prevent the direct light from entering the
system and thus collecting only the light scattered by the specimen using the
full dynamic range of the detector. For this purpose, the observation chamber
containing the biological specimen, immersed in the observation medium and
prepared as described in Section 6.2.1.5, is mounted on a specific customized
X-Y translation motorized stage. The stage is specifically designed to allow a
facilitated positioning of the prism in its center in such a way to establish a
direct contact between the surface of the prism and the specimen’s glass slide
contained in the bottom of the observation chamber as shown on Figure 7.6.
An index-matching material is applied at the contact surface of the prism
and the glass slide.

The object’s laser beam illuminates the specimen by provoking total internal
reflection at the medium-air interface (see Figure6.10). A total laser power
of 70 mW illuminates a region which is approximately 200 micrometers in
diameter, with an optical power density of 56 W.cm~2. This is 5 orders
of magnitude lower than the power densities of several MW.cm ™2 used on
living cells in earlier works (e.g. [Cognet et al. 2002]), and can therefore be
assumed to be well below their damage threshold.

The illumination wave is scattered by the beads and by the local change of
refractive index within the cells yielding a propagating scattered wave, which
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is collected by the microscope objective.

This illumination configuration has been chosen because it holds back most
of the directly transmitted illumination light preventing from reaching
the detection system. Additionally, using this configuration, less strain is
executed on the living cells. However, the TIR illumination arrangement
constrains the usage of high working distance microscope objectives which
are known to have limited numerical apertures (NA=0.5 typically), limiting
consequently the reachable resolution of the reconstructed images.
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Figure 6.10: Dark field illumination of the specimen in Total Internal Reflec-
tion

6.2.2.3 Holograms Acquisition

We used phase-shifting digital holography in order to directly obtain pure
clean holograms were only the relevant +1 term (virtual image) is procured.
Accordingly, it is necessary to record several phase-shifted digital holograms
with a relative phase shift Ap = 7/2 between two consecutive frames. In the
experiments presented in this chapter, the CCD camera records a sequence
of 32 frames H,,...,H3; with an acquisition time equal to 100 ms per acquired
hologram.

130



6.2 Materials and Methods

As we have exhaustively described in Chapter 4, we used a heterodyne method
to generate the phase shift on the reference beam by inserting two acousto-
optic modulators into the reference arm. To get an accurate phase shift
[Atlan et al. 2007, Verpillat et al. 2010, Joud et al. 2010a], the reference wave
is frequency-shifted by tuning the two acousto-optic modulators AOM1 and
AOM2 [LeClerc et al. 2000], so that the heterodyne beating frequency is:

Af = faom — faomz = ijD =2Hz (6.1)

where foocp =8Hz for the Roper camera that we used.

The complex distribution of the field is then obtained from the recorded
sequence of CCD holograms using the M-phases demodulation method, de-
scribed in Chapter 4.

The object field Eccp on the CCD plane (z = zcop = 0) is given by:

M
Ecep(x,y,2=0) =Y i" Hoep; (6.2)

j=1
where 12 = —1 is the imagery unit, and M is an integer defining the number

of frames used for the reconstruction, which is equal either to 1 or to 32 in the
experiments we present in this chapter. In Equation 6.2), the coordinates z,y
(with 0 < z,y < 511 for the used Roper camera) are integers, which represent
the pixel location within the CCD plane. The pixel size is then the physical
CCD pixel size, i.e., 16 pm.

6.2.3 Reconstruction Procedure

We have described in details the full reconstruction procedure that we used
in all our experiments. It consists, briefly, of two steps :

First, the field is calculated at the conjugate image plane z = z; by a pio-
neer reconstruction of the MO exit pupil plane (plane z = zp) using the one
Fourier transform Fresnel transformation method [Schnars & Jiiptner 1994].
This reconstruction of the MO exit pupil plane allows the correction
of the phase curvature related to the presence of the imaging lens
[Colomb et al. 2006¢| and also the correction of the off-axis phase tilt.

Second, the object field Eg, (z,v, zs,) is calculated in the vicinity of the
conjugate image plane z = zy (i.e. for zg, ~ z;) by free space propagation
using the angular spectrum method, which requires two Fourier transforms
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[Mann et al. 2005, LeClerc et al. 2000, LeClerc et al. 2001, Yu & Kim 2005].
Before performing the angular spectrum propagation, the magnification factor

of the conjugate image plane was measured by imaging, on the same setup, a
USAF target (see Figure6.11). Since pixels of the CCD detector of the Roper
camera are square pixels, horizontal and vertical pixel sizes in the conjugate
image plane (A¢" and An’) are equal. The obtained pixel size in the conjugate
image plane is d,, = A{’ = Ap' = 177 nm.

Knowing d;m, the angular spectrum propagation is performed with the proper
compensation of the enlargement factor related to the presence of the magni-
fying imaging lens. This reconstruction method is specifically chosen because
pixels’ size are kept constant during the propagation independently of the

reconstruction distance d,.

Figure 6.11: White light direct image of a USAF chart for calibrating the MO

We should point out that, as described in Chapter 5, the magnification factor
G is given by :

dpy d
G o " (6.3)
Since the physical pixel size, the pixel size in the conjugate image and the
focal length of the MO (see Table6.1) are known quantities (d,, = 16um,
d,, = 17Tnm and f; = 3.6mm ), d which is the CCD to the MO output
aperture distance can be deduced :

——— = 32.5cm (6.4)
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The obtained d distance calculated by Equation 7.3 is consistent with the
experimentally measured distance de,, ~ 32cm.

Combining the two steps of the reconstruction procedure, the object field
Es, (x,y, zs,) is thus obtained by :

L, (k24k2) (@242 M
Es, (1,9, 2s,) = FFT le =5 TSF FFTH ¢k )Z”Hj (6.5)

=1

In order to reconstruct the entire volume object, the angular spectrum propa-
gation was done for 512 different zg -positions of the specimen. Accordingly,
the reconstruction is done for 512 different reconstruction distances d, :

d, = (n—256)dz (6.6)

where n is an integer that defines the number of reconstruction planes. Here
n = 0...511 since the reconstruction was done for 512 planes. dz defines the
distance between two consecutive reconstruction planes zg, and zg, ., ,. 0z is
chosen as 0z = 177 nm in order to get the same pixel’s size (A’ = A/ =
dz = 177 nm) in the 3 directions x,y and z.

The total reconstruction distance, which is the distance between the CCD
camera plane where holograms are captured and the specimen plane is thus
given by :

zs, = 21 +d, (6.7)

where z; is the z coordinate of the CCD conjugate image plane which is the
plane that is directly imaged on the CCD without holographic reconstruction.
From Equation 6.7 we can see that the specimen plane is calculate in the
near vicinity of the conjugate image plane at a distance d/, around the z = z;
conjugate image plane.

On that account, we got 3D volume images composed of 512 x 512 x 512
voxels, with the same pixel size laterally, transversally and in depth.

6.3 Experimental Results

To ensure a complete judicious study, we have investigated, in addition to the
specimens of 40 nm gold-labeled 3T3 fibroblasts, two more varieties of spec-
imens that consists of unmarked 3T3 fibroblasts and free 40 nm gold particles.
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We will first start by presenting experiments of marked cells, then we will
expose results obtained on unmarked cells. In the last part of this section, we
will describe experiments performed on free 40 nm gold particles.

6.3.1 Gold Nanoparticles in live cells environments

In this section we will present experimental results obtained on biological
specimens that consists of cells labeled with 40 nm gold particles. First we
will consider a sample where cells were labeled with several gold conjugates.
Then we will consider an extreme case were a 313 cell is labeled with a single
gold nanoparticle to facilitate the quantitative analysis.

6.3.1.1 3T3 cells labeled with several gold particles

Figure 6.12 shows images of a first marked specimen, with two cells and
several gold particles.

We have implemented on our optical holographic setup a tungsten lamp in
a way to readily obtain, in the same conditions of the holographic manip-
ulations, standard bright-field illumination images. Figure6.12a shows a
bright-field white light image of the considered specimen obtained by turning
off the laser source and turning on the tungsten lamp only.

Figure6.12b is a direct image of the same region of the specimen, but
obtained by illuminating the cells with the object laser beam. The reference
beam is blocked for this image.

Figure 6.12c is exactly the same as Figure6.12b but we have turned on the
tungsten lamp in order to clearly see the repartition of the specimen scattered
light on the cells.

After performing the direct investigations of the considered specimen, it’s
time to perform the holographic experiment. The tungsten lamp is turned
off, the reference beam is unblocked and the specimen is illuminated with
the object beam. Figure6.12d is a direct captured image of the interference
between the reference beam and the object scattered beam that is recorded
by the CCD camera.

All the images presented in this part consists of 512 pixels per side. From
Section 6.2.3, we obtained that one pixel in the reconstructed images equals
177 nm. Hence, images are 90.6 pm wide.

Figure 6.13 shows the reconstructed holographic intensity image of the same
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(a) Direct white light image (b) Direct laser illumination image

(c) Direct white light and laser illumi-
nation image

Figure 6.12: Direct images of 3T3 fibroblasts labeled with several 40 nm Au
Nps
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region of the specimen that have been reconstructed for n = 256 and using
M = 32 acquired frames. The display is made in a logarithmic color scale for
the intensity I = |Eccopl? were 5.9 <1In I < 16.3 Digital Counts (DC).

Because of the variation of the refractive index within the cells, the illumina-
tion light is diffracted yielding a speckle pattern that is superimposed with
the particles’ signal. This speckle is visible on Figure6.13a, and, from the
envelope of the speckled zone, one can assume the shape of the cells. We
interpret the bright spots 1 and 2 of Figure6.13a as being gold conjugates
signals. However, bright spot 3 is considered as a hot spot and is basically
related to a cellular structure and not to a gold conjugate. This assumption
can be justified qualitatively and quantitatively.

Figure 6.13: Reconstructed holographic intensity image of 313 cells labeled
with several Au Nps

Qualitative Analysis

By comparing Figure6.13a and Figure6.13b which are 4X zooms of respec-
tively spot 1 and 2 with Figure6.13c which is a 4X zoom of spot 3. We
can clearly see that spots 1 and 2 have a well defined bright circular shape
that is consistent with the circular geometrical shape of colloidal particles.
Nevertheless, the magnified image of spot 3 do not present any defined

136



6.3 Experimental Results

consistent geometrical shape.

To better visualize the 40 nm gold particles, we have displayed, on Fig-
ure 6.14a, using the Interactive 3D Surface Plot plug-in of ImagelJ software
[Abramoff et al. 2004], a 3D linear surface plot of the region of the specimen
that is displayed on Figure 6.13a. As seen, gold nanoparticles that correspond
to sharp peaks can be easily visualized, but some ambiguity remains around
the meaning of the lower peaks, which could be attributed either to particles,
noises, or scattering by biological features of the cell.

Moreover, to illustrate the ability of our technique to localize the gold
particle in 3D, we have reconstructed the full object field Eg,(z,v, zs,) by
reconstructing 512 different zg, planes for 512 different d!, reconstruction
distances. Then we have deduced the corresponding 512 intensity images
Is,(z,y, 2sn) = |Esp(z,y,2s,)]* and we have displayed on Figure6.14b a
volume view of the 512 x 512 x 512 reconstructed intensity image 3D data.
The displayed 3D volume view was obtained using the Volume Viewer plug-in
of ImageJ software.The bright light-bluish zones on the 3D volume image
corresponds to the 40 nm gold particles signal

(a) 3D linear-scale surface plot of the re- (b) Volume view of the 3D reconstructed
constructed holographic intensity image data
of an unmarked 3T3 cell

Figure 6.14: 3D visualizations of cells marked with several 40 nm Au Nps

Intensity and Cross Sections Analysis

In order to carry out a quantitative analysis of the data and provide thus a

137



CHAPTER 6. DIGITAL HOLOGRAPHIC MICROSCOPY OF
GOLD NANOPARTICLES IN LIVING CELLS

&
&

73
¥

(a) x-sectioning on the reconstructed image

Nanoparticle 1
Nanoparticle 2
Hot spot 3
10° 4 P

)

&

3 “

‘@

g .

g 10 3

4
0 100 200 300 400 500 600
Y (pixels)

(b) Intensity cuts along x axis

Figure 6.15: Intensity cuts along x axis at positions of spots 1, 2 and 3 of the
cells specimen marked with several Au Nps
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quantitative argument of the presence of the gold nanoparticles, in addition
to the previously described qualitative one, we have performed intensity
cuts along the z axis at the positions of spots 1, 2 and 3 as illustrated
on Figure6.15a. The result of these cuts are displayed on the graph of
Figure 6.15b. The black curve corresponds to nanoparticle 1, the red curve to
nanoparticle 2 and the green curve to hot spot 3.

The following main outcomes can be pointed out from the observation of the
graph of Figure6.15b :

e We can clearly see that the scattering of the two gold nanoparticles, 1
and 2, is higher than the scattering of the considered hot spot 3.

e The scattering intensity of nanoparticle 2 is higher than the scatter-
ing intensity of nanoparticle 1, this can be explained by the following :
since gold nanoparticles are attached the the integrine surface cellular
receptors of the cells, their z-positions directly depends on the surface
rugosity of the conjugate cell, thus all gold nanoparticles are not situ-
ated at the same z-position but are located at different depths. Accord-
ingly, nanoparticle 1 and nanoparticle 2 are not situated at the same
z-position, and thus the particle (which is here nanoparticle 2) that is
located at exactly the same reconstruction plane of the considered re-
constructed image is on focus on this image and gives thus a higher
scattering intensity than the other particle that is not totaly on focus.

e Shapes and structures of the black and red curves, that corresponds to
the nanoparticles, are very different from the shape and structure of the
green curve that corresponds to the hot spot 3. Nanoparticles’ curves
present well defined peaks at the location of the corresponding particle,
which is not at all the case for the hot spot’s curve.

e Shapes and structures of the two nanoparticles’ curves are very similar.
This can lead to the conclusion that those two curves correspond to two
objects of the same nature. This is another argument that proves that
spot 1 and spot 2 corresponds well to gold nanoparticles’ signals and
not to cellular features.

For a better accuracy, we have carried out the same intensity cross sections
but along the y axis as illustrated on Figure6.16a. Results of these cuts
are displayed on the graph of Figure 6.16b. The black curve corresponds to
nanoparticle 1, the red curve to nanoparticle 2 and the green curve to hot
spot 3. By observing the graph of Figure6.16b, we can see that results are
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perfectly consistent with the ones previously obtained for x intensity cuts.
Scattering Pattern’s Shape Analysis

To go further, and to better characterize the Au particle’s signal with respect
to hot spots, we have analyzed the 3D images of the reconstructed object
wavefield, obtained by performing the holographic reconstruction for the 512
different reconstruction distances, by performing cross sections in the attempt
of exploring the shape of the different scattering patterns. For this purpose,
we have used the Volume Viewer plug-in of Image] software who presents
the functional ability of displaying cuts of 3D data cubes in arbitrary planes.
Using this plug-in, we have performed cuts along the x axis to obtain recon-
structed images in the (y, z) plane as illustrated schematically on Figure 6.17b.

Results of these cross sections are displayed on Figure 6.18.

Figure 6.18a shows the image of a cut made in the plane x = 331, that
intersects the nanoparticle 1 of Figure 6.13a. The observed scattering pattern
of particle 1 on the (y, z) cross image is presented as a bright straight pattern,
located along the optical z axis with a limited extension.

Figure 6.18b shows the image of a cut made in the plane x = 153, that
intersects the nanoparticle 2 of Figure 6.13a. The observed scattering pattern
of particle 2 on the (y,z) cross image is also presented as a bright straight
pattern, located along the optical z axis with a limited extension.

We can notice that, as expected, the nanoparticles’ signals, on Figure 6.18a
and Figure 6.18b are located at z ~ 256 coordinate, which corresponds to the
reconstruction plane of Figure 6.13a.

Figure 6.18c shows the image of a cut made in the plane x = 281, that
intersects the hot spot 3 of Figure6.13a. We can see that the cross images of
nanoparticles 1 and 2 (Figure6.18a and Figure6.18b) have clearly outlined
plainness planes and are quite different from this image (Figure 6.18¢) where
the plainness plane is ruffled.

We can see on Figure 6.13a that many bright points, other than the pointed
ones (1, 2 and 3), are also visible on the reconstructed image, but it is not
simple to determine, which spots correspond to gold nanoparticles, and which
are speckle hot spots especially because several gold nanoparticles are con-
jugated to the cell thus bright spots are located in a close vicinity of each
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(a) y-sectioning on the reconstructed image
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(b) Intensity cuts along y axis

Figure 6.16: Intensity cuts along y axis at positions of spots 1, 2 and 3 of the
cells specimen marked with several Au Nps
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(a) (y,z) reconstruction plane (b) (x,z) reconstruction plane

Figure 6.17: Cross sections reconstruction planes of Au labeled cells

(a) (y,z) image of Np 1

Figure 6.18: Reconstructed images in the (y,z) plane obtained by performing
a cut along x axis at the positions of the selected spots for the multi Au Nps
marked 3T3 cell sample
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other. Accordingly, we have chosen to work with a very low concentration
of gold conjugates solution in order to be sure to have sufficiently few gold
particles per cell to be able to discriminate easily the gold particles signal.
Working at low concentration of gold conjugates allows also the interaction of
few cellular receptors with the gold particle. Experimental investigations of a
biological specimen with a single conjugated gold marker are presented in the
next section (6.3.1.2).

6.3.1.2 3T3 cell labeled with a single gold particle

Volumes of gold solution and dilution buffers defined in Section6.2.1.3 can
be experimentally adjusted in order to get the desired concentration of the
gold solution. Thus, in order to achieve a very low concentration of the gold
conjugates solution in the goal of labeling a single cell with a single gold
nanoparticle, we have sufficiently diluted the gold solution that is used for
the conjugation.

Temporal resolution of an imaging system is an important issue, thus,
it is important to minimize the total acquisition time of the holographic
experiment. Hence, rather than manipulating using a sequence of M = 32
holograms, we have reconstructed 3D images of the sample using a single
acquired CCD frame. We will see that this is sufficient for the localization
of the gold marker on the living cell, but the Signal to Noise Ratio and the
visibility of the marker are improved when the reconstruction is performed
using the whole acquired sequence of 32 frames.

Reconstruction using a single acquired hologram

Figure 6.19a shows a direct image of the specimen, which is a 3T3 cell tagged
with a single 40 nm gold particle, under white light illumination. While
the cell is well defined on the left hand side of the image, the attached gold
particle cannot be seen on this image.

Figure 6.19b is a direct image of the same region of the specimen, but
obtained by illuminating the cells with the object laser beam and turning on
the tungsten lamp. The reference beam is blocked for this image.

Figure 6.19c¢ is a direct captured hologram.

Figure 6.19¢ shows the reconstructed holographic intensity image of the
sample in a colored logarithmic scale (6 < In(/) < 15). The reconstruction
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(a) Direct image under white light illumi- (b) Direct image under white light and
nation Laser illumination

(c) Hologram (d) Single frame reconstructed holographic
intensity I image

Figure 6.19: Fibroblast cell tagged with a single 40 nm gold particle
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is done using 1 CCD frame (M = 1) with an exposure time of 100 ms.
The displayed reconstructed image is the plane where the brightest point
is detected and is obtained for for n = 325. This means that this plane is
situated at 12.2 ym above the conjugate image plane z;.

The total reconstruction distance is thus : zgg95 = 27 + 12.2 um.

The red and blue triangular structure with a few speckle yellow high spots,
which correspond to the cell location on Figure6.19a, is the holographic
signal generated by the cell refractive index inhomogeneities, which scatter
light. The gold particle corresponds to the brightest spot in Figure 6.19d. It
is located on the left bottom of the cell, and marked with a white arrow.

(a) 3D linear-scale surface plot of the in- (b) Volume view of the 3D reconstructed
tensity image reconstructed from a single data
frame.

Figure 6.20: A fibroblast cell tagged with a 40 nm gold particle using 1 frame
acquisition

To better visualize the 40 nm gold particle, we have displayed, on Figure 6.20a,
a 3D linear surface plot of the corresponding logarithmic scale colored image
of Figure6.19d. As it can be seen, the gold particle signal is much higher
than the signal generated by the cell refractive index inhomogeneities. The
particle can thus be easily located.

Furthermore, and similarly to what we have done in the previous section
where a specimen labeled with multiple nanoparticles was investigated,
we have reconstructed the full object field Fg,(x,y,zs,) by reconstructing
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512 different zg,, planes of the specimen for 512 different d/, reconstruction
distances and we have displayed on Figure6.20b a volume view of the
512 x 512 x 512 reconstructed intensity image 3D data in order to illustrate
the ability of our technique to localize the gold particle in 3D. The bright
light-bluish zone on the 3D image corresponds to the 40 nm gold particle
signal. This wavefield has the shape of a cigar roughly oriented along the
microscope objective axis (z axis).

To perform a quantitative analysis of the precision we expect in the 3D
localization of the gold particle, we have considered the 3D volume intensity
image of Figure 6.20b, and we have made cuts along the 3 axes (x, y and z)
at the gold particle crossing point (i.e. where the three axis cross the highest
intensity voxel of the 3D image). The intensity signals I along the 3 axes are
plotted on Figure6.21. Curves 1 (red), 2 (blue) and 3 (green) correspond to
cross section along the x, y and z axis respectively. The horizontal dashed
line indicates the half maximum of the curves.

5.0e5 J T T T T
4.5e5
4.0e5
3.5e5
3.0e5
2.5e5
2.0e5
1.5e5

1.0e5

0.5e5

pixels

Figure 6.21: Experimental linear-scale plot of cuts made within the intensity
signal I along the three axis x, y and z at the brightest voxel of Figure 6.20b
corresponding to the gold nanoparticle location.
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In order to measure the curves’ widths, we have displayed zooms of the
curves from maximum to half maximum. The individual pixels are visible
on the zooms of curves 1 and 2 (cross section along the x and y axis). The
Full Width at Half Maximum (FWHM) is about 6 pixels in the x and y di-
rections (6 x 177 = 1060 nm), and about 60 pixels in the z direction (10.6 pm).

To compare the resolution obtained here with the one expected from the
NA of the microscope objective, we have computed the wavefield F;(x,y, z)
that is expected in the ideal case for a 0.5 NA microscope objective, and we
have made cuts along x, y and z directions of the 512 x 512 x 512 ideal cube
of data for |E;(x,y,2)|>. The corresponding theoretical cuts are plotted on
Figure 6.21 with the zooms in heavy grey line. Similarly to the experimental
cross section cuts, the horizontal axis, for the theoretical curves, displays the
pixels’ index. In the x and y directions, the obtained FWHM is close to the
expected one. Yet, in the z direction the shape of the curve is not symmetric,
and the measured FWHM is about 3 times larger than the expected FWHM
in the ideal case. This is due to the holographic signal generated by the light
scattered by the cell’s structures, which adds to the nanoparticle signal.

Using a parabolic approximation for the local field, the location of the gold
particle can be calculated by fitting the data points that are above half
maximum with a parabola, and by considering that the particle is located on
the parabola maximum.

The accuracy of the measurement obtained using this fitting method is £5
nm in the x and y directions (uncertainty given by the fit software Gnuplot).
It corresponds also to the variation of the particle when the number of
data points used for the fit is increased from 8 to 7. In the z direction, the
measured curve is not perfectly symmetric, so the fit technique is not very
accurate because the result of the fit strongly depends on the data points
that are used in the calculation.

Reconstruction using 32 acquired holograms

In order to visualize the gold particle with a better Signal to Noise Ratio
(SNR), we have also reconstructed the holographic images using a sequence
of M = 32 acquired CCD frames. In this case, the total exposure time is
32 x 100 ms=3.2 s, while the measurement time is 32/ fcop = 4 s.

Figure 6.22a is the 32 frames reconstructed holographic intensity image of the
sample in a colored logarithmic scale. The cell scattered signal, corresponding
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(a) 32 frames reconstructed holo- (b) 3D linear-scale surface plot of the
graphic intensity I image 32 frames reconstructed holographic
intensity image

Figure 6.22: A fibroblast cell tagged with a 40 nm gold particle using 32
frames acquisition

to the triangular bluish and reddish structure, is still visible. The particle
signal in yellow is visible too (it is marked with a white arrow), but with a
much better contrast than in Figure 6.19d.

Figure 6.22b shows the 3D linear surface plot of the reconstructed intensity
image of Figure 6.22a. Here again, not only the gold particle signal is much
higher than the light scattered by the cell, but the ratio of the particle’s
signal versus the light scattered by the cell is increased with respect to
the ratio obtained for Figure6.20a, and the visibility of the gold particle is
improved. Indeed, we have observed that the light scattered by the live cell’s
refractive index inhomogeneities decorrelates faster than that of the gold
particle. Therefore, the relative weight of the cell scattered signal is lower
when averaging over 32 than over a single frame. Hence, when coherent
holographic detection is performed using 32 images, the relative contribution
of the light scattered by the cell to the total signal decreases and thus better
z-resolution is obtained.

Similarly with the analysis presented in the previous part where a specimen
of 3T3 cells labeled with several gold nanoparticles was considered, and
in order to present a more detailed qualitative analysis of the obtained
reconstructed images, we have pointed a hot spot on the reconstructed image
of Figure 6.22a. As illustrated on Figure 6.23, this pointed hot spot is marked
as spot 2 and the single nanoparticle is marked as spotl.
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Figure 6.23: 32 frames reconstructed holographic intensity image of a 3T3 cell
labeled with a single Au Np

By comparing Figure 6.23a and Figure 6.23b which are 4X zooms of respec-
tively nanoparticle 1 and hot spot 2, we can clearly see that, similarly to
Figure 6.13, spot 1 have a well defined bright circular shape that is consistent
with the geometrical shape of colloidal particles. Nevertheless, the magnified
image of spot 2do not present any defined consistent geometrical shape.

Figure 6.24 shows the cuts made along the 3 axes (z, y and z) obtained for
the 32 frames reconstructed data. Here again, we have displayed zooms of
the three cross sections from maxima to half maxima as well as zooms of
the theoretical curves. These cross sections are similar to the cross sections
obtained in the case of 1 frame acquisition, but in this case (32 frames)
the heavy grey lines corresponding to the theoretical zoomed curves fits
better with the experimental curves. In particular, in the z direction, the
experimental curve is now in agreement with the theoretical one, because the
relative weight of the cell-scattered signal is now lower, as seen by comparing
Figure 6.22b with Figure 6.20a.

Here again, the location of the particle can be calculated by fitting the
measured data point with a parabola. The accuracy is still £5 nm in the x
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and y directions, but since the curve 3 is now roughly symmetric, the fit can
also be performed in the z direction, and the particle can be located with an
accuracy estimated to #2100 nm in the z direction.
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Figure 6.24: Experimental linear plot of cuts made within the intensity sig-
nal I along the three axis x, y and z at the brightest voxel of Figure 6.22a
corresponding to the gold nanoparticle location

To go further, and to better compare the particle signal with respect to the
light scattered by the cell, we plotted the intensity signal along x axis (which
corresponds to curve 1 of Figure 6.24) in logarithmic scale on Figure 6.25. As
seen, the particle’ signal is 2 to 3 orders of magnitude larger than the cell
scattered signal.

We plotted also (black curve 4 on Figure6.25) the background signal ob-
tained without illuminating the sample. This background corresponds to the
ultimate sensitivity limit of the holographic detection [Atlan & Gross 2007],
i.e. to the shot noise on the local oscillator beam. As seen, the shot noise
background is about 100 times lower than the cell-scattered signal
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Figure 6.25: Intensity plot of the cut along the x axis in logarithmic scale :
(1) at the nanoparticle location and (4) without illuminating the sample

Scattering Pattern’s Shape Analysis

Here again, we we have performed cuts along the z axis to obtain recon-
structed images in the (y, z) plane as illustrated schematically on Figure 6.17.

Results of these cross sections are displayed on Figure 6.26.

Figure 6.26a shows the image of a cut made in the plane x = 128, that
intersects the nanoparticle 1 of Figure 6.23a. The observed scattering pattern
of particle 1 on the (y, z) cross image, is presented as a well defined bright
straight pattern, located, with a limited extension, along the optical z axis.
The comparison of the scattering pattern of nanoparticle 1 of this specimen
(Figure 6.26a) with those of nanoparticles 1 and 2 of the previous biological
specimen (Figure6.18a and Figure 6.18b) shows that the three patterns are
similar and have a comparable structure.

Figure 6.26b shows the image of a cut made in the plane x = 221, that
intersects the hot spot 2 of Figure6.23a. Contrarily to the cross image of
nanoparticle 1, the hot spot 2 scattering pattern’s extension along the vertical
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xr axis is quite large. Moreover, the scattering pattern of the hot spot is
angularly tilted in the (y, z) plane.

This introduced angular tilt effect can be simply interpreted by describing
how the light propagation is governed in biological cells. Full details are
provided in 2, we will review here some notions that are necessary for the
analysis of the scattering images.

This propagation is dependant on the phase function inside the illu-
minated cell. Because biological tissues are inhomogeneous, the form of
their phase function is not well defined and is thus characterized by the
anisotropy coefficient g, which is the average cosine of the phase function.
This parameter g describe the asymmetry of the single scattering pattern ; it
is thus null when the scattering is isotropic, equals 1 for forward scattering
and equals -1 in the case of backward scattering. In our experiments, the
illuminated cells are maintained in DMEM medium that consists mainly
of water. Since the refractive index of cells is close to that of water, the
cell anisotropy factor gey is close to one (geen =~ 0.9 in biological tissues as
mentioned by [Cheong et al. 1990]). As a consequence, the light scattered
by the cells mainly follows the forward scattering regime and the observed
light scattering pattern appears to be tilted by approximately 45° since the
incident illumination laser beam is initially tilted by approximately 45° in
conformity with the TIR illumination geometry (see Figure6.10). In other
words, the hot spot scattering signal keeps some memory of the illumination
direction, and is thus angularly tilted in the (y, z) plane.

For a gold particle, the average cosine of the scattering phase function g4,
in water can be determined by Mie scattering calculations using the experi-
mental parameters : the wavelength (A = 785 nm), the particle diameter (40
nm), the complex refractive index of gold (74, = 0.18 — 14.96 at 785 nm)
and the refractive index of water (n, = 1.33). 74, is determined from the
graphs of Chapter 2. The obtained anisotropy factor is nearly null g4, < 1073
(see http://omlc.ogi.edu/calc/mie_calc.html). This means that the gold
particle scatters light isotropically. Consequently, no angular tilt effect are ob-
served on the scattering patters of gold nanoparticles as observed in the cross
sections images of Figure6.18a and Figure6.18b. The angular tilt was not
observed on the cross section image of Figure6.18c possibly because of the
presence of several gold nanoparticles on the membrane of the considered cell
that introduce several high interfering signals and will thus affect the clear
detection of every single signal.

It should be pointed out that a similar angular tilt effect has been observed
recently on the photothermal signal of 50 nm and 10 nm gold particles by
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[Absil et al. 2010].

(a) (y,z) image of Np 1 (b) (y,2) image of hot spot 2

Figure 6.26: Reconstructed images in the (y,z) plane obtained by performing
a cut along x axis at the positions of the selected spots for the single Au Np
marked 3T3 cell sample

6.3.2 Unlabeled 3T3 Cell

Specimens of unlabeled 3T3 cells were prepared exactly as described in
Section 6.2.1, but, obviously, no gold solution was added to the culture dishes.

The direct white light image of the considered unlabeled cell is shown
on Figure6.27a and a direct image obtained under white light and laser
illumination is shown on Figure 6.27b.

Figure 6.28a displays the reconstructed holographic intensity image that
shows the light scattered by the cellular features due to inhomogeneities
of the corresponding refractive index. This scattered light, which has a
speckle structure, exhibits several hot spots that correspond to bright spots
on Figure6.28a. Reconstruction is performed using M = 32 frames with
exposure time of 100 ms per frame and the displayed reconstructed image
is obtained for n = 252 and is specifically chosen because at this plane the
maximum of the brightest spot is reached (5.85 x 105 DC). The reconstructed
image is displayed on a color logarithmic scale (5.80 < In7 < 13.28 DC). The
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maximum intensity of the brightest hot spot of this specimen is much lower
than the maximum intensities of the brightest spots of the labeled specimens
that corresponds, indeed, to gold nanoparticles.

We have displayed on Figure6.29 3D visualizations of the unlabeled cell.
The 3D linear surface plot, shown on Figure6.29a, does not provide any
relevant information because the background noise is high. In fact, since
this imaged specimen is unlabeled, no relevant high signals are detected and
the background noise, consequently, visually appears higher than the one
observed for labeled specimens. A volume view of the full 512 x 512 x 512
reconstructed intensity 3D is shown on Figure 6.29b.

(a) Direct white light image (b) Direct white light and laser illumination
image

Figure 6.27: Direct images of an unmarked 3T3 fibroblast

The two brightest hot spots (hot spots 1 and 2) of Figure 6.28a were selected
and their corresponding 4X zooms are respectively displayed on Figure 6.28b
and Figure6.28c. As observed, shapes of the magnified images of these
pointed objects are not circular and do not have a defined geometrical shape.
Their apparent shape clashes with the circular shape of nanoparticles 1 and
2 of the first biological specimen and nanoparticle 1 of the second biological
sample, and resembles more to hot spot 3 of the first bilogical specimen and
hot spot 2 of the second bilogical specimen.

Scattering Pattern’s Shape Analysis
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Figure 6.28: Reconstructed holographic intensity image of an unmarked 3T3
cell

(a) 3D linear-scale surface plot of the re- (b) Volume view of the 3D reconstructed
constructed holographic intensity image data
of an unmarked 3T3 cell

Figure 6.29: 3D visualizations of an unlabeled fibroblast cell
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Figure 6.30: Cross sections reconstruction planes of an unmarked 3T3 cell

This investigated specimen consists of an unlabeled cell. Bright spots on the
reconstructed image Figure 6.28 are interpreted as hot spots that corresponds
to cellular features and structures. Hence, corresponding scattering patterns
on the (y,z) cross sections should appear angularly tilted similarly to
Figure 6.26b. The obtained experimental images shows that this supposition
is true, indeed.

We have performed a cut along the z axis to obtain the reconstructed image
in the (y, z) plane as illustrated schematically on Figure 6.30b. Results of this
cross section is displayed on Figure 6.31 that shows the (y, z) image obtained
by performing a cut in the plane x = 271 that intersects the two bright hot
spots (spots 1 and 2) of the investigated unlabeled sample. Images of hot spot
1 and hot spot 2 are obtained on the same (y, z) image because both spots are
located on the same x = 271 plane. The observed (y, z) image is qualitatively
different from (y, z) images of nanoparticles 1 and 2 of the multi labeled sample
(Figure 6.18a and Figure 6.18b) and from the (y, z) image of nanoparticle 1 of
the single nanoparticle labeled sample (Figure 6.26a). However, the signal is
angularly tilted as in the (y, z) image of hot spot 2 of the single nanoparticle
labeled sample (Figure 6.26b) and its extension in the vertical z direction is
also large.

6.3.3 Free Gold Nanoparticles

Images of Figure 6.32 are obtained for a sample of free 40 nm gold particles
(uncoupled to cells) in Brownian motion in a water and agarose suspension.
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Figure 6.31: Reconstructed images in the (y,z) plane obtained by performing
a cut along x axis at the positions of the selected spots for the unmarked 3T3
cell sample

(a) Hologram of free 40 nm gold nanoparticles (b) Reconstructed image

Figure 6.32: Images of free 40 nm gold nanoparticles
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Here, we used agarose to slow down the motion of the particles enough
to make the displacement of the particles negligible during the time of
acquisition of the sequence of M = 32 frames.

The free gold specimen is mounted in an observation that is quite similar to
the one used for manipulating biological specimens.

Figure 6.32a is a direct captured hologram and Figure6.32b shows the
reconstructed holographic intensity image of the sample in a colored loga-
rithmic scale. The reconstruction is done using 32 CCD frame (M = 32)
with an exposure time of 100 ms per frame. The displayed reconstructed
image is the plane where the brightest point is detected and is obtained for
n = 251. Brightest points correspond to particles that are located within the
reconstruction plane, while points of lower brightness are out of focus particles.

Qualitative Analysis

Similarly to what we have done in the previous sections, we have displayed
on Figure 6.33a the reconstructed holographic intensity image (Figure 6.32b)
in more details. Three bright spots (1, 2 and 3), that are assumed to be
gold nanoparticles, were pointed and their corresponding 4X zooms are
respectively displayed on Figure 6.33b, Figure 6.33c and Figure 6.33d.

These magnified images of the selected bright spots have well defined bright
circular shape that is consistent with the geometrical shape of colloidal
particles. Moreover, they are quite similar to the images of nanoparticles 1
and 2 of the first biological specimen and to nanoparticle 1 of the second
biological sample. Yet, their shape differ largely from hot spot 3 of the first
bilogical specimen, hot spot 2 of the second bilogical specimen and hot spots
1 and 2 of the third unmarked biological specimen.

To better visualize the 40 nm gold particles, we have displayed, on Figure 6.34,
a 3D linear surface plot of the region of the specimen that is displayed on
Figure 6.33a. As seen, gold nanoparticles correspond to sharp peaks and can
be easily visualized. The intensity variations between the several observed
gold particles is due to the different depth positions of these particles in the
agarose suspension.

Intensity and Cross Sections Analysis

For a complete analysis we have performed intensity cuts along the x axis
and the y axis at the positions of spots 1, 2 and 3 as illustrated respectively
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Figure 6.33: Reconstructed holographic intensity image of free 40 nm gold
nanoparticles

on Figure6.35a and Figure6.36a. Results of these cuts are displayed on
respectively on the graphs of Figure6.35b and Figure6.36b. Black color
corresponds to nanoparticle 1, red color to nanoparticle 2 and green color to
hot nanoparticle 3.

It is clearly seen on Figure6.35b and Figure6.36b that the curves are
very similar : they have the same shape and sharp peaky structure at the
corresponding pixel location of the considered nanoparticle. Additionally, the
curves largely resembles the curves obtained on the assumed nanoparticles of
the first considered biological specimen (Figure 6.15b and Figure 6.15b) and
of the second biological specimen (Figure6.25). Furthermore, the scattering
intensities of these free gold nanoparticle have approximately the same order
of magnitude as the scattering intensities obtained from the assumed gold
nanoparticles of the two labeled biological specimens and are much higher
than the scattering intensities of the hot spots of the all three biological
specimens (the two labeled and the unlabeled specimens).

Scattering Pattern’s Shape Analysis

This investigated specimen consists of free gold nanoparticles which scatters
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Figure 6.34: 3D linear-scale surface plot of the reconstructed holographic
intensity image of free 40 nm gold nanoparticles
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(a) x-sectioning on the reconstructed image
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(b) Intensity cuts along x axis
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Figure 6.35: Intensity cuts along x axis at positions of nanoparticles 1, 2 and

3 of the free 40 nm Au Nps
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(a) y-sectioning on the reconstructed image
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(b) Intensity cuts along y axis

Figure 6.36: Intensity cuts along y axis at positions of nanoparticles 1, 2 and
3 of the free 40 nm Au Nps
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(a) (y,z) reconstruction plane (b) (x,z) reconstruction plane

Figure 6.37: Cross sections reconstruction planes of free gold nanoparticles

(¢) (v,2z) image of Np 3

Figure 6.38: Reconstructed images in the (y,z) plane obtained by performing
a cut along x axis at the positions of the selected spots of the free Au Nps
sample
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light isotropically. Accordingly, the angular tilt effect of scattering pat-
terns, observed on the previous biological specimens, should not appear here.
The obtained experimental images shows that this supposition is true, indeed.

Similarly to the three previous sections, we have performed cuts along
the z axis to obtain reconstructed images in the (y,z) plane as illustrated
schematically on Figure6.37b. Results of these cross sections are displayed
on Figure6.38 : Figure6.38a shows the reconstructed image in the (y, 2)
plane obtained by performing a cut along the x direction at the position
of nanoparticle 1. Figure6.38b shows the reconstructed image in the (y, 2)
plane obtained by performing a cut along the z direction at the position
of nanoparticle 2. Figure6.38c shows the reconstructed image in the (y, 2)
plane obtained by performing a cut along the x direction at the position of
nanoparticle 3.

The three observed scattering signals on the obtained (y, z) images are well
defined straight bright patterns located along the vertical z axis and are
qualitatively similar to the (y, z) images of nanoparticles 1 and 2 of the multi
labeled sample (Figure6.18a and Figure6.18b) and to the (y,z) image of
nanoparticle 1 of the single nanoparticle labeled sample (Figure 6.26a).
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(a) (x,z) image of Np 1 (b) (x,7) image of Np 2 (c) (x,2) image of Np 3

Figure 6.39: Reconstructed images in the (x,z) plane obtained by performing
a cut along x axis at the positions of the selected spots of the free Au Nps
sample

Furthermore, and for a better accuracy of the results, we have performed
cuts along the y axis as well to obtain reconstructed images in the (z,z)
plane as illustrated schematically on Figure6.37a. Figure6.39a shows the
reconstructed image in the (z,z) plane obtained by performing a cut along
the y direction at the position of nanoparticle 1. Figure6.39b shows the
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reconstructed image in the (x,z) plane obtained by performing a cut along
the y direction at the position of nanoparticle 2. Figure6.39¢ shows the
reconstructed image in the (z,z) plane obtained by performing a cut along
the y direction at the position of nanoparticle 3.

Here again, and as expected, scattering patterns of the three gold nanoparti-
cles have a small extension along the vertical z direction and do not exhibit
the angular tilt that we have observed for hot spots in the different considered
biological specimens (Figure 6.30b and Figure 6.26b.

This result confirms our interpretation of the angular tilt effect observed
with the hot spots of the previous investigated specimens. As a consequence,
the observed well defined bright scattering patterns that are not angularly
titled and clearly located along the optical axis z, is a characterization
of nanoparticles and is thus an unambiguous signature of the presence of
gold biological nanomarkers, and validates the capability of digital holo-
graphic microscopy to discriminate them from background signals in live cells.

6.4 Overview

In this section, we will be giving an overview about the main relevant
experimental results that we have presented in this chapter.

We have reported the detection and localization of 40 nm gold particles
attached to the integrin surface receptors of live 313 fibroblasts using digital
holographic microscopy. Specimens were illuminated in TIR configuration,
and the imaging system detects scattered signals of both the cells and the
gold markers. We have shown that the intensity of the signal scattered
by gold nanoparticles is much larger than the signal scattered by the cell’s
structures and the obtained signal-to-noise ratio is about 100. This SNR is
obtained when holographic images are reconstructed using a sequence of 32
camera frames with an exposure time of 100 ms per frame. However, we
have shown that reconstructing using a single acquired image is still sufficient
to localize in 3D the nanoparticle, but with a lower SNR and accuracy on
the z-position estimation. Using 32 images, localization of the gold particle
is obtained with a precision of 5 nm and 100 nm in the x,y and in the z
directions respectively.

We have also shown that the detection of nanoparticles is not limited by
the holographic detection noise since this inherent noise is about 2 orders of

165



CHAPTER 6. DIGITAL HOLOGRAPHIC MICROSCOPY OF
GOLD NANOPARTICLES IN LIVING CELLS

magnitude lower than the cell scattered signal and 3 to 4 orders of magnitude
lower than the particle scattered signal.

Additionally, 3D mapping of the entire sample’ scattered field was achieved
and the 3D exploration was performed within a relatively big volume ~
(90 x 90 x 90) pm.

We obtained also that relevant information can be derived not only from the
intensity of the bright spots caused by the presence of gold particles, but
also from the 3D shape of light scattering patterns, which are easily accessed
using holography. In fact, in addition to a stronger scattering signal, gold
particles induce a relatively isotropic scattering, whereas biological features
are characterized by mostly forward scattering and thus keeps memory of the
illumination direction. This dissimilarity in the scattering patterns, explained
by the inconsistency of the refractive indexes and anisotropy parameters g,
is easily accessed in holography. Accordingly, the shape of the scattered
wavefield can thus be used as a signature that helps to discriminate the
particles signal from the biological structures signal.

These experimental results have been confirmed by investigating different kind
of specimens : non-labeled cells, free gold nanoparticles, cells labeled with high
concentration gold conjugates and cells labeled with few gold conjugates. Ex-
perimental results obtained from these different specimens were quite coherent
and thus allowed us to unambiguously discriminate gold nanoparticles from
cellular features.
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In the previous chapter (Chapter6), we have reported the detection
and localization of gold nanomarkers down to 40 nm diameter in live cells
environments using our evolved holographic microscope. Experiments, how-
ever, suffer from some experimental and technical limitations that originates
mainly from the biological and biochemical protocols that are utilized to
prepare the specimens, from the adopted illumination geometry and from
the inherent inhomogeneous structure of the investigated specimen itself that
exhibits high parasitic noise.

In the current chapter, we present some technical and experimental devel-
opments that tend to treat the limitations listed above. In the first section of
this chapter (Section 7.1) , we will present the technical developments achieved
for the biological preparation procedure of the specimens. In the second sec-
tion (Section 7.2) , we tend to find an optimized alternative dark field illumina-
tion configuration. We will thus present experimental results obtained using
the Slant Illumination geometry. A comparison with the TIR illumination
geometry is also presented. The last section (Section 7.3) treats the problem
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of the parasitic noise induced by the refractive index inhomogeneities in bio-
logical cells. Experimental results using a short coherence length laser source
are thus presented.

Figure 7.1: Glass bottom cell culture dish from World Precision Instruments

7.1 Preparation of Live Cells Specimens

7.1.1 Cell Culture and the Observation Chamber

Cells are cultured using the standard commonly used method as described in
Section 6.2.1.2 of Chapter6 : Cells grow on a glass coverslip mounted inside a
plastic culture dish. It is thus necessary prior to each holographic experiment
to extract, using tweezers, the glass slide containing cells from the plastic
dish and mount it on the specific observation chamber as described in the
previous chapter in Section 6.2.1.5. This operation is delicate and increases
the contamination probability of the biological specimen. Moreover, it is
necessary to use a very adequate observation chamber (same diameter of the
coverslip, leaking free, convenient thickness etc...) that should be well washed
and sterilized thoroughly after each experiment.

To avoid this, we have chosen to prepare the cells directly in a convenient
observation chamber. The existing standard glass petri dishes present several
inconveniences : they are commercialized unsterilized, they are untreated
for optimal cell growth and they are manufactured using thick bad optical
property glass.
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We found an excellent alternative solution which is to use the 35 mm
Fluorodish glass-bottom cell culture dishes from World Precision Instruments
(see Figure 7.1). Each fluorodish has in its bottom a 23.5 mm optical quality
glass coverslip with a thickness of 0.1740.01 mm that is attached, using a
very low toxicity adhesive, to the bottom of a plastic culture dish that has a
circular opening in its base. Dishes are commercialized sterilized, without a
bottom edge and their cell culture surface is treated for optimal cell growth.

7.1.2 Biological Specimen Preparation
7.1.2.1 Preparation of Gold Conjugates

The functionalization procedure of gold nanoparticles (described in Sec-
tion 6.2.1.3 of the previous chapter), is very long and relatively sophisticated.
It should be performed with an expert in a biochemistry laboratory where
specific equipments and products are needed.

An easier alternative customized solution is to conjugate the fibronectin
directly to the gold nanoparticles without the previously used streptavidin
and biotin system as illustrated on Figure 7.2

Au NP A
v |
Naked Au Np < Au NP >
b 4
+ —d
v
4 <Y fibronectin-functionalized
<A ) > gold nanoparticle
Fibronectin

Figure 7.2: Fibronectin-functionalized gold nanoparticles

For this purpose, we purchased bovine plasma fibronectin from Sigma-
Aldrich and we ordered this custom-made conjugation from BioAssay Sys-
tems (Hayward, CA - USA). Basically, the fibronectin was attached to the
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gold nanoparticles using some of the sulphur components in the fibronectin
molecule similarly to a traditional antibody-gold solution conjugation and
the procedure was completed at neutral pH (7.0). The conjugation proto-
col follows BioAssay Gold-in-a-Box procedure and can be found in details in
Appendix A.2. An illustration of the steps, 1 through 6, described in the
"Generic Procedure" part of the conjugation procedure (see Appendix A.2)
can be found on Figure7.3.

L3¢ 58t 79w

e e -
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Figure 7.3: Glass bottom cell culture dish from World Precision Instruments

The fibronectin-gold conjugation is performed for 80, 60 and 40 nm di-
ameter gold nanoparticles. 35 ug of fibronectin per mL of gold solution is
used for the 40 nm conjugation, 25 ug of fibronectin per mL for the 60 nm
conjugation and 17 pg of fibronectin per mL for the 80 nm conjugation. At
the end of the conjugation there are approximately 210 fibronectin molecules
on each 40 nm gold particle, 450 fibronectin molecules on each 60 nm gold
particle and 800 fibronectin molecules on each 80 nm gold particle. The final
concentration of the gold solution for the 40 nm , the 60 nm and the 80 nm
fibronectin conjugates is 15 OD (see Figure 7.4).

7.1.2.2 Gold-Cells Conjugation

In the previous chapter, we have seen in Section 6.2.1.3 that, before each
use, the gold solution should be rinsed with PBS in order to eliminate free
protein molecules. Nevertheless, this is not necessary with this BioAssay
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new conjugation process since the conjugation is performed slightly below
the saturation point. The problem of free molecules is eliminated and a more
complete coating of the gold is obtained yielding thus to optimized gold
conjugates. Consequently, the gold conjugates can be used as supplied and
only a dilution is needed.

After 24 hours of incubation under 5% CO2 and 37°C atmosphere, the
glass-bottom culture dish, prepared as described in Section 6.2.1.2 is retrieved
from the incubator and placed under the laminar flow hood in order to perform
the coupling with the prepared gold nanoconjugates. The dish contains a
monolayer of 3T3 cells immersed in 2 mL of DMEM medium. The culture
medium contained in the dish is aspirated and replaced by a solution composed
of 2 mLL DMEM plus 500 plb of a PBS dilute fibronectin gold conjugates
solution (2uL of the initial gold solution diluted in 1 ml PBS). The integrin-
fibronectin link is created at this level allowing the cells to attach, on their
surface, the functionalised gold nanoparticles (see Figure7.5). The culture
dish, containing now fibroblasts and functionalized gold solution, is gently
rocked in order to ensure a good repartition of the gold beads. The dish is
then reinserted in the incubator for another 24 hours prior to the envisaged
experiment.

Figure 7.4: Glass bottom cell culture dish from World Precision Instruments
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Figure 7.5: Labeled Cell

7.1.3 Specimen in the Observation Chamber

24 hours after the conjugation process, the holographic experiment was per-
formed. Hence, the glass-bottom culture dish containing adherent 3T3 cells
tagged with gold nanoparticles was taken out of the incubator and mounted
directly on the experimental setup as illustrated on Figure 7.6.

To ensure optimal cell survival conditions during the observation, cells in glass-
bottom dishes are observed in a special DMEM-F12 observation medium from
PAA Laboratories (DMEM-F12 without Phenol red, B12 vitamin, Riboflavin,
0.5% fetal calf serum) that is supplemented with L-Glutamine and 20 mM
of HEPES [(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid)|, which is a
buffering agent that maintains the physiologic pH conditions.

7.1.4 Eliminating Uncoupled Gold Conjugates

When cells are incubated with functionalized gold nanoparticles, some of the
gold conjugates will bind to the cellular receptors with a certain protein-
receptor interaction probability while others remain unattached to the cells.
These free gold nanoparticles are still present in the observation medium and
can consequently affect the quality of the detected holographic signal if they
are present in the vicinity of the investigated part of the specimen. In order
to remove any gold nanoconjugates that had not interacted with the cells,
cells were washed with Hank’s Balanced Salt Solution (HBSS) prior to each
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(a) Top view (b) Front view

Figure 7.6: Specimen microscopy stage

experiment.

7.2 Specimen Illumination Geometry

We have seen in the previous chapter that dark field microscopy is adopted
in order to detect the relatively low scattering signal of gold nanomarkers
coupled to live cells using the full dynamic range of the CCD detector. TIR
illumination configuration is thus used to illuminate the specimen : by this
way we eliminate most of the incident illumination light and we detect only
the desired scattered light.

As described in the previous chapter (Figure6.10) TIR is performed using a
90° prism. This configuration may present two limitations :

e The prism should be cleaned and sterilized before and after each exper-
iment. Consequently, the prism should be frequently unmounted from
the optical apparatus which may slightly alters the optical alignment.

e A problem of "Standing Waves" may be encountered especially if time-
tracking experiments are carried out.

We tend to overcome these limitations by finding an optimized alternative
dark field illumination configuration : the Slant Illumination geometry. We
will first describe this new illumination geometry and show some experimental
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results obtained using this configuration. Then, we will present a comparison
with the TIR illumination geometry.

7.2.1 Slant Illumination Geometry

7.2.1.1 Materials and Methods

Experimental Apparatus

Z=ZCCb=0

off-axis

/

ND1

+1 fAOM+3.125Hz

2

specimen

phase-shifting

slant illumination

/| Thome—= ‘ /ﬁ

ND2 faom
PBS N2

. —TINOY

Figure 7.7: Optical apparatus for DHM in slant illumination geometry

The experimental apparatus is a modified Mach-Zehnder interferometer. It is
basically the same apparatus that we used in the previous chapter. The only
difference is in the specimen illumination geometry. Figure 7.7 is a schematic
representation of this optical setup.

A coherent laser source is used as the illumination source. The initial illumi-
nation laser light is splitted, using a PBS cube, into two beams, a reference
beam (complex field Eg, frequency fzp) and an object illumination beam
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(complex field F,, frequency f,) forming the two arms of the Mach-Zehnder
interferometer. A combination of a half wave plate and two neutral density
filters, ND; and ND,, is used to prevent the saturation of the detector
by controlling the optical power traveling in each arm. Two acousto-optic
modulators, AOM1 and AOM2, driven around 80 MHz with a selection of
the first order of diffraction, shift both frequencies at respectively fion1 and
Jaonr-

The object beam illuminates the sample, in a dark field arrangement in
order to prevent direct illumination light from entering the system. The
illumination wave is scattered by the specimen and this scattered wave
(complex field E,;) is collected by a microscope objective (MO). A BS is
then used to combine the scattered object wave E,,; and the reference wave
FEr which is slightly angularly tilted (6 ~ 1°) with respect to the propagation
axis of the object wave in an off-axis configuration. The HWP on the object
illumination arm aligns the polarization of the corresponding beam ensuring
its optimal interference with the reference beam. A CCD camera detects the
interference pattern (hologram Hecp).

Laser source

In the experiments presented in the current section of this chapter, the main
laser source that we used is a Diode Pumped Solid State (DPSS) Laser
(Oxxius, single longitudinal mode, CW, 50 mW), emitting at A\ =>532nm.
This wavelength is chosen in order to excite the surface plasmon resonance
of gold nanoparticles. The excitation of gold nanoparticles at their plasmon
resonance results in a much higher scattering efficiency and thus in a gain in
the detected intensity of the scattered light.

CCD Camera

The CCD camera that we used is a 12 bit PCO Pixelfly QE (see Figure 7.8)
with a detector composed of 1280x1024 square pixels. The physical size
of the pixels is d,, = 6.45um. The frame rate frequency of the camera is
fCC’D = 12.5 Hz.

Microscope Objective

In the experiments presented in this chapter, we used a Mitutoyo Plan Apo
infinity corrected long working distace 50X air microscope objective. The
specifications of this objective are presented in table6.1 :

Specimen Illumination
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(a) Photo of the PCO CCD camera (b) Quantum efficiency graph of the PCO
camera in function of the wavelength

Figure 7.8: PCO Pixelfly QE CCD camera

Mitutoyo Plan Apo infinity corrected long WD 50X MO
Numerical Aperture 0.55
Focal Length 4.0 mm
Working Distance 13.0 mm

Table 7.1: Specifications of the Mitutoyo 50X MO

We used dark field illumination, using a slant illumination configuration, in
order to prevent the direct light from entering the system and thus collecting
only the light scattered by the specimen using the full dynamic range of the
detector. For this purpose, the glass-bottom dish filled with the observation
medium and containing the biological specimen, is directly mounted on the
X-Y translation motorized stage, without the prism.

The object’s laser beam illuminates the specimen from the bottom using a
slant geometry as illustrated on Figure 7.9.

The illumination wave is scattered by the nanoconjugates and by the local
change of refractive index within the cells and this scattered wave is collected
by the microscope objective. Since a long working distance microscope
objective is used, the slant illumination angle is relatively high enough to let
the incident light diagonally cross the specimen without entering the front
aperture of the MO.

This illumination configuration is chosen because it holds back most of
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the directly transmitted illumination light preventing it from reaching the
detection system. Additionally, using this configuration, the 90° prism used in
the TTIR geometry is not needed here. This eliminates the need of frequently
cleaning the prism and this eliminates also the possible problem of standing
waves when long time-tracking holographic experiments are performed. How-
ever, similarly to the TIR configuration, the slant illumination arrangement
constrains the usage of high working distance microscope objectives which
are known to have limited numerical apertures (NA=0.5 typically), limiting
consequently the reachable resolution of the reconstructed images.

Beam
Block

air scattered beam

medium
Jr\l —ﬁc?”S glass bottom
glass coverslip . pEtn d |Sh

object illumination
beam

Figure 7.9: Slant illumination of the specimen for dark field microscopy

Holograms Acquisition

Similarly to the experiments presented in the previous chapter, we used here
also phase-shifting digital holography in order to directly obtain alias-free
holograms where only the relevant +1 term is procured. Accordingly, a
sequence of M,., phase-shifted holograms Hy,...,Hyy,.,, with a relative phase
shift Ap = m/2 between two consecutive frames, are recorded. In the
experiments presented in this chapter, holograms are recorded with an
acquisition time T' = 1/fcep = 1/12.5 = 80 ms per acquired hologram.
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In the current experiments, the heterodyne beating frequency is :

fC’CD

Af = faom — faomz = =3.125H = (7.1)

where foop =12.5Hz for the PCO camera that we used here.

The complex distribution of the field is then obtained from the recorded
sequence of CCD holograms using the M-phases demodulation method, de-
scribed in Chapter 4.

The object field Eccp on the CCD plane (z = zeop = 0) is thus given by:

M
Ecep(z,y,2=0) = Zin Heep; (7.2)

j=1
where 2 = —1 is the imagery unit, and M is an integer defining the number

of frames used for the reconstruction. In Equation 7.2, the coordinates z,y
(with 0 < z,y < 511 for the utilized PCO camera) are integers, that represent
the pixel’s location within the CCD array. The pixel size is then the physical
CCD pixel size, i.e., 6.45 pym.

Reconstruction Procedure

a) Fourier space b) Fourier space

512 px

512 px

1024 pX

Figure 7.10: Truncation of the calculation matrix from a 1024 x 1024 pixels’
matrix to a 512 x 512 pixel’s matrix

We performed here the same two-steps reconstruction procedure used in the
previous chapter (Chapter 6) and described in Chapter 5. However, since the
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CCD chip that we used here is composed of 1280 x 1024 pixels, the recorded
1280 x 1024 matrix is truncated to a 1024 x 1024 matrix in order to facilitate
the computations. Furthermore, after the reconstruction of the MO exit
pupil’s image from the 1024 x 1024 data matrix, and after the translation for
the tilt correction process, the matrix is truncated once again to a 512 x 512
matrix centered on the translated MO exit pupil image, as illustrated on
Figure 7.10, in order to reduce the calculation time during the second step of
the reconstruction process which is the free space propagation.

Before propagating the angular spectrum, the magnification factor G was
measured by imaging, on the same setup, a USAF target. The obtained pixel
size in the conjugate image plane is d,, = A’ = An’ = 126 nm.

Since the physical pixel’ size, the pixel’ size in the conjugate image and the
focal length of the MO (see Table 7.1) are identified quantities (d,, = 6.45um,
dfm = 126nm and f; = 4mm ), d, which is the CCD to the MO output aperture
distance can be deduced according to Equation 6.3 :

dpw : fl
dp

The obtained d distance, calculated from Equation 7.3, is consistent with the

d= =20.4cm (7.3)

experimentally measured distance : d.,, ~ 21 cm.

In order to reconstruct the entire volume object, the angular spectrum prop-
agation was done for 512 different zg -planes of the specimen. Accordingly,
the reconstruction is done for 512 different reconstruction distances d, :

d, = (n —256)dz (7.4)

3D volume images, composed of 512 x 512 x 512 voxels, are thus obtained.

7.2.1.2 Experimental Results

In this section, we have investigated specimens of 3T3 fibroblasts labeled
with 80 nm fibronectin-coated AuNps, specimens that consists of unmarked
3T3 fibroblasts and specimens of free 80 nm gold particles.

We will first start by presenting experiments of free 80 nm gold particles ,
then we will expose results obtained on unmarked cells. In the last part of
this section, we will describe experiments performed on 3T3 cells labeled
with 80 nm gold particles.
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Figure 7.11: Reconstructed holographic intensity image of free 80 nm gold
nanoparticles using a dark-field slant illumination geometry displayed in a
colored logarithmic scale
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All the reconstructed images presented in this chapter consists of 512 pixels
per side. Since we obtained that the pixel in the conjugate image equals 126
nm, reconstructed images are thus 64.5 ym wide.

Free 80 nm Gold Nanoparticles

The investigated specimen consists of free 80 nm gold particles (uncoupled
to cells) in Brownian motion in a water and agarose suspension. Here, we
used agarose to slow down the motion of the particles enough to make the
displacement of the particles negligible during the time of acquisition of the
sequence of M., frames.

The free gold nanoparticles specimen is observed in a glass-bottom petri dish
similar to the dishes used for manipulating the biological specimens.

Figure 7.11 shows the reconstructed holographic intensity image of the sample
in a colored logarithmic scale. The reconstruction is done using 32 CCD
frames (M = 32) with an exposure time of 80 ms per frame. The displayed
reconstructed image is the plane where the brightest point is detected and
is obtained for n = 240. We can see three bright spots corresponding to
particles that are located within the reconstruction plane.

We display on Figure 7.12 the reconstructed image of the MO exit pupil plane
of the free 80 nm gold nanoparticles specimen. We can see that this image
corresponds to a bright disk with an homogeneous distribution of the signal
since the scattering of gold nanoparticles is isotropic (ga, =~ 0) as described
in Chapter 2 and as observed on the experimental results of Chapter 6. When
illuminated, gold nanoparticles do not keep memory of the illumination
direction but scatter light in all directions as illustrated on Figure7.12b.

Unlabeled 3T3 Fibroblasts

In order to compare the scattering behavior of AuNps with the scattering
behavior of cells, we have investigated a specimen that consists of 3T3 cells
unlabeled with gold nanoparticles and observed in the glass-bottom petri
dish. The direct white light image of the considered unlabeled cells is shown
on Figure7.13a. A direct image obtained when the laser illuminates the cells
is displayed on Figure 7.13b. Figure7.13c is a direct image under white light
and laser illumination and Figure 7.13d is a direct image of the investigated
cells’ hologram.
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image of MO exit pupil

(a) Image of the MO exit pupil plane of the
free 80 nm AuNps specimen
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(b) Forward Scattering Regime of free Gold
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Figure 7.12: Scattering of free 80 nm gold nanoparticles
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(a) Direct white light image (b) Direct laser illumination image

(c) Direct white light and laser illumina- (d) Hologram
tion image

Figure 7.13: Direct images of unlabeled 3T3 fibroblasts
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Figure 7.14: Reconstructed holographic intensity image of unlabeled 3T3 fi-
broblasts using a dark-field slant illumination geometry displayed in a colored
logarithmic scale
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image of MO exit pupil

(a) Image of the MO exit pupil plane of the
free 80 nm AuNps specimen
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(b) Forward Scattering Regime of free Gold
Nanoparticles

Figure 7.15: Scattering of unlabeled cells
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Figure 7.14 shows the reconstructed holographic intensity image of the
unlabeled cells displayed in a colored logarithmic scale. The reconstruction
is done using 32 CCD frames (M = 32) with an exposure time of 80 ms per
frame. The displayed reconstructed image is the plane where the brightest
points are detected. This reconstruction plane is obtained for n = 370.
We can see that the background parasitic signal that corresponds to signal
scattered by the cellular features is high and no relevant signal can be
discriminated since cells are not labeled here.

We show on Figure 7.15a the reconstructed image of the MO exit pupil plane
of the unlabeled cells specimen. We can see here that the disk, corresponding
to the MO exit aperture’s image, does not present an homogeneously illumi-
nated structure. In fact, we can see that the left side of the disk is brighter
than the right side since biological cells follow the forward scattering regime
(ghio =~ 1) as described in Chapter?2 and as observed on the experimental
results of Chapter 6. When illuminated, biological cells keep memory of the
illumination direction and consequently their scattering is peaked in the
forward direction as illustrated on Figure 7.15b.

3T3 Fibroblasts Labeled with 80 nm Gold Conjugates

In this section, the investigated specimen consists of 3T3 cells labeled with
fibronectin-coated 80 nm gold nanoparticles and observed in the glass-bottom
petri dish. The direct white light image of the considered labeled cells is
shown on Figure7.19a. A direct image obtained when the laser illuminates
the cells is displayed on Figure7.19b. Figure7.16¢ is a direct image under
white light and laser illumination and Figure7.16d is a direct image of the
investigated cells’ hologram.

Figure 7.17 shows the reconstructed holographic intensity image of the labeled
cells displayed in a colored logarithmic scale. The reconstruction is done
using 32 CCD frames (M = 32) with an exposure time of 80 ms per frame.
The displayed reconstructed image is the plane where the brightest points
are detected. This reconstruction plane is obtained here for n = 255. We
can see that the background parasitic signal, that corresponds to the signal
scattered by the cellular features, is still high. However, we can discriminate
some bright spots that corresponds to gold nanoparticles.

We show on Figure 7.15a the reconstructed image of the MO exit pupil plane
of the labeled cells specimen. We can see, here that the disk, corresponding
to the MO rear aperture’s image, presents a quasi homogeneously illuminated
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(a) Direct white light image (b) Direct laser illumination image

(c) Direct white light and laser illumina- (d) Hologram
tion image

Figure 7.16: Direct images of 3T3 fibroblasts labeled with several 80 nm
AuNps
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Figure 7.17: Reconstructed holographic intensity image of 3T3 fibroblasts
labeled with 80 nm AuNps using a dark-field slant illumination geometry
displayed in a colored logarithmic scale
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image of MO exit pupil

(a) Image of the MO exit pupil plane of the
free 80 nm AulNps specimen
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Figure 7.18: Scattering of cells labeled with 80 nm AuNps
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(a) Direct white light image (b) Reconstructed holographic inten-
sity image using a dark-field slant il-
lumination geometry

Figure 7.19: Images of a 3T3 fibroblast showing the blurry effect of the slant
illumination geometry

structure. In fact, even though biological cells follow the forward scattering
regime, the total scattered signal is dominated by the isotropic scattering
regime of the gold nanoparticles that are conjugated to the cells as illustrated
on Figure7.18b. The total scattered signal is thus isotropic.

Although, from these experimental results of the three different kinds of
specimens, the slant illumination geometry allowed us to image biological
cells and to detect gold nanoparticles coupled to their surface, the presented
results were not easily obtained. In fact, we have tried to image lot of
specimens in order to get proper reconstructed images : since the object
wave is diagonally tilted, the reconstruction process is arduous. Not only
specimens of cells labeled with 80 nm AuNps were investigated using the
slant illumination geometry, we have also imaged other specimens where 60
and 80 nm AuNps are conjugated to cells. The quality of the reconstructed
images obtained using these specimens was also poor. A parasitic reflection
effect at the edges of the illuminated specimens is observed in most of the
experiments performed using the slant illumination geometry as it can be
depicted on Figure7.19b.

Subsequently, we have deduced that, for the considered application, the
slant illumination geometry is not advantageous and the TIR illumination
configuration is better. Accordingly, we have adopted, again, the TIR

190



7.2 Specimen Illumination Geometry

illumination geometry for the next presented experiments.

It should be noted that, although in the experiments presented in this sec-
tion, specimens were illuminated diagonally from the bottom (see Figure7.9),
one can intuitively thinks that if specimens were illuminated diagonally from
the top, as illustrated on Figure7.20, the MO will collect less parasitic sig-
nal because cells scatter light in the forward direction of the incident beam
(ghio =~ 0.9) and consequently, in the supposed slant illumination geometry,
the parasitic signal scattered by the cellular structures is far from the entrance
aperture of the MO. By a proper adjustment of our optical apparatus that
allowed us to switch very easily from a bottom illumination to a top illumi-
nation slant geometry, we have performed the two type of experiments on
the same specimens. The obtained reconstructed images were, however, much
better for the bottom illumination experiments and that’s why we decided to
display only these experiments in this manuscript. We don’t have, so far, an
accurate explication for this discrepancy.

object illumination

scattered beam
air
medium
. glass bottom
petri dish

cells

glass coverslip i

Beam
Block

Figure 7.20: Slant illumination geometry. The specimen is illuminated from
the top
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7.2.2 TIR Illumination Geometry

In this section, we present experimental results obtained on 3T3 fibrob-
lasts labeled with 80 nm fibronectin-coated gold conjugates, with 60 nm
fibronectin-coated gold conjugates and with 40 nm gold conjugates using the
same experimental setup described in the previous section of this chapter
(Section7.2.1.1), but here the slant illumination configuration is replaced
by the TIR illumination geometry, similarly to the geometry described in
the previous chapter (Chapter6). This new optical setup is illustrated on
Figure 7.21.

A sequence of M,,, CCD holograms is acquired exactly as described in
Section 7.2.1.1 and the reconstruction process is also the same.
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Figure 7.21: Optical apparatus for DHM in total internal reflection
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7.2 Specimen Illumination Geometry

7.2.2.1 3T3 Cells conjugated to 80 nm AulNps

The investigated specimen consists of 3T3 cells labeled with fibronectin-
coated 80 nm gold nanoparticles and observed in the glass-bottom petri dish
while maintained in the observation medium.

The direct white light image of the considered labeled cells is displayed
on Figure 7.22.

Figure 7.23 shows the reconstructed holographic intensity image of the la-
beled cells displayed in a colored logarithmic scale. The reconstruction is done
using 32 CCD frames (M = 32) with an exposure time of 80 ms per frame.
The displayed reconstructed image is the plane where the brightest points are
detected and is obtained for n = 245. The background parasitic signal that
corresponds to the signal scattered by the cellular features is visible on the
reconstructed image and is relatively high. We can, however, discriminate
some bright spots that corresponds to gold nanoparticles.

Figure 7.22: Direct white light image of 3T3 fibroblasts conjugated to 80 nm
gold nanoparticles

7.2.2.2 3T3 Cells conjugated to 60 nm AulNps

The investigated specimen consists of 3T3 cells labeled with fibronectin-
coated 60 nm gold nanoparticles and observed in the glass-bottom petri dish
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Figure 7.23: Reconstructed holographic intensity image using a TIR illumi-
nation geometry in a colored logarithmic scale of 3T3 fibroblasts conjugated
to 80 nm gold nanoparticles
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7.2 Specimen Illumination Geometry

while maintained in the observation medium.

The direct white light image of the considered labeled cells is displayed
on Figure 7.24.

Figure 7.25 shows the reconstructed holographic intensity image of the la-
beled cells displayed in a colored logarithmic scale. The reconstruction is done
using 32 CCD frames (M = 32) with an exposure time of 80 ms per frame.
The displayed reconstructed image is the plane where the brightest points are
detected and is obtained for n = 245. The background parasitic signal that
corresponds to the signal scattered by the cellular features is visible on the
reconstructed image and is relatively high. We can, however, discriminate
some bright spots that corresponds to gold nanoparticles. Here, the intensity
of the bright spots that corresponds to the 60 nm gold nanoparticles is lower
than the intensity of the bright spots observed in Figure 7.23, where 80 nm
gold nanoparticles are considered. This result is expected since the scattering
cross sections of gold nanoparticles varies as a®, where a is the radius of the
particles. Thus, when a decreases, the scattering efficiency decreases as well.

Figure 7.24: Direct white light image of 3T3 fibroblasts conjugated to 60 nm
gold nanoparticles

7.2.2.3 3T3 Cells conjugated to 40 nm AulNps

In this section, we have investigated a specimen that consists of 3T3 cells
labeled with fibronectin-coated 40 nm gold nanoparticles observed in the
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Figure 7.25: Reconstructed holographic intensity image using a TIR illumi-
nation geometry in a colored logarithmic scale of 3T3 fibroblasts conjugated
to 60 nm gold nanoparticles
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Figure 7.26: Direct white light image of 3T3 fibroblasts conjugated to 40 nm
gold nanoparticles

glass-bottom petri dish while maintained in the observation medium.

The direct white light image of the considered labeled cells is displayed
on Figure 7.26.

Figure 7.27 shows the reconstructed holographic intensity image of the la-
beled cells displayed in a colored logarithmic scale. The reconstruction is done
using 32 CCD frames (M = 32) with an exposure time of 80 ms per frame.
The displayed reconstructed image is the plane where the brightest points are
detected and is obtained for n = 221. The background parasitic signal that
corresponds to the signal scattered by the cellular features is visible on the
reconstructed image and is relatively high. We can, however, discriminate lot
of spherical bright spots that correspond to gold nanoparticles. The quality of
this reconstructed image is fascinating. It shows an important improvement
over the images presented in the previous chapter. This improvement can be
attributed to the following accounts :

e The wavelength of the laser is resonant with the surface plasmons of
gold particles

e Specimens are washed with HBSS prior to the observation : an impor-
tant amount of free gold conjugates are thus eliminated

e Optimized fibronectin-coated gold conjugates are used
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Figure 7.27: Reconstructed holographic intensity image using a TIR illumi-
nation geometry in a colored logarithmic scale of 3T3 fibroblasts conjugated
to 40 nm gold nanoparticles
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7.3 Experiments using a Short Coherence Length Laser

Even though the experiments performed using the 80 and 60 nm gold
conjugates in TIR geometry (Section 7.2.2.1 and Section 7.2.2.2) were carried
out in the same experimental conditions as the experiments performed
using the 40 nm gold conjugates, we can clearly see that, by comparing
Figure 7.27 to Figure7.23 and Figure7.25, the quality of the reconstructed
image obtained by conjugating the 40 nm AuNps to cells is much better than
the reconstructed images obtained when 80 and 60 nm AuNps are used. This
result leads to the following assumption : The interaction of cells with 40 nm
gold conjugates seems to be much efficient than their interaction with 80 and
60 nm gold conjugates. In other words, the interaction probability between a
fibronectin-coated gold particle and an integrin receptor increases when the
size of the gold conjugates decreases. This effect has been experimentally
observed. In fact, when we add 80 or 60 nm AuNps to the cell culture dish,
the number of cells that interact with the Au markers is low. However, when
40 nm AuNps are used, lot of cells on the culture slide create links with these
markers.

It should be noted here that we have obtained other images of cells labeled
with 40 nm AuNps (that are not displayed in this manuscript) with a qual-
ity as good as Figure7.27. This proves the accuracy of the results and the
reproducibility ability of our holographic imagery method.

7.3 Experiments using a Short Coherence
Length Laser

We have seen, from the experimental results presented in this chapter and in
the previous chapter (Chapter 6), that the high parasitic background signal
that corresponds to the signal scattered by the cellular features is superim-
posed to the signal scattered by the gold nanomarkers. In fact, as described
in Chapter2 of this manuscript, biological cells are very heterogeneous :
they consists of complex structures composed of different components (cell
membranes, nucleus, cellular organelles etc...). Due to mismatches in the
refractive index of these different cellular components, optical scattering
occurs also at the cellular level. Consequently, the light scattered from
the cell is superimposed with the light scattered by the gold nanomarkers
reducing by this means the SNR and the localization precision estimation.
This is thus a main limitation for the detection and localization of gold
nanoparticles in biological environments.

In an attempt to improve our experimental results, by removing the
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Figure 7.28: Direct white light image of 3T3 fibroblasts

parasitic signal scattered by the cellular features, we have used a short
coherence length laser source (Red CrystaLaser, 50 mW) emitting at A = 660
nm. The coherence length of this laser source is ¢, ~ 500um. Using
this laser, we expected to eliminate all the parasitic scattered signal that
originates from the cellular structures that are larger than the coherence
length of this laser.

For this purpose, we imaged a specimen of 3T3 fibroblasts observed in a
glass-bottom petri dish using, first, the short coherence length red laser and
then using the initial green laser in order to compare the results.

A direct bright field white light image of the investigated fibroblasts is
displayed on Figure 7.28.

Holographic experiments are performed using the same experimental
apparatus described in Section7.2.2. The acquisition of holograms and the
reconstruction procedures are exactly the same as in the previous sections of
this chapter.

Figure 7.29a is the reconstructed holographic intensity image of the
considered 3T3 fibroblasts illuminated using the short coherence length red
laser source while Figure7.29b is the reconstructed holographic intensity
image of the same cells but illuminated using the initial green laser source.
Both figures are displayed in a colored logarithmic scale.
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Figure 7.29: Reconstructed holographic intensity image using a TIR illumi-
nation geometry in a colored logarithmic scale of 3T3 fibroblasts illuminated
by (a) a short coherence length red laser and (b) a green laser

From Figure 7.29a we can clearly see that even when a short coherence
length laser is used, the cellular structures still exhibit an important scatter-
ing signal. By comparing Figure7.29a and Figure 7.29b, we can see that the
parasitic signal scattered by the cellular structures is not drastically decreased
when a short coherence length source is used. This means that the dimensions
of the cellular structures are smaller than the coherence length of the red laser
and probably on the order of its wavelength. Thus these cellular structures
exhibit a coherent scattered signal that cannot be easily eliminated. It should
be noted that the scale bars in Figure 7.29a and Figure 7.29b are not the same
since, as we have mentioned in Chapter2 of this manuscript, the scattering
efficiency of biological cells depends on the illumination wavelength. In fact,
scattering processes in biological tissues are more significant at short wave-
lengths and their efficiencies decreases when the wavelength of the illumination
light increases.

7.4 Overview

In this chapter, we have presented some technical and experimental devel-
opments in order to overcome the limitations confronted in the experiments
presented in the previous chapter.
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First we have reported the developments achieved for the biological
preparation procedure of the specimens.

Second, we have tried to image the specimens using an alternative dark-
field configuration which is the slant illumination geometry. Nevertheless,
images obtained using this illumination configuration were not satisfying
and the total internal reflection illumination gives much better results.
Accordingly, we have presented experimental results, obtained using the TIR
geometry, for 3T3 fibroblasts labeled with 80, 60 and 40 nm AuNps. Gold
nanoparticles were detected for theses three cases. However, images of the
cells labeled with 40 nm conjugates are much better. In fact, the interaction
of cells with 40 nm gold conjugates seems to be much efficient than their
interaction with 80 and 60 nm gold conjugates.

Finally, we have tried to use a short coherence length laser source in an
attempt to eliminate the inherent parasitic noise induced by the heterogeneous
structure of biological cells. However, experimental results show that this
parasitic noise has not drastically decreased when this laser is used since the
dimensions of the cellular structures are smaller than the coherence length of
this laser. They exhibit thus a coherent scattered signal that cannot be easily
eliminated.
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CHAPTER 8

Conclusion and Perspectives

In this thesis, we have reported the detection and localization, in three
dimensions, of nanometric-sized colloidal gold particles used as biological
markers in live cells environments for the first time in the context of digital
holographic microscopy.

We have developed a novel heterodyne holographic microscope that com-
bines the off-axis geometry and phase-shifting interferometry. Aliasing-free
holograms are thus obtained by applying the phase-shifting technique that
is performed using two accurately synchronized Acousto-Optic modulators,
and since a heterodyne detection is performed, holograms are only shot-noise
limited.

We have also elaborated an ingenious numerical reconstruction method
that offers striking advantages. Investigated specimens are reconstructed us-
ing the established reconstruction method which is, mainly, a two-steps pro-
cedure :

e First, the conjugate image of the specimen is reconstructed, from the
recorded hologram, using the Fresnel transformation method that in-
volves a single Fourier transformation

e The specimen is then reconstructed by free-space propagation of the re-
constructed conjugate image’s angular spectrum. The Angular spectrum
method involves two Fourier transformation

The reconstruction of the conjugate image is not straightforward. In fact, the
microscope objective, that is employed to image the specimen, induces phase
distortions and a magnification effect. Furthermore, the off-axis configuration
gives rise to a tilt effect. These three parameters should be determined and
compensated in order to achieve a proper reconstruction. Classically, the
lens, magnification and tilt parameters are calculated using a plane wave
calibration of the optical setup. However, in our established reconstruction
approach, these parameters can be automatically obtained, without an
additional experimental calibration, by a pioneer reconstruction of the
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microscope objective exit aperture’s image. Furthermore, by reconstructing
the MO exit aperture’s image, spatial filtering can be performed very easily.

We have investigated live biological specimens that consist mainly of
functionalized gold nanoparticles conjugated to the integrin surface receptors
of live NIH 3T3 mouse fibroblasts. A scattering-based detection method is
used. Since the intensity of the light scattered by nanometric-sized spherical
particles varies as the sixth power of the particle’ size, the detected light
is relatively weak. Hence a TIR dark-field illumination configuration was
adopted in order to detect this weak scattered signal using the full dynamic
range of the detector. Furthermore, biological cells are not completely
transparent. Their constituents are of the order of the wavelength and are
optically very heterogenous with different refractive indexes. They exhibit
thus coherent scattered signal that is superimposed to the AuNps signal.
Consequently, the detection of gold nanomarkers in biological environments
is quite challenging.

Using our developed holographic microscope and our elaborated numerical
reconstruction procedure, we have been able to image and localize, gold
nanoparticles, down to 40 nm diameter, attached to the integrin surface
receptors of live 3T3 fibroblasts with a localization precision of 5 nm laterally
and 100 nm in depth, when 32 images averaging is performed. Additionally,
by stacking several 2D-reconstructions of selected depths, 3D mapping of the
entire scattered field was achieved. The 3D exploration was performed within
a relatively big volume ~ 90um?3.

We have also characterized the scattering regimes of the gold markers and
cellular structures by analyzing the 3D shape of the corresponding scattering
patterns that are easily accessible by digital holography :

e For cells, the anisotropy factor gy, is close to one yielding to a scatter-
ing that is peaked in the forward direction of the incident light. Con-
sequently the 3D scattering patterns are angularly tilted. Furthermore,
the disk that corresponds to the MO exit pupil’s image does not present
an homogeneously illuminated structure : one of its sides is brighter
than the other

e For AuNps, the anisotropy factor gy, is almost null yielding to a rel-
atively isotropic scattering. Consequently the 3D scattering patterns
are not angularly tilted. Furthermore, the signal is homogeneously dis-
tributed in the disk that corresponds to the MO exit pupil’s image
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This dissimilarity in the scattering patterns, explained by the inconsis-
tency of the refractive indexes and anisotropy parameters, is easily accessed
in holography. Accordingly, the shape of the scattered wavefield can thus
be used as a signature that helps to unambiguously discriminate gold
nanoparticles from cellular features.

Although good results have been obtained in the TIR illumination
geometry using a 90° prism, this configuration presents limitations : the
prism should be cleaned before and after each experiment. Furthermore,
a problem of standing waves may be encountered especially if long time-
tracking experiments are carried out. In the view of overcoming these
limitations, we have used an alternative dark field illumination configuration,
which is the slant illumination geometry. Nevertheless, images obtained
using this illumination configuration were not satisfying and the TIR
illumination gave much better results. Using the TIR geometry again, we
have imaged 3T3 fibroblasts labeled with 80, 60 and 40 nm AuNps and we
have compared the results. For these three cases, we were able to detect
the gold nanoparticles. However, images of the cells labeled with 40 nm
conjugates are much better. In fact, the interaction of cells with 40 nm
gold conjugates seems to be much efficient than their interaction with bigger
size gold conjugates. We have been also able to improve our experimental
results, obtained on cells labeled with 40 nm AuNps, by washing the cells
with Hank’s Balanced Salt Solution that has the virtue of removing the
free gold conjugates that had not interacted with the cells. Fascinating im-
ages of 3T3 fibroblasts labeled with 40 nm gold conjugates were thus obtained.

Finally, we have tried to use a short coherence length laser source in an at-
tempt to eliminate the inherent parasitic noise induced by the heterogeneous
structure of biological cells. However, experimental results show that this
parasitic noise has not drastically decreased when a short coherence length
laser is used since the dimensions of the cellular structures are smaller than
the coherence length of this laser. They exhibit thus a coherent scattered
signal that cannot be easily eliminated.

During this thesis work, we have tried to monitor the dynamics of the
integrin receptors. We were able to track the gold nanoparticles conjugated
to these receptors for only short observation times since we don’t have a
micro-incubator and a heating microscopy stage that are needed to keep the
investigated cells alive in proper physiological conditions. The preliminary
tracking results that we obtained, for short observation times, show that the
nanomarkers are immobile whereas the signal that corresponds to the cells
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varies in time.

Now that we have an efficient appropriate microscopy tool with a well
defined methodology for the preparation of the biological specimens labeled
with 40 nm AuNps, a direct possible future application is long time-
tracking experiments in order to characterize the dynamics of the integrin
receptors. A characterization of the 3D shape of the cells can also be achieved.

Furthermore, for future developments, it will be interesting to try another
illumination geometry that consists of illuminating the specimens in transmis-
sion and using a dark-field reflecting objective to collect the scattered light.
It will be also interesting to perform holographic microscopy with a partial
spatial coherent source [Dubois et al. 1999], in order to eliminate, possibly,
some of the limiting parasitic signals. After all, it may be advantageous to
use different cell lines, neurons for example [Marquet et al. 2005] considering
that their light scattering efficiency is lower. Subsequently, gold nanoparticles
smaller than 40 nm can be expected to be visualized.
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Biochemical Protocols

A.1 Biotinylation Protocol
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21435 EZ-Link® Sulfo-NHS-LC-Biotinylation Kit, sufficient biotin and other reagents for approximately
10 labeling reactions each containing 1-10 mg of antibody or other protein
Kit Contents:
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Introduction

The EZ-Link® Sulfo-NHS-LC-Biotinylation Kit provides the reagents required for labeling antibodies, proteins and other
macromolecules containing primary amino groups with biotin. Besides the biotin reagent and reaction buffer, the kit includes
desalting columns for purifying the labeled molecule and HABA and avidin for measuring biotin incorporation. The kit is
structured for labeling 1-10 mg of protein in a 1 ml reaction volume but is easily adapted to smaller or larger scales.

Biotin is a small naturally occurring vitamin that binds with high affinity to avidin and streptavidin proteins. Because of its
size (244 Da), biotin can be conjugated to many proteins without altering their biological activities. The labeled molecule
then can be detected in ELISA, dot blot or Western blot methods using streptavidin or avidin probes.

N-Hydroxysuccinimide (NHS) ester-activated biotins are the most popular type of biotinylation reagent. NHS esters react
efficiently with primary amino groups (-NH,) in pH 7-9 buffers to form stable amide bonds (Figure 1). Because antibodies
and other proteins generally contain multiple lysine (K) residues in addition to the N-terminus of each polypeptide, they have
multiple primary amines available as targets for labeling with NHS-activated reagents. EZ-Link® Sulfo-NHS-LC-Biotin is
water soluble, enabling reactions to be performed in the absence of organic solvents such as DMSO or DMF.

The EZ-Link® Sulfo-NHS-LC-Biotinylation Kit combines the basic reagents, tools and easy-to-follow instructions for biotin-
labeling amine-containing macromolecules. With this kit, even researchers who have never before labeled antibodies or other
proteins can expect to obtain results comparable to those obtained in commercial laboratories.
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Figure 1. Reaction of Sulfo-NHS-LC-Biotin with primary amine. If drawn to scale, the oval representing the protein would be
many times larger than the structures and would likely contain several amino groups. Note that NHS is a leaving group
(byproduct) in the reaction. The leaving group and any non-reacted biotin reagent are removed during the desalting step.

Important Product Information

e Sulfo-NHS-LC-Biotin is moisture-sensitive. Store the vial of biotin reagent at -20°C with desiccant. To avoid moisture
condensation onto the product, equilibrate vial to room temperature before opening.

e Asdirected in the procedure, dissolve the biotin reagent immediately before use. The NHS-ester moiety readily
hydrolyzes and becomes non-reactive; therefore, weigh and dissolve only a small amount of the reagent at a time, and do
not prepare stock solutions for storage. Discard any unused reconstituted reagent.

e Avoid buffers containing primary amines (e.g., Tris or glycine) as these will compete with the reaction (see Figure 1). If
necessary, dialyze or otherwise desalt to exchange the protein sample into an amine-free buffer such as phosphate-
buffered saline (one packet is included in this kit).

e The desalting columns provided in this kit are best suited for processing biotinylation reactions involving 1-10 mg of
protein in approximately 0.5-2 ml. For smaller amounts of protein and/or smaller reaction volumes, perform both the
biotinylation reaction and buffer exchanges in a single Slide-A-Lyzer® MINI Dialysis Unit. For reaction volumes that are
larger than can be processed with a desalting column, split the sample between two columns or use an appropriate
Slide-A-Lyzer® Dialysis Cassette for buffer exchanges. For processing small volumes (i.e. 10-150 pl) of peptides and
other low molecular weight molecules, the PepClean C-18 Spin Columns (Product No. 89870 or 89873) may be used.

In the USA call: 800-8-PIERCE (800-874-3723) or 815-968-0747 + Fax: 815-968-7316 or 800-842-5007 * www.piercenet.com
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Procedure for Biotinylating Proteins
A. Calculations

The extent of biotin labeling depends on the size and distribution of amino groups on the protein and the amount of reagent
used per protein concentration. Compared to reactions involving concentrated protein solutions, labeling reactions with dilute
protein solutions require a greater fold molar excess of biotin reagent to achieve the same incorporation level. Experiments
performed at Pierce that used a 20-fold molar excess of biotin reagent to label 1-10 mg/ml antibody (IgG) resulted in 4-6
biotin groups per antibody molecule. Adjust the molar ratio of Sulfo-NHS-LC-Biotin to protein to obtain the level of
incorporation desired. Instructions for using Sulfo-NHS-LC-Biotin (Product No. 21335) for labeling cells is available for
download from the Pierce web site.

1. Calculate millimoles of Sulfo-NHS-LC-Biotin to add to the reaction for a 20-fold molar excess:

mg protein  mmol protein 20 mmol Biotin ..
EP X p X =mmol Biotin

ml protein X - - -
ml protein mg protein mmol protein

e 20 =Recommended molar fold excess of biotin per 1-10 mg/ml protein sample

2. Calculate microliters of 10 mM Sulfo-NHS-LC-Biotin (prepared in Step B.3) to add to the reaction:

557 mg y 400 pl
mmol Biotin 2.2 mg

mmol Biotin x = ul Biotin Solution

e 557 = Molecular weight of Sulfo-NHS-LC-Biotin
e 400 = Microliters of water in which 2.2 mg of Sulfo-NHS-LC-Biotin is dissolved to make a 10 mM solution

Example: For 1 ml of a 2 mg/ml IgG (150,000 MW) solution, ~27 ul of 10 mM Sulfo-NHS-LC-Biotin will be added.

2mgIgG y 1 mmol IgG y 20 mmol Biotin
ImlIgG 150,000 mg IgG 1 mmol IgG

1mlIgG x =0.000266 mmol Biotin

557 mg « 400 pl
mmol Biotin 2.2 mg

0.000266 mmol Biotin x =26.9 pl Biotin Solution

B. Biotin Labeling Reaction

Remove the vial of Sulfo-NHS-LC-Biotin from freezer and equilibrate it to room temperature before opening in step 3.

Dissolve 1-10 mg protein in 0.5-2 ml of phosphate-buffered saline (PBS) according to the calculation made in section A.
Prepare the BupH™ PBS as directed on the package label.

Note: Protein already dissolved in amine-free buffer at pH 7.2-8.0 may be used without buffer exchange. Proteins in Tris
or other amine-containing buffers must be exchanged into PBS. Perform buffer exchange of 0.5-2.0 ml samples by
dialysis or using one of the desalting columns included in this kit, as described in Section C. Be aware that this kit
contains only 10 single-use desalting columns, sufficient for 10 biotinylation procedures when used only for Section C.

Immediately before use, prepare 10 mM Sulfo-NHS-LC-Biotin by dissolving 2.2 mg in 400 pl ultrapure water.
Add the appropriate volume of Sulfo-NHS-LC-Biotin solution (see calculations in Section A) to the protein solution.
Incubate reaction on ice for two hours or at room temperature for 30-60 minutes.

Note: There is no harm in reacting longer than the specified time other than the possibility of ordinary protein
degradation or microbial growth.

Note: Although excess non-reacted and hydrolyzed biotin reagent remains in the solution, it is often possible to perform
preliminary tests of the labeled protein by ELISA or Western blot. Once function has been confirmed, buffer exchange
the labeled protein for optimal performance and stability using the procedure in Section C: Buffer Exchange using a
Deslating Column. If the HABA Assay will be performed to determine biotin incorporation, the protein must be purified
by buffer exchange first.

In the USA call: 800-8-PIERCE (800-874-3723) or 815-968-0747 + Fax: 815-968-7316 or 800-842-5007 * www.piercenet.com
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1. Prepare a Zeba™ Desalt Spin Column by breaking off the bottom plug and placing the column into a 15 ml collection
tube. Centrifuge the column at 1,000 x g for 2 minutes, discard the storage buffer and return column to the same
collection tube.

C. Buffer Exchange and Remove Excess Biotin Reagent Using a Desalting Column

2. Equilibrate the column by adding 2.5 ml of PBS to the top of the resin bed and centrifuging at 1,000 x g for 2 minutes.
Discard the flow-through and repeat this step a total of 2-3 times.

3. Place column into a new 15 ml collection tube and apply the protein sample directly onto the center of the resin bed.
Allow sample to absorb into the resin.

Note: For samples < 1,000 ul, add 100 pul ultrapure water on top of the absorbed sample to increase protein recovery.

4. Centrifuge the column at 1,000 X g for 2 minutes. The collected flow-through solution is the purified protein sample.
Store the protein solution in appropriate conditions.

HABA Assay for Measuring the Level of Biotin Incorporation

To estimate biotin incorporation, a solution containing the biotinylated protein is added to a mixture of HABA and avidin.
Because of its higher affinity for avidin, biotin displaces the HABA from its interaction with avidin and the absorbance at
500 nm decreases proportionately. An unknown amount of biotin present in a solution is estimated in a single cuvette by
measuring the absorbance of the HABA-avidin solution before and after addition of the biotin-containing sample. The change
in absorbance relates to the amount of biotin in the sample.

Note: The biotin-labeled protein sample must be desalted or dialyzed to remove all traces of non-reacted and hydrolyzed
biotinylation reagent before the HABA assay is performed.

A. Reagent Preparation

Phosphate-buffered Saline 100 mM sodium phosphate, 150 mM sodium chloride; pH 7.2; Product No. 28372

(PBS)

HABA/Avidin Solution Add 10 mg of avidin and 600 pl of 10 mM HABA to 19.4 ml of PBS. If prepared correctly, the
Asqg of this solution will be 0.9-1.3 in a 1 cm cuvette. The solution is stable for two weeks at
4°C. If a precipitate forms in the HABA solution, it can be filtered and then used.

B. Procedure for Estimating Biotin Incorporation

Procedure Option 1 — Cuvette Format
Pipette 900 pul of HABA/Avidin Solution into a 1 ml cuvette.

Measure the absorbance of the solution in the cuvette at 500 nm and record the value as Asoo HABA/Avidin.

Add 100 pl of biotinylated protein sample to the cuvette containing HABA/Avidin and mix well.

e

Measure the absorbance of the solution in the cuvette at 500 nm. Once the value remains fairly constant for at least 15
seconds, record the value as Asoo HABA/Avidin/Biotin Sample. If the Asoqo HABA/Avidin/Biotin is < 0.3, dilute the
biotinylated protein sample and repeat the assay, but remember to account for the dilution in during calculations.

5. Proceed to Section C: Calculation of Moles of Biotin Per Mole of Protein.

e  Procedure Option 2 — Microplate Format
1. Pipette 180 ul of HABA/Avidin Solution into a microplate well.
2. Measure the absorbance at 500 nm of the solution in the well and record the value as Asqo HABA/Avidin.

3. Add 20 pl of biotinylated sample to the well containing the HABA/Avidin Solution. Mix the plate using an orbital
shaker or plate mixer.

4. Measure the absorbance at 500 nm of the solution in the well. Once the value remains fairly constant for at least 15
seconds, record the value as Ao HABA/Avidin/Biotin Sample.

5. Proceed to Section C: Calculation of Moles of Biotin Per Mole of Protein.

In the USA call: 800-8-PIERCE (800-874-3723) or 815-968-0747 « Fax: 815-968-7316 or 800-842-5007 * www.piercenet.com
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C. Calculations for Moles of Biotin Per Mole of Protein

Note: An automatic HABA Calculator is available at the Pierce website for performing these calculations.
These calculations are based on the Beer Lambert Law (Beer’s Law): Ay =g bC

Where:

A is the absorbance of the sample at a particular wavelength (A). The wavelength for the HABA assay is 500 nm.
There are no units for absorbance.

€ is the absorptivity or extinction coefficient at the wavelength (A). For HABA/avidin samples at 500 nm, pH 7.0
extinction coefficient is equal to 34,000 M'em™.

b is the cell path length expressed in centimeters (cm). A 10 mm square cuvette has a path length of 1.0 cm. Using
the recommended microplate format volumes, the path length is typically 0.5 cm.

C is the concentration of the sample expressed in molarity (= mol/L = mmol/ml).
The values needed for calculating the number of moles of biotin per mole of protein or sample are as follows:

Concentration of the protein or sample used, expressed as mg/ml

Molecular weight (MW) of the protein, expressed as grams per mole (e.g., HRP = 40,000; IgG =150,000)
Absorbance at 500 nm for HABA/Avidin Solution (Asgg H\A)

Absorbance at 500 nm for HABA/Avidin/Biotin reaction mixture (Asyg H\A\B)

Dilution factor, if the sample is diluted before adding it to the HABA/Avidin Solution

1. Calculation #1 is for the concentration of biotinylated protein in mmol/ml (before any dilution for the assay procedure):

protein concentration (mg/ml)

mmol protein per ml = = Calc#l

MW of protein (mg/mmol)

2. Calculation #2 is for the change in absorbance at 500 nm:

e Cuvette: Note: The cuvette format requires the 0.9 correction
_ _ factor to adjust for dilution of the H\A Solution by the
Ason = (0.9 X Asoo H\A) — (Asoo H\A\B) = Calc#2 biotinylated protein sample. The microplate format
e Microplate: does not require this correction factor because the
dilution effect is exactly offset by the increased height

AAsoo = (Asoo H\A) = (Asoo H\A\B) = Calc#2 and light path length of solution in the well.

3. Calculation #3 is for the concentration of biotin in mmol per ml of reaction mixture:

mmol biotin AA500 Calc#? Note: b is the light path length (cm) of the sample.
nl reaction mixture (34,000%b) = (34,000xb) = Calci#3 Use b = 1 with the cuvette format. Use b = 0.5 with
the microplate format when using a standard 96-well
plate and the volumes specified in the procedure. The
exact path length is the height of the solution through
which the plate reader measures the absorbance.

4. Calculation #4 is for the mmol of biotin per mmol of protein:

mmol biotin in original sample Note: The original biotinylated protein sample was
diluted 10-fold in the reaction mixture. Therefore, a
multiplier of 10 is used in this step to convert the
biotin concentration in the reaction mixture to the
_ (mmol per ml biotin in reaction mixture)(10)(dilution factor) | piotin concentration in the original sample. If the

" mmol protein in original sample

mmol per ml protein in original sample original sample was diluted before performing the
assay, then the dilution factor must be used as well.
(Calc#3)x10x dilution factor Calculation #4 yields the biotin:protein molar ratio
= Calet] (average # of biotin molecules per protein molecule).

In the USA call: 800-8-PIERCE (800-874-3723) or 815-968-0747 + Fax: 815-968-7316 or 800-842-5007 * www.piercenet.com
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Example HABA Assay calculation: In this example, the labeled protein is IgG (MW 150,000) at 0.69 mg/ml. The
absorbance measurements were Asgy H\A = 0.904 and Asq H\A\B =0.771.

0.69 mg/ml

1. mmol biotinylated protein per ml = =4.6x107°
150,000 mg/mmol
2. AAs00=(0.9x0.904)-0.771 =0.0426
3 mm(?l blot?n _ 0.0426 —1.25%10-°
ml reaction mixture 34,000
_ -6 -6
4. mmol biotin = (12510 1)x10 _ 12.5x10 = 2.72 biotin molecules per IgG molecule

mmol protein 46x10°  4.6x10°°

Troubleshooting the HABA Assay

Problem Cause Solution
AAsy in HABA | The protein sample has no or a low level of Repeat biotinylation with alternative chemistry
assay is <0 biotinylation because of limited accessible (e.g., sulthydryl-reactive) or use a higher molar
functional groups on the protein ratio of biotinylation reagent
Incomplete mixing of reagent Completely solubilize and mix HABA/Avidin
before diluting
Particles in sample contribute to absorbance Filter protein sample to remove particles
High levels of Nonreacted biotin was not removed Dialyze or desalt sample before performing the
biotinylation assay

Website Resources
e HABA Calculator for computing the results associated with the HABA Assay measurements

e Tech Tip #14: Perform labeling and other reactions in Slide-A-Lyzer® Dialysis Cassettes

Related Pierce Products

21335 EZ-Link® Sulfo-NHS-LC-Biotin, 100 mg, biotin reagent used in this kit

69576 Slide-A-Lyzer® MINI Dialysis Unit Kit, for 10-100 pl sample volumes, 10 units plus float

66382 Slide-A-Lyzer® Dialysis Cassette Kit, for 0.5-3 ml sample volumes, 10 cassettes, floats and syringes
20347 ImmunoPure® Immobilized Streptavidin Gel, 2 ml

21126 ImmunoPure® Streptavidin, Horseradish Peroxidase Conjugated, | mg

89870 PepClean™ C-18 Spin Columns

Product References
Coffman, K.T. ez al. (2003). Differential EphA2 epitope display on normal versus malignant cells. Cancer Res. 63:7907-12.

Liu, H-B., et al. (2003). Estrogen receptor o. mediates estrogen’s immune protection in autoimmune disease. J. Immunol. 171:6936-40.

Longhurst, C.M., et al. (1999). A CD9, o3, integrin-associated protein, and GPIb/V/IX complex on the surface of human platelets is influenced by o33
conformational states. Eur. J. Biochem. 263:104-11.

Wu, P.C., et al. (1999). In vivo sensitivity of human melanoma to tumor necrosis factor (TNF)-o. is determined by tumor production of the novel cytokine
enothelial-monocyte activating polypeptide II (EMAPII). Cancer Res. 59:205-12.

Zhang, L., et al. (1999). Calpain inhibitor I increases -amyloid peptide production by inhibiting the degradation of the substrate y-secretase. J. Biol. Chem.
274(13):8966-72.

Zuk, P.A. and Elferink, L.A. (2000). Rab15 differentially regulates early endocytic trafficking. J. Biol. Chem. 275(35):26754-64.

Sulfo-NHS Technology is protected by U.S. Patent #s 6,407,263, 5,872,261, 5,892,057 and 5,942,628.

Slide-A-Lyzer" Dialysis Cassette Technology is protected by U.S. Patent # 5,503,741 and other patent pending.

Slide-A-Lyzer® MINI Dialysis Unit Technology is protected by U.S. Patent # 6,039,871.
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BioAssay 2%, Works”

“Gold in a Box™” Kit for
Preparing highly reactive Antibody
and Purified Soluble Protein Gold
Conjugates (Cat. #NGIB01-B018)

Introduction:

Lateral flow chromatographic and flow-through tests offer fast
detection of critical components for use in point-of-care testing.
The key to these tests is the ability to covalently attach antibodies to
intensely colored, nanometer particles. Gold sols that bind ligands
through a sulfur bond have proved highly successful for this
application. For optimal binding of the antibody or protein while
retaining a high degree of specific activity, the pH of the gold sol
must be adjusted to slightly above the iso-electric point of the
coating antibody or protein. This is done through a series of pH
titrations with the provided buffers. Varying amounts of buffers A
and B, and varying amounts of buffers C and D are added to the
gold to create a pH 5-11 range. Next, antibody or protein is added
and after 30 minutes the reaction is stopped. This convenient “Gold
in a Box” kit allows you to quickly (in less than 50 minutes)
determine the pl, and optimal coating range for your antibody or
soluble protein.

Kit Components:

Naked Gold® Sol -40nm— 150D (1 x 9 ml)
Naked Gold® Sol — 20 nm — 15 OD (1 x 9 ml)
Buffer Solution A - 1.0 ml (cap with black dot)
Buffer Solution B - 1.0 ml (cap with green dot)
Buffer Solution C - 1.0 ml (cap with blue dot)
Buffer Solution D - 1.0 ml (cap with red dot)

BSA Blocking Stabilizer Solution - 2.0 ml (clear cap)
Gold Drying Buffer — 2.0 ml (cap with purple dot)

PN R LD

Materials required but not provided:

1. Clean glass or polystyrene test tubes (12 x 75 mm)
2. Pipettes and tips

Sample Preparation:

The antibodies or proteins used with this kit must be at a
concentration of 1 mg/ml or greater and should be in a 0.5 X PBS
buffer solution. If they are not in a 0.5 X PBS buffer solution, then
dialyze the antibody or protein against 0.5 X PBS. Proteins at a
concentration of 2 mg/ml or greater should be in 1 X PBS.

Generic Procedure:

Note:  Use aseptic technique when handling the gold sol.

1. Shake or swirl gold to resuspend any settled gold. Place
0.5 ml Naked Gold sol into ten (10) clean individual test
tubes.

2. Label each tube with the pH value (or, 1 through 10) from
the provided pH charts.

3. Use the pH charts to add varying amounts of buffer in
microliters to each test tube. Shake to mix.

4. Place each tube on a low speed vortexer and add
antibody solution (See Sample Preparation Section) -
mix thoroughly (about 2 to 3 seconds)

Ideally, for the 40 nm gold, 7 pl of a 2 mg /ml solution of
antibody or protein is optimal. . For the 20 nm gold, ideally, 14
ul of a 2 mg/ml solution of antibody or protein is optimal.

Note: The saturation point for 40 nm gold is typically near 30 mcg
of antibody per ml of gold. The saturation point for 20 nm gold is
about 60 to 70 mcg of antibody per ml of gold.

5. A deepening purple color and/or black precipitate on
some tubes indicates that the antibody or protein is below
its iso-electric point, leading to cross-linking of individual
gold sols. Cross-linked sols cannot be used in
immunological assays and should be discarded. Deep
purple sols are usually mostly inactive as well. Only tubes
with a slight purple color or no change in color are useful
for immunological assays.

6.  Allow the reaction to continue for a total of 30 minutes.

Note: See section below on “Stability of Gold Conjugates”.

7. Stop the reaction by the addition of 50 ul of Blocking
Stabilizer Solution.

Note: In some conjugates that result in non-specific reactivity, it is
often best to allow the blocker to react for an additional 16 hours at
room temperature.

Stability of Gold Conjugates:

Gold particles completely coated with protein take on the properties
of the coating proteins and become very stable in solutions of high
ionic strength. An excellent way to test the effectiveness of the
conjugation reaction is to combine 10 pl of coated gold sol (prior to
the addition of the BSA blocking solution) with 10 ul of 1 M NaCl.
Sols with incomplete coating will fall out of solution (turn black),
while completely coated sols will remain stable (red).

Testing of BSA Blocked Gold Conjugate:

Conjugate is now ready for use in a rapid assay at nominal usage of
5-15 pl per assay. Tubes that have a slight color change and ones
with no color change should be assayed for optimal activity. Tubes
with the best activity are usually a good indicator of the
approximate iso-electric point of the coated antibody or protein.

For In Vitro Research Only - not for diagnostic or therapeutic use.

BioAssay Works, LLC - 10075 Tyler Place #18 Ijamsville, MD 21754 - (301) 874-8888 - Fax: (301) 874-8889
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In order to effectively dry down the gold, add 0.1 ml of Gold
Drying Buffer for every 1.0 ml of conjugate. Mix thoroughly.
Apply gradually and evenly to either glass fiber or polyester ribbon

Place polyester ribbon in a vented 37° C oven or incubator for
four (4) hours to dry thoroughly. Glass fiber ribbon should be left
in the incubator overnight.

The following alternative drying procedure is for polyester
ribbon only.

If a vented incubator is not available, use a hairdryer set to deliver
30°C - 37°C heat at a ten (10) inch distance from the ribbon
surface. Usually, three (3) or four (4) minutes in a wave-motion
will suffice to thoroughly dry the ribbon.

Store all dried ribbons in a glass tightly sealable container
containing ample desiccants (granular or pouch-form).

NOTE: This generic procedure may be modified or scaled as
needed. When developing a new assay, it is important to determine
the optimal amount of ligand to add to the gold particles. Once the
tubes have been assayed, it is useful to further optimize binding by
both

decreasing or increasing the amount of antibody added to each
tube. Often, a 20% increase or decrease in antibody or protein
added is sufficient to yield an optimal coating procedure. A few
cases require a 40% or more increase or decrease in coating
antibody or protein.

Discussion:

A sensitive lateral flow assay requires that all of the antibody or
protein that is added to the gold sol be irreversibly bound to the
beads. Any free antibody or protein serves to short-circuit the assay.
This behavior ultimately sets the sensitivity limits of an assay.

Nano-gold particles remain in solution because they repel each
other due to a significant negative charge. This means that proteins
bind to gold particles through both ion-exchange attraction and
covalent bonding of protein thiols (-SH) with surface gold. The
challenge for preparing stable gold conjugates in this “Gold in a
Box” format depends upon one's ability to manage the binding of
antibody or proteins at or near their iso-electric point. In a few
cases, the titration of the pH may need to be fine tuned.

The antibodies or proteins in the sample must display a suitable
number of surface thiols (-SH). Proteins with no surface thiol
groups bind exchangeably with gold particles through ion-exchange
interactions. Such proteins do not form stable gold sols that are
suitable for flowing chromatographic assays. Equally problematic
are protein preparations where surface thiols have been capped or
protected by reaction with N-ethyl maleimide or iodoacetic acid.

Application of Gold conjugates:

Stabilized gold conjugates made from concentrated sols are ready
for use in lateral flow and flow-through assays without additional
optimizations. Typically, 5-15 ul gold conjugate per test will give

optimally sensitive assays.

The gold conjugate is excellent for use in a variety of gold
amplified assay procedures. This includes BioAssay

Works' patent pending, ultra-sensitive C-FLAT technology.
Researchers interested in evaluating this technology may contact
BioAssay Works for a research use license with no fee.

pH Charts for Optimal coating at a pH of 5-11 (per
0.5 ml of gold)

Tube Number| pH Buffer A Buffer B
1 5.4 9ul 1l
2 6.6 8 ul 2 ul
3 7.3 6pl 4 nl
4 7.8 4 pnl 6 pl
5 8.2 2 ul 8 ul

Tube Number| pH Buffer C Buffer D
6 8.4 10 pl 0 pl
7 8.8 8 ul 2 ul
8 9.2 6 nl 4 nl
9 9.6 4 pl 6 nl
10 10.1 2 nl 8 nl

Please Note:

All buffers and the BSA stabilizer contain less than 0.1 % of
sodium azide

Sodium azide is very toxic if ingested or inhaled. Avoid contact
with skin, eyes, or clothing. Wear eye or face protection when
handling. If skin or eye contact occurs, wash with copious amounts
of water. If ingested or inhaled, contact a physician immediately.
Sodium azide yields toxic hydrazoic acid under acidic conditions.
Dilute azide-containing compounds in running water before
discarding to avoid accumulation of potential explosive deposits in
lead or copper plumbing.

‘ For In Vitro Research Only - not for diagnostic or therapeutic use.
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Abstract In this paper, we explore the 3D structure of light
scattering from dark-field illuminated live 3T3 cells in the
presence of 40 nm gold nanomarkers. For this purpose, we
use a high resolution holographic microscope combining
the off-axis heterodyne geometry and the phase-shifting
acquisition of the digital holograms. A comparative study of
the 3D reconstructions of the scattered fields allows us to
locate the gold markers which yield, contrarily to the cell
structures, well defined bright scattering patterns that are
not angularly titled and clearly located along the optical
axis (z). This characterization is an unambiguous signature
of the presence of gold biological nanomarkers, and
validates the capability of digital holographic microscopy to
discriminate them from background signals in live cells.

Keywords: Digital Holography, Three-dimensional
Microscopy, Gold Nanoparticles, and Biological Markers.
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1. Introduction

Gold nanoparticles attract great scientific and technological
interest because of their physical and chemical
characteristics. In particular, the optical tracking of gold
nanoparticles in biology has gained popularity for several
reasons. Gold nanoparticles provide high scattering
efficiencies' and they can be detected directly using dark
field or total internal reflection (TIR) illumination down to
particle diameters of 40 nm as shown by Sonnichsen et al’.
Unlike fluorescent markers, they are immune to photo
bleaching, and they are potentially non-cytotoxic’. The
shape of gold particles can be engineered to exploit
plasmonic resonances and enhance scattering efficiencies,
adjust the resonance wavelength, or even to act as local
sensors (Murray and Barnes®, West et al’). Because of these
properties, the use of simple or specifically designed gold
nanoparticles as biomarkers for live cell imaging using
photothermal tracking’, (Boyer et al® and Lasne et al’) has a
high potential. In the present paper, we address the
holographic detection of simple, relatively spherical,
particles which are easier to fabricate.

As shown by Atlan et al®, or Cheong et al’, holography has
shown its ability to image and localize nanoparticles in 3D,
either for fixed particles spin coated on a glass substrate or
in free motion within a water suspension. More recently,
Absil et al'” have shown that heterodyne holography also
allows the photothermal detection of 10 nm gold particles,
and Warnasooriya et al'' have imaged 40 nm gold particles
in a cellular environment. In that last experiment the
particle holographic signal is superimposed with the light
scattered by the cell refractive index fluctuations, which
yield a speckle field. For particles imaging, this induced
speckle is a parasitic signal, but in many other situations,
like in Dark Field microscopy, or in Differential
Interference Contrast (DIC) microscopy'” this speckle is the
main source of contrast that is used to image the cell itself.
It is thus important to discriminate the particle signal from
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the cell parasitic speckle.

In this paper, we have imaged biological samples (3T3
cells) labeled with 40 nm gold particles using the digital
holographic setup described in Warnasooriya et al''. We
have performed the 3D holographic reconstruction of the
wave-field scattered by the samples, which are illuminated
at 45° in a total internal reflection configuration, and we
have shown that these wave-fields are noticeably different
for the particle, and the speckle signal. We showed here that
important information can be derived not only from the
intensity of the bright spots caused by the gold particles, but
also from the 3D shape of the light scattering pattern, which
is easily accessed using holography. We showed, in
particular, that the speckle signal keeps memory of the
illumination direction, while the particle signal does not.
This result has been confirmed by imaging samples of cells
that have not been labelled with gold particles, and samples
of free gold particles. The shape of the wave-field scattered
by the sample can thus be used as a signature that helps to
discriminate the particle signal from the speckle.

2. Materials and Methods

NG '\I’
Vg %o Np

The preparation of the biological samples and the
holographic setup is the same as in Warnasooriya et al''.
Nevertheless, in order to help the readers, we have
described here the materials and the methods we have used
in more details.

2.1 Biological specimen preparation

The biological specimens that we imaged are monolayers of
live NIH 3T3 mouse fibroblasts labelled with 40 nm gold
particles via their integrin cellular surface receptors.
Streptavidin-coated gold nanoparticles were attached to the
surface cellular integrin receptors via biotin and fibronectin
proteins: see Fig. 1. Streptavidin and biotin are very well
known for their strong affinity towards each other, and
fibronectin, an extracellular matrix protein, has the property
of interacting specifically with cellular surface receptors of
integrin family.

Fibronectin proteins (fibronectin from bovine plasma,
Sigma, St Louis, MO) were biotinylated using EZ-
Link®Sulfo-NHS-LC-Biotin according to the provider
protocol (Pierce, Rockford, IL).
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Fig. 1 Gold bioconjugates and fibroblasts preparation procedures: (a) Gold bioconjugates functionalisation. (b) Fibroblasts-gold nanoparticles coupling.

The final concentration of biotinylated-fibronectin solution
was 0.447 mg/mL. The streptavidin-coated gold conjugates
of 40 nm average diameter (BioAssay, Gentaur, France)
were rinsed twice with 1X PBS (Phosphate Buffered Saline)
(pH = 7.25). We then diluted 10 pL of the gold solution in
990 pL of the same PBS buffer solution. Then the dilute
gold solution was incubated with 50 pL of the biotinylated-
fibronectin solution for four hours at room temperature to
allow the specific streptavidin-biotin bonding. The final
functionalized gold particles solution was kept at 4°C and
used within 24 hours after its preparation in order to ensure
maximum  functionality. Before every use, the
functionalized gold particles solution was sonicated.

48 hours before the observation, monolayers of 3T3 cells
were cultured in Duelbecco's modified Eagle's medium
(DMEM Gibco, Invitrogen, Carlsbad, CA) supplemented
with 10% fetal calf serum (PAA Laboratories GmbH) on 32
mm diameter fibronectin-coated glass cover slips
(fibronectin from bovine plasma, Sigma, St Louis, MO) at

@ Springer

37°C in a 5% CO2 atmosphere. After 24 hours of incubation,
we added to each coverslip a solution composed of DMEM
(2 mL) plus 500 pL of the functionalized gold particles
solution. The binding of integrin and fibronectin occurs at
this level allowing the cells to attach, on their surface, the
functionalised gold nanoparticles.

The coverslip containing adherent 3T3 cells tagged with
40 nm gold nanoparticles was mounted on a specific
observation chamber. In order to maintain the physiological
pH condition during the experiments, cells were kept in
DMEM-F12 medium (DMEM-F12 without Phenol red, B12
vitamin, Riboflavin, 0.5 % fetal calf serum and
supplemented with 20 mM of HEPES [(4-(2-hydroxyethyl)-
1-piperazineethanesulfonicacid)] and L-Glutamine from
PAA Laboratories). We measured the level of biotin
incorporation on an HABA [2-(4' -Hydroxyazobenzene)
Benzoic Acid)] quantitation assay to verify the efficiency of
the biotinylation protocol. Average number of biotin
molecules obtained per fibronectin is 2.5.
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Fig. 2 (a) Experimental setup: AOMI1, AOM2: acousto-optic modulators; M: mirror; MO: microscope objective (NA = 0.5); BS: beam splitter; PBS:
polarizing beam splitter; CCD: CCD camera; E,: reference field; E,: scattered field; z = 0: CCD plane; z = zy: CCD conjugate plane with respect to MO. (b)
Details of the total internal reflection optical arrangement that is used for dark-field illumination of the biological sample

2.2 Holographic Microscope Experimental Setup

Fig. 2 illustrates the optical setup. The illumination source
is a single-mode near infrared laser diode emitting at A =
785nm (DL7140-201S 80 mW Laser Diode @ 90 mA
current). A polarizing beam splitter cube (PBS) is used to
split the original illumination laser light into two beams, a
reference beam (complex field Ey, frequency fr) and an
object illumination beam (complex field E,, frequency fy)
forming the two arms of a Mach-Zehnder interferometer. A
combination of a half wave plate and two neutral density
filters is used to prevent the saturation of the detector by
controlling the optical power travelling in each arm. Two
acousto-optic modulators (AOM1, AOM2) driven around
80 MHz and using the first order of diffraction, shift both
frequencies at respectively faomi and faomz-

The object beam illuminates the sample, prepared as
described in Section 2.1, by provoking total internal
reflection (TIR) at the medium-air interface in order to
prevent direct illumination light from entering the system. A
total laser power of 70 mW illuminates a region which is
approximately 200 micrometers in diameter, with an optical
power density of 56 W.cm™. This is 5 orders of magnitude
lower than the power densities of several MW.cm™ used on
living cells in earlier works’, and can therefore be assumed
to be well below their damage threshold. The illumination
wave is scattered by the beads and by the local change of
refractive index within the cells yielding a propagating
scattered wave (complex field E), which is collected by a
microscope objective (MO, 50x magnification, NA=0.5, air,
focal length f = 3.6 mm). A beam splitter is then used to
combine the scattered object wave and the reference wave
which is slightly angularly tilted (~ 1°) with respect to the
propagation axis of the object wave in an off-axis
configuration. A half wave plate on the object illumination
arm aligns the polarization of the corresponding beam
ensuring its optimal interference with the reference beam. A
CCD camera (Roper Cascade 512F, 512x512 square pixels
of size dpie; = 16 pm, exposure time 100 ms, frame rate
fcep = 8Hz) detects the interference pattern (hologram) and
sends it to a computer. The hologram is then numerically
treated and the complex field E(x,),z) is reconstructed
numerically.

2.3 Holographic acquisition

In order to filter out unwanted parasitic signals, we use a
heterodyne modulation. A four-phase demodulation method
is used to record holograms. This method consists in
acquiring a sequence of images with a relative phase shift
A = m/2 between two consecutive frames. The reference
wave is frequency shifted by tuning the two acousto-optic
modulators AOM1 and AOM2 as done by LeClerc et al',
and we get, as shown by Atlan et al'*, an accurate phase
shift A¢ that simplify the phase shifting digital holography
demodulation. The heterodyne beat frequency is thus:

A= faomr = faomz = fc400 (1)

where fccp = 8Hz is the frame rate frequency of the CCD
camera. The camera records a sequence of 32 frames
1y,....I3;, and the object field £ on the CCD plane (z = 0) is
given by:

M
E(x,y,sz): Z_:]j"[n 2)

where j* = -1, and M = 32 is the number of frames used for
the reconstruction. In Eq.2, the coordinates x,y (with 0 <
x,y < 511) are integers, which represent the pixel location
within the CCD plane . The pixel size is then the physical
CCD pixel size, i.e. 16 pm.

2.4 Holographic reconstruction

The problem of the reconstruction in the context of
holographic microscopy has been discussed in details by
Colomb et al'”” and Colomb et al'®. Nevertheless, the
Colomb et al. method refers implicitly to the phase-contrast
imaging of Marquet et al'’, and is not well suited to the
reconstruction of the 3D image of a wave-field as done by
Grilli et al'®. Here, to get a 3D image of the wave-field
scattered by the gold particle, we have used a slightly
different reconstruction method, which is inspired from the
reconstruction method used by Mann et al'’.

First, we considered that the measured hologram
represents the field E(X, y, zo) within the CCD conjugate
plane z = z, with respect to the Microscope Objective (MO),
i.e., the plane, whose image is on focus on the CCD detector.
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Since we image the sample through a microscope objective
MO, we must compensate the phase curvature, the phase tilt
and the enlargement factor that are related to the presence
of MO as discussed by Colomb et al'®. We have thus:

E(e,y,z=z,)= o/ kD) L jAGR +y?) %f”ln 3)
n=0

where (K,, K,) and A are the tilt and lens parameters

respectively that must be determined.

We measured these parameters (or compensated their
effect) by an original method that consists in reconstructing
the image of the microscope objective output pupil by the
one Fourier transform reconstruction method of Schnars
and Jiiptner”’. The lens parameter 4 is then close to the lens
parameter that is used in the pupil reconstruction by the
Schnars and Jiiptner” method. On the other hand the tilt
parameters (K|, K,) are compensated by translating the pupil
Schnars and Jiiptner” image in the center of the calculation
grid.

The properly compensated measured hologram represents
then the field E(X, y, z = z) in the conjugate plane z,. Then,
as done by Mann et al'’ in holographic microscopy, the field
E(x, y, z) in the vicinity of the conjugate plane (i.e. z = zp) is
calculated by the angular spectrum method, which involves
two Fourier transforms (see for example '**' or **). This
method is chosen here since it keeps the pixel size dx and
dy constant whatever the reconstruction distance z is.

The pixel size 0x = 8y which must be calibrated to make a
quantitative analysis of the holographic data, is measured
by imaging with the same setup geometry a calibrated
USAF target located in the CCD conjugate plane. We get 6x
= Oy = 177 nm. The reconstruction is then done for 512
different reconstruction distances
z=1zy +(m, —256)% “)
where 6z = 177 nm and m, = 0...511, and where z, is the z
coordinate of the CCD conjugate plane (i.e. the plane that is
imaged without holographic reconstruction). By this way,
we get 3D volume images with 512x512x512 voxels, with
the same pixel size dx = dy = 6z = 177 nm) in the 3
directions x, y and z.

The Schnars and Jiiptner”® reconstruction distance D that
makes the MO pupil on focus, and that corresponds to the
lens correction factor A, is here D = 90.0 cm. Because of
the curvature of the reference wavefront, which is not
properly calibrated, D is larger than the CCD to pupil
physical distance D', which can be deduced from the
magnification factor G = dyie / dv = D'/ f yielding D' =
32.5 cm.

3 Results and Discussion

We have studied different samples of gold marked cell,
unmarked cells and of free 40 nm gold particles.

3.1 Samples of marked cells

Fig. 3 show the images of a first sample, with two cells and
several particles. Since the holographic setup is adapted on
a standard microscope, standard brightfield illumination

images are readily obtained. Fig. 3(a) shows a brightfield
image obtained, in the same conditions as the holographic
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images with the laser off and the tungsten lamp on.

The two cells can be seen, but the contrast is low. Fig. 3(b)
shows the intensity holographic image of the same region of
the sample reconstructed in the z = 7z, or z = 256 conjugate
plane (here and in the following we will express the x, y
and z coordinates by the corresponding pixel index my, m,
and m,). The display is made in logarithmic color scale.

Because of the variation of the refractive index within the
cells, the illumination light is diffracted yielding a speckle
pattern that is superimposed with the particle signal. This
speckle is visible on Fig. 3(b), and, from the envelope of the
speckled zone, one can guess the shape of the cells. We
interpret the brightest points 1, 2 and 3 of Fig. 3(b), which
correspond to maximum intensities / = 11.5%10°, 4.6x10°,
and 8.4x10° and Digital Count (DC) respectively, as being
particles signal. Many other bright points are also visible,
but it is not simple to determine, which points are particles,
and which are speckle hot spots. This is especially true
within circle 4, where many bright points, close together,
are visible.

90.6 pm

Fig. 3 Images of the first sample with two fibroblast cells marked with 40
nm gold particles. (a) Direct white light illumination image. (b)
Holographic intensity reconstructed image near the z = z, conjugate plane
(z = 255). The display is made in linear grey scale for the intensity I = |E%.
Black correspond to In /= 5.9, white to In /= 16.3 Digital Counts (DC). (c)
3D linear surface plot of the same data

To better visualize the 40 nm gold particles, we have
displayed, on Fig. 3(c), by using the Interactive 3D Surface
Plot plug-in of Image J*, a 3D linear surface plot of the
region of the sample that is displayed on Fig. 3(b). As seen,
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the particles that correspond to sharp peaks can be easily
visualized, but some ambiguity remains around the meaning
of the lower peaks, which could be attributed either to
particles, noises, or scattering by biological features of the
cell.

Fig. 4 Images of the second sample with one fibroblast cells marked with
one 40 nm gold particle. (a) Direct white light illumination image. (b)
Holographic intensity reconstructed image for the z = 325. The display is
made in logarithmic color scale for the intensity / = |E|*. Black correspond
to In 7 = 4.48, white to In / = 15.56 Digital Counts (DC). (c¢) 3D linear
surface plot. Images are taken from Warnasooriya et al (2010)

The images of Fig. 4 are obtained for a second sample
with a single cell, and, as we will see, a single gold particle.
Fig. 4(a) shows a white light image of the sample. One can
see the cell, whose shape is triangular. Fig. 4(b) shows the
intensity holographic image reconstructed for z = 325 (i.e.
6.93 um above the z = z, conjugate plane), with logarithmic
color scale display. Here again, the speckle related to the
light diffracted by the cell is visible on Fig. 4(b), and one
can guess the triangular shape of the cell. The brightest
point (arrow 1 on Fig. 4(b)) is interpreted as a particle.
Since the illumination intensity and focusing area is not
well controlled, the particle maximum intensity /7 = 2.9x10°
DC obtained here is noticeably lower than for the first
sample. Nevertheless, the signal obtained for the bright
point marked by arrow 2 is more than 10 times lower (i.e. /
=1.9x10"), so we can interpret it as a speckle hot spot. This
result is confirmed by Fig. 4(c) that shows a 3D linear
surface plot of the sample.

The images of Fig. 4 are obtained for a second sample
with a single cell, and, as we will see, a single gold particle.

Fig. 4(a) shows a white light image of the sample. One can
see the cell, whose shape is triangular. Fig. 4(b) shows the
intensity holographic image reconstructed for z = 325 (i.e.
6.93 um above the z = z, conjugate plane), with logarithmic
color scale display. Here again, the speckle related to the
light diffracted by the cell is visible on Fig. 4(b), and one
can guess the triangular shape of the cell. The brightest
point (arrow 1 on Fig. 4(b)) is interpreted as a particle.
Since the illumination intensity and focusing area is not
well controlled, the particle maximum intensity 7 = 2.9x10°
DC obtained here is noticeably lower than for the first
sample. Nevertheless, the signal obtained for the bright
point marked by arrow 2 is more than 10 times lower (i.e. /
=1.9x10°), so we can interpret it as a speckle hot spot. This
result is confirmed by Fig. 4(c) that shows a 3D linear
surface plot of the sample.

To go further, and to better characterize the particle's
signal with respect to hot spots, we have analyzed the 3D
images of the wave-field obtained by performing the
holographic  reconstruction for the 512 different
reconstruction distances of Eq.4. The 3D data were
displayed using the Volume Viewer plug-in of Image J,
which is able to display cuts of 3D data in arbitrary planes.
By using this plug-in, we have performed cuts parallel to
the yz plane of incidence of the sample illumination beam
(see Fig. 2(b)).

Fig. 5(a) shows the image of a cut made in the plane x =
128, which intersects the particle signal 1 of Fig. 4(b). The
particle is seen as a bright spot on the yz cut image. We can
notice here that the particle signal is located at z~325
coordinate, which corresponds to the reconstruction plane
of Fig. 4(b). This is expected, since we have chosen to
display on Fig. 4(b) the plane where the maximum intensity
is reached in 3D, and since this maximum corresponds to
the particle we consider here.

90.6 pm : | 1 90.6 ym

Fig. 5 Images of the second sample obtained by performing cuts of the 3D
data parallel to the y and z axis. Cuts are made in planes x = 128 (a) and x
=221 (2), which corresponds to the white dashed lines 1 and 2 of Fig.4 (b)
respectively. The display is made in the same logarithmic color scale than
Fig.4 (b) by Volume Viewer.

The image of Fig.5(b) corresponds to x = 221 i.e. to a cut
that intersect the bright spot 2 of Fig. 4(b) that we interpret
as a speckle hot spot. Contrarily to the particle, the hot spot
signal extension along the x axis (vertical axis on the Fig. 5
images) is quite large. Moreover, the hot spot image is
angularly tilted in the yz plane.

This angular tilt can be simply interpreted by describing
how the light propagation is governed in the biological cells.
This propagation is dependent on the phase function inside
the illuminated cell. Because biological tissues are
inhomogeneous, the form of their phase function is not well
defined and is thus characterized by the anisotropy
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coefficient g, which is the average cosine of the phase
function. This parameter g describe the asymmetry of the
single scattering pattern ; it is thus null when the scattering
is isotropic, equals 1 for forward scattering and equals -1 in
the case of backward scattering. In our experiments, the
illuminated cells are maintained in DMEM medium that
consists mainly of water. Since the refractive index of cells
is close to that of water, the cell anisotropy factor g is close
to one (g~0.9 in biological tissues as mentioned by Cheong
et al*). As a consequence, the light scattered by the cells
mainly follows the forward scattering regime and the
observed light scattering pattern appears to be tilted by
approximately 45° since the incident illumination laser
beam is initially tilted by 45° in conformity with the TIR
illumination geometry (see Fig. 2(b)).

The exact shape of the hot spot's wave-field can be
calculated, but it is quite complicated. It involves the
calculation of the angular distribution of the scattered light,
which depends on the cell anisotropy factor g. One must
then calculates the refraction of the scattered light on the
medium-air interface, and takes into consideration the
collection of light by the microscope objective. The
quantitative analysis of the wave-field's shape, which yields
the angular tilt, is thus out of the scope in the present paper,
and one can simply say that the hot spot signal keeps some
memory of the illumination direction, and is thus angularly
tilted in the yz plane.

If one considers a gold particle, the average cosine of the
scattering phase function g in water can be determined by
Mie calculation from the wavelength (A = 532 nm), the
particle diameter (40 nm), and the refractive indexes of gold
(ny, = 0.46- j2.41 at 532 nm) and water (n,, = 1.33). One
gets g < 107 (see: http://omlc.ogi.edu/calc/mie_calc.html).
This means that the gold particle scatters light in all
directions without memory of the illumination direction.

One can notice that a similar angular tilt effect has been
observed recently on the photothermal signal of 50 nm and
10 nm gold particles by Absil et al'’.

3.2 Control experiments performed on free particles or on
unmarked-cells

In order to confirm our interpretation of the angular tilt seen
on Fig. 5(b), we have performed some control experiments
by imaging an unmarked cell sample and another sample of
free gold particles.

3.2.1 Unmarked cell sample

Fig. 6 shows the results obtained with a cell sample without
particle. The direct white light image is shown in Fig. 6(a).
Fig. 6(b) shows the holographic intensity reconstructed
image that shows the light scattered by the cell refractive
index inhomogeneities. This scattered light, which has a
speckle structure, exhibits several hot spots that correspond
to bright points on Fig. 6(b), and we have chosen to image
on Fig. 6(b) the reconstruction plane z = 252 that
corresponds to the maximum hot spot intensity (5.85x10°
DC).

The image we get here without particle is visually quite
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similar to Fig. 3(b) which is obtained with several particles.
The 3D linear surface plot shown in Fig. 3(c) does not help
since it is visually similar to Fig. 3(c). Nevertheless, the
maximum of the bead signal (11.6x10° DC) in Fig. 3(b) and
(¢) is much higher than the maximum of the hot spot signal
(5.85x10° DC) in Fig. 6(b) and (c). This makes the
background noise visually higher in Fig. 6(c).

90.6 pm

Fig. 6 Images of an unmarked cell sample. (a) Direct white light
illumination image. (b) Holographic intensity reconstructed image for the z
= 252. The display is made in logarithmic color scale for the intensity / =
|E[%. Black correspond to In 7 = 5.80, white to In 7 = 13.28 Digital Counts
(DC). (¢) 3D linear surface plot. (d) Image obtained par performing cut of
the 3D data in the plane x = 271 that corresponds to the white dashed line
seen in (b). The display is made by Volume Viewer with the same
logarithmic color scale as in (b)

Fig. 6(d) shows the yz image obtained by performing a cut
in the plane x = 271 that intersects the two brightest speckle
hot spots of the sample. Now the yz image obtained in Fig.
6(d) without particle is qualitatively different than with a
particle in Fig. 5(a). The signal is angularly tilted like in Fig.
5(b), and its extension in the z direction (vertical axis) is
larger.

3.2.2 Free particles sample

The images of Fig. 7 are obtained for free particles
(uncoupled to cells) in Brownian motion in a water and
agarose suspension. Here, we used agarose to slow down
the motion of the particles enough to make the displacement
of the particles negligible during the time of acquisition of
the sequence of M = 32 frames.

Fig. 6(a) is the holographic intensity reconstructed image.
The brightest points correspond to particles that are located
within the reconstruction plane, while the less bright points
are interpreted as out of focus particles. Reconstruction is
made here in the plane z = 251 which corresponds to the
maximum intensity (4.4x10" DC) for the brightest spot
(marked by a white arrow on Fig. 6(a)). Many particles can
be seen on Fig. 6(a) and on Fig. 6(b) that displays the
holographic data with 3D linear surface plot.
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Fig. 6(c) shows the yz image in the plane x = 258 that
intersects the brightest particle and corresponds to the white
dashed line on Fig. 6(a). As expected, the image of the
particle (white arrow) has a smaller extension along the z
direction (vertical direction) and do not exhibit the angular
tilt we get with speckle hot spot in Fig. 5(b) and Fig. 6(d).
This result confirms our interpretation of the angular tilt
observed with the speckle hot spots.

80.6m ||

Fig. 7 Images of free gold particles in a water and agarose suspension. (a)
Holographic intensity reconstructed image for the z = 251. The display is
made in logarithmic color scale for the intensity 7 = |E[*. Black correspond
to In 7 = 5.85, white to In / = 17.61 Digital Counts (DC). (b) 3D linear
surface plot. (c) Image obtained par performing cut of the 3D data in the
plane x = 258 that corresponds to the white dashed line seen in (a). The
display is made by Volume Viewer with the same logarithmic color scale
than for (a)

4. Conclusion

To summarize, we have shown that heterodyne holographic
microscopy, in the off-axis geometry, is well adapted to the
detection of weakly scattering objects. The sensitivity,
signal to noise ratio and selectivity of the technique allow
the localization of light-scattering gold nanoparticles of a
few tens of nanometers, which are good candidates of non-
toxic and perennial markers. Biological environments,
however, are difficult to address since cell features generate
strong parasitic speckle. Here, we have reported the
detection of 40 nm particles attached to the surface of live
3T3 mouse fibroblasts. A comparison of these signals with
either non-labelled cells or simple gold particles in solution

allowed us to unambiguously discriminate particles. We
show that, in addition to a stronger scattering signal, gold
particles induce a relatively isotropic scattering, whereas
biological features are characterized by mostly forward
scattering. This dissimilarity in the scattering patterns,
explained by the inconsistency of the refractive indexes and
anisotropy parameters g, is easily characterized by digital
holography, making it an excellent tool for the 3D detection
of gold labels in biological environments.
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Abstract: This paper describes an imaging microscopic technique
based on heterodyne digital holography where subwavelength-sized gold
colloids can be imaged in cell environments. Surface cellular receptors of
3T3 mouse fibroblasts are labeled with 40 nm gold nanoparticles, and the
biological specimen is imaged in a total internal reflection configuration
with holographic microscopy. Due to a higher scattering efficiency of the
gold nanoparticles versus that of cellular structures, accurate localization
of a gold marker is obtained within a 3D mapping of the entire sample’'s
scattered field, with alateral precision of 5 nm and 100 nm in the x,y and
in the z directions respectively, demonstrating the ability of holographic
microscopy to locate nanoparticlesin living cell environments.
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1. Introduction

With recent devel opments in the fields of nanotechnology and modern optical microscopy, the
use of nanometric particles as biomarkers in biological specimens has been rapidly increased.
Colloidal gold nanoparticles have gained popularity over other biomarkers for several reasons.
First, gold nanoparticles provide high scattering efficiencies [1]. Second, unlike fluorescent
markers, they are immune to photo bleaching, and they are potentially non-cytotoxic, which
provides a great advantage over semiconductor nanoparticles [2]. Because of these proper-
ties, the potential for the use of gold nanoparticles as biomarkers for live cell imaging using
photothermal tracking [3-5] and light scattering spectroscopy [6] has been demonstrated. The
detection of live oral cancer cells using gold nanoparticles has also been obtained [7]. In this
paper, we show the potential of using Digital Holographic Microscopy (DHM) as a powerful
tool to detect and localize, in three dimensions, gold nanoparticles attached to living cells.

In digital holography a Charged Coupled Device detector (CCD) records the interference
diagram, called hologram, of two waves: the reference wave and the object wave [8]. The
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interference pattern is then numerically reconstructed to obtain information about the object
wave field. A single hologram can be used to reconstruct the wave field at virtually any plane,
thus allowing one to obtain both amplitude and phase information of the whole object. Over
the past few decades, different configurations and techniques have been introduced in digital
holography, resulting in precise phase shift [9], high resolution [10-12], and high sensitivity
measurements [13]. Some of these techniques involve improvement of the experimental setup
[14] and data acquisition methods, while others involve additional numerical treatments of the
acquired holograms and modification of the numerical reconstruction procedure [15]. In this
vision, Leith and Upatnieks [16] suggested an off-axis configuration holography, in which the
combination of the two beams is done after angularly tilting the propagation direction of one of
the beams with respect to the other. Phase-shifting interferometry adapted to digital holography
[17] has been widely used, and our group has proven the potential efficiency of combining off-
axisand phase shifting with aspatial filtering technique for reducing noise [13], and eliminating
images aliases and overlapping [18]. The progressin various digital holographic techniques has
dramatically increased its applications to alarge variety of fields, and especialy in the fields of
cell biology and biomedical microscopy [19-22].

Holography has now proved its ability to localize scattering nanoparticles in 3D, as shown
by Atlan et al. in arecent paper [23], either for fixed particles spin coated on a glass substrate
or in free motion within a water suspension. More recently, Absil et a. [24] have shown that
heterodyne holography also allows the photothermal detection of small nanoparticles.

However, in order to apply these techniques to biological specimens, important issues must
be considered. In biological samples, the particle holographic signal is superimposed with the
light scattered by cell refractive index fluctuations, which yield a speckle field. While in our
case this speckleisaparasitic signal, in many other situations, likein Dark Field microscopy, or
in Differential Interference Contrast (DIC) microscopy [25], this speckle is the main source of
contrast used to imagethe cell. In this paper, we study the possibility of 3D holographicimaging
in a biological context and we image for the first time 40 nm gold nanoparticles attached to
living cellsusing DHM. Since the cell-scattered speckle field cannot be avoided, it isimportant
for future cell labeling applications, to scale the particle signal with respect to the scattered
speckle. We show here that the amplitude of the 40 nm gold particle signal we get is much
larger than the cell-scattered field.

2. Sample preparation

We use NIH 3T3 mouse fibroblasts (quoted as 3T3 cells in this paper) with integrin surface re-
ceptors labeled with 40 nm gold particles. Streptavidin-coated gold nanoparticles were attached
to the cell surface integrin receptors via biotin and fibronectin proteins: see Fig. 1. Streptavidin
and biotin are very well known for their strong mutual affinity, and fibronectin, an extracellular
matrix protein, has the property of interacting specifically with cell surface receptors of the
integrin family.

Fibronectin proteins (fibronectin from bovine plasma, Sigma, St Louis, MO) were labeled
with biotin by using EZ-Link® Sulfo-NHS-LC-Biotin according to the provider protocol
(Pierce, Rockford, IL). The final concentration of biotinylated-fibronectin solution was 0.447
mg/mL. We used a solution of gold nanoparticles of 40 nm average diameter pre-coated with
streptavidin. The streptavidin/gold conjugates (BioAssay, Gentaur, France) were rinsed twice
with 1X PBS (Phosphate Buffered Saline) (pH = 7.25). A 1 mL dilute streptavidin-coated gold
solution was prepared by diluting 10 uL of the gold solution in 990 uL of PBS buffer. Then
the dilute solution was incubated with 50 L biotinylated-fibronectin solution for four hours at
room temperature to allow streptavidin-biotin bonding. The functionalized beads solution was
stored at 4°C and used within 24 hours after preparation in order to ensure maximum function-
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Fig. 1. Schematic representation of the coupling between 3T3 cells and gold beads

ality. Before every use, the functionalized beads solution was sonicated.

3T3cellswere cultured in Duelbecco’s modified Eagle’s medium (DMEM Gibco, Invitrogen,
Carlsbad, CA) supplemented with 10% fetal calf serum (PAA Laboratories GmbH) on 32 mm
diameter glass cover dips at 37°C in a 5% CO2 atmosphere, 48 hours before the observation.
The cover dlipswere coated with fibronectin (fibronectin from bovine plasma, Sigma, St Louis,
MO) in advance for optimum cell growth. After being incubated for 24 hours, a monolayer of
3T3 fibroblasts was immersed into a solution composed of DMEM (2 mL) plus 500 uL of the
functionalized beads solution. The integrin-fibronectin link is created at this level alowing the
cellsto attach, on their surface, the functionalised gold nanoparticles.

The coverdlip containing adherent 3T3 cells tagged with 40 nm gold nanoparticles was
mounted on a specific observation chamber. To ensure optimum cell survival conditions during
the observation, coverslips were kept in a special DMEM-F12 to maintain the physiologic pH
conditions (DMEM-F12 without Phenol red, B12 vitamin, Riboflavin, 0.5% fetal calf serum
and supplemented with 20 mM of HEPES [(4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid)] and L-Glutamine from PAA Laboratories). The efficiency of the biotinylation pro-
tocol is verified by measuring the level of biotin incorporation on an HABA [2-(4 -
Hydroxyazobenzene) Benzoic Acid)] quantitation assay according to the provider’s protocol
(Pierce, Rockford, IL). Average number of biotin molecules obtained per fibronectin is 2.5.

3. Experimental setup

A schematic representation of the experimental setup is shown in Fig. 2. The illumination
source is a single-mode near infrared laser diode emitting at A=785nm (DL 7140-201S 80 mW
Laser Diode, 90 mA current). A polarizing beam splitter cube (PBS) is used to split the original
illumination laser light into two beams, areference beam (complex field Eg, frequency fg) and
an object illumination beam (complex field Eq, frequency fy) forming the two arms of aMach-
Zehnder interferometer. A combination of ahalf wave plate (1/2) and two neutral density filters
(ND1, ND2) is used to prevent the saturation of the detector by controlling the optical power
traveling in each arm. Two acousto-optic modulators (AOM1, AOM2) driven around 80 MHz
with aselection of thefirst order of diffraction, shift both frequencies at respectively faom1 and
faom2 .

The object beam illuminates the sample, prepared as described in Section 2, by provoking
total internal reflection (TIR) at the cell/bead-air interface. The evanescent wave locally frus-
trated by the beads and cells gives off a propagating scattered wave (complex field E), which
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Fig. 2. Experimenta setup. AOM1, AOM2: acousto-optic modulators; M: mirror; MO:
microscope objective NA = 0.5; 1/2: half wave plate; BS: beam splitter; PBS: polarizing
beam splitter; CCD: CCD camera; Er: reference wave; Eg: object illumination wave; E:
scattered wave; 0: angular tilt; ND1, ND2: neutral density filters; z = 0: CCD plane; z = zp:
CCD conjugate plane with respect to MO.

is collected by a microscopic objective (MO, 50x magnification, NA=0.5, air). A beam split-
ter is then used to combine the scattered object wave and the reference wave which is slightly
angularly tilted (6 ~ 1°) with respect to the propagation axis of the object wave in an off-axis
configuration. The half wave plate (1/2) on the object illumination arm aligns the polariza-
tion of the corresponding beam allowing an optimal interference of the beams. A CCD camera
(Roper Cascade 512F, 512x 512 sguare pixels of 16um size, exposure time 100 ms, frame rate
fccp = 8 Hz) detects the interference pattern (hologram) and sends it to a computer. The holo-
gram is then numerically treated and the complex field E(x,y,z) is reconstructed numerically.

4. Holographic acquisition and reconstruction

A four-phase demodulation method is used to record holograms. This method consists in ac-
quiring a sequence of images with a relative phase shift Ap = 7/2 between two consecutive
frames. To get an accurate phase shift [9], the reference wave is frequency-shifted by tuning the
two acousto-optic modulators AOM 1 and AOM 2 [14], so that the heterodyne beating frequency

IS

f
Af = faom1 — faomz = % @)

where fccp =8Hz is the frame rate frequency of the CCD camera. The camera records a se-
guence of 32 frames l,...,131, and the object field E on the CCD plane (z = 0) is given by:

M
E(X,y7Z:0):2jn|n (%)
n=1

where j2 = —1, and M is the number of frames used for the reconstruction, which is equal
either to 1 or to 32 in the experiments we present here. In Eq. (2), the coordinates x,y (with
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0 < x,y < 511) are integers, which represent the pixel location within the CCD plane. The pixel
sizeisthen the physical CCD pixel size, i.e., 16 um.

Since we image the sample through a microscope objective (MO), the measured hologram
representsthefield E(X, Y, z = zp) within the CCD conjugate planez = zg with respect to the MO,
i.e., the plane, whose imageis on focus on the CCD detector. In that case, one must compensate
the phase curvature, the phase tilt and the enlargement factor that are related to the presence of
MO [26]. We have thus:

M
E(x,y,2=129) = el (Kxx+Kyy) ejA(x2+y2) z iy (3)
n=0

where (Ky,Ky) and A are the tilt and lens parameters respectively. These parameters are de-
termined by reconstructing the image of the microscope objective output pupil using the one-
Fourier-transform method [27]. The lens parameter is close to the lens parameter that is used
in the pupil reconstruction, and the tilt parameter to the translation that pushes the pupil in the
centre of the reconstructed image. The magnification factor of the conjugate plane is measured
by imaging a USAF target. We get, in the conjugate plane, pixel sizes of 0x,dy = 177 nm.

The object field E(x,y,2) is calculated in the vicinity of conjugate plane (i.e. for z ~ zg) by
the angular spectrum method, which requires two Fourier transforms [10, 14, 28]. This method
is chosen in order to keep the pixel size constant in the reconstruction. The reconstruction is
done for 512 different reconstruction distances z = zo + méz where §z = 177 nm and m =
—256... + 255. Using this method, we get 3D volume images with 512 x 512 x 512 voxels,
with the same pixel size (177 nm) in the 3 directions x,y and z.

5. Experimental results

We have considered a 3T3 cell with integrin cellular surface receptors tagged with a single 40
nm gold particle. Since we areinterested in tracking the particle, the camera exposuretimeisan
important issue, and we will first reconstruct the 3D image of the sample using one CCD frame.
Then, to improve the Signal to Noise Ratio and to confirm our results, we will reconstruct the
3D image of the sample from the whole sequence of 32 frames. Figure 3(a) shows a direct
image of the sample under white light illumination. While the cell is well defined on the left
hand side of the image, the attached gold particle cannot be seen.

Figure 3(b) shows the reconstructed intensity image of the sample in a colored logarithmic
scale. The reconstruction is done using 1 CCD frame (M = 1) with an exposure time of 100
ms. The reconstruction plane is z = zg+ 12.2 um i.e. n, = 325 where n; is the z index on
the 3D matrix, which is the plane where the brightest point is detected. It also corresponds
to the cell plane. The red and blue triangular structure with a few speckle yellow high spots,
which correspond to the cell location on Fig. 3(a), is the holographic signal generated by the
cell refractive index inhomogeneities, which scatter light. The gold particle corresponds to the
brightest spot in Fig. 3(b). It islocated on the left bottom of the cell, and marked with a white
arrow.

Toillustrate the ability of our technique to localize the gold particlein 3D, we have displayed
in Fig. 3(c) avolume view of the 512 x 512 x 512 reconstructed intensity image 3D data, i.e.,
we have plotted I (x,y,z) = |E(x,y,z)|? for different reconstruction z distances. The bright light
bluish zone on the 3D image corresponds to the 40 nm gold particle signal. This wavefield has
the shape of acigar roughly oriented along the microscope objective axis (z axis).

To better visualize the 40 nm gold particle, we have displayed, on Fig. 4(a), a 3D linear
surface plot of the corresponding logarithmic scale colored image of Fig. 3(b). As can be seen,
the gold particle signal is much higher than the signal generated by the cell refractive index
inhomogeneities. The particle can thus be easily located.
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Fig. 3. Fibroblast cell tagged with a40 nm gold particle. (a) Direct image under white light
illumination. (b) Reconstructed Holographic intensity | image. The 40 nm gold particle is
marked with awhite arrow. The color scale correspondsto 6 < In(l) < 15). (c) Volumeview
of the 3D reconstructed data (512 x 512 x 512 voxels; voxel size 177 nmin al directions).
The holographic reconstruction is madein (b) and (c) from 1 CCD frame with an exposure
time of 100 ms.
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Fig. 4. A fibroblast cell tagged with a 40 nm gold particle using 1 frame acquisition. (a)
3D linear-scale surface plot of the intensity image reconstructed from a single frame. (b)
Experimental linear-scale plot of cuts made within theintensity signal | dlong the three axis
X,y and z at the brightest voxel of Fig. 3(b) corresponding to the gold nanoparticle location.
Curves 1, 2 and 3 correspond to the x,y and z axis respectively. The horizontal dashed line
represents the half maximum of the curves. Curves marked with arrows are zooms of the
corresponding curves from maximum to half maximum. Light grey curves correspond to
the different ideal theoretical curves.

To perform a quantitative analysis of the precision we expect in the 3D localization of the
gold particle, we have considered the 3D volume intensity image of Fig. 3(c), and we have
made cuts along the 3 axes (x, y and z) at the gold particle crossing point (i.e. where the three
axis cross the highest intensity voxel of the 3D image). The intensity signals | along the 3 axes
are plotted on Fig. 4(b). Curves 1 (red), 2 (blue) and 3 (green) correspond to X, y and z axis
respectively. The horizontal dashed line indicates the half maximum of the curves. In order
to measure the curves widths, we have displayed zooms of the curves from maximum to half
maximum. The individual pixels are visible on curves 1 and 2 zooms (x and y axis). The Full
Width at Half Maximum (FWHM) is about 6 pixelsin the x and y directions (6 x 177 = 1060
nm), and about 60 pixelsin the z direction (10.6 um).

To compare the resolution obtained here with that expected from the NA of the microscope
objective, we have computed the wavefield E (x,y,z) that is expected in the ideal case for a
NA=0.5 objective, and we have made cuts along x, y and z directions of the 512 x 512 x
512 ideal cube of datafor |E|(x,y,z)|?. The corresponding theoretical cuts are plotted with the
zoomsin heavy grey line. Like for the experimental cuts, the horizontal axisisin pixels. In the
x and y directions, the obtained FWHM is close to the expected one. Yet in the z direction the
shape of the curve is not symmetric, and the measured FWHM is about 3 times larger than the
expected FWHM in the ideal case. Asillustrated below, this is due to the holographic signal
generated by the light scattered by the cell, which adds to the bead signal.

Using a parabolic approximation for the local field, the location of the gold particle can
be calculated by fitting the data points that are above half maximum. The accuracy of the
measurement made by this method is +5 nm in the x and y directions (uncertainty given by
the fit software Gnuplot). It corresponds also to the variation of the particle when the number
of data points used for the fit is increased from 8 to 7. In the z direction, the measured curve
is not perfectly symmetric, so the fit technique is not very accurate because the result of the fit
strongly depends on the data points that are used in the calculation.

In order to visualize the gold particle with abetter Signal to Noise Ratio (SNR), we have also
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Fig. 5. A fibroblast cell tagged with a40 nm gold particle using 32 frames acquisition. (a)
3D linear-scale surface plot of the 32 frames reconstructed holographic intensity image. (b)
Reconstructed Holographic intensity | image. The color scale corresponds to 6 < In(l) <
15).

reconstructed the hol ographic images using a sequence of M = 32 acquired CCD frames. Inthis
case, the total exposure time is 32 x 100 ms=3.2 s, while the measurement time is 32/ fccp =
4 s. Figure 5(a) shows the 3D linear surface plot of the reconstructed intensity image in the
Z =120+ 6.1um plane. Figure 5(a) issimilar to Fig. 4(a) but obtained with 32 frames, instead of
1 frame. Here again, not only the gold particle signal is much higher than the light scattered by
the cell, but the ratio of the particle signal versusthe light scattered by the cell isincreased with
respect to the ratio obtained for Fig. 4(a), and the visibility of the gold particleisimproved. This
visibility improvement is confirmed by Fig. 5(b), which showsthe reconstructed intensity image
of the sample in a colored logarithmic scale. The cell signal, corresponding to the triangular
bluish and reddish structure, is still visible. The particle signal in yellow isvisible too, but with
amuch better contrast than in Fig. 3(b).

Figure 6(a) shows the cuts made along the 3 axes (X, y and z) obtained for the 32 frames
data. Here again, we have displayed zooms of the three cross sections from maxima to half
maximaaswell as zooms of the theoretical curves. These cross sections are similar to the cross
sections obtained in the case of 1 frame acquisition, but in this case (32 frames) the heavy grey
lines corresponding to the theoretical zoomed curves are closer to the experimental curves. In
particular, in the z direction, the experimental curve is now in agreement with the theoretical
one, because the relative weight of the cell- scattered signal isnow lower, as seen by comparing
Fig. 5(a) with Fig. 4(a). Here again, the location of the particle can be calculated by fitting the
measured data point with a parabola. The accuracy is still 5 nm in the x and y directions, but
since the curve 3 is now roughly symmetric, the fit can also be performed in the z direction, and
the particle can be located with an accuracy estimated to +100 nm in the z direction.

To better compare the particle signal with respect to the light scattered by the cell, we plotted
the intensity signal along x [which corresponds to curve 1 of Fig. 6(a)] in logarithmic scale on
Fig. 6(b). As seen, the particle signal is 2 to 3 orders of magnitude larger than the cell scattered
signa. It has the same order of magnitude as the signal obtained in a control experiment of
40 nm gold particles within a water and agarose suspension. We plotted also (black curve 4)
the background signal obtained without illuminating the sample. This background corresponds
to the ultimate sensitivity limit of the holographic detection [13], i.e. to the shot noise on the
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Fig. 6. (a) Experimenta linear plot of cuts made within the intensity signal | along the
three axisx,y and z at the brightest voxel of Fig. 5(b) corresponding to the gold nanoparticle
location. Curves 1, 2 and 3 corresponds to the x,y and z axis respectively. The horizontal
dashed line represents the half maximum of the curves. Curves marked with arrows are
zooms of the corresponding curves from maximum to half maximum. Light grey curves
correspond to the different ideal theoretical curves. (b) Intensity plot of the cut along the
X axis in logarithmic scale 1 at the nanoparticle location and 4 without illuminating the
sample

local oscillator beam. As seen, the shot noise background is about 100 times lower than the
cell-scattered signal. This means that if the exposure time is reduced by the same factor (from
3.2 sdown to 32 ms), one expects to get roughly the same Signal to Noise Ratio (SNR~ 100)
on the particle signal. Since theillumination area (about 1 mm?) is much larger than the imaged
region, it is possible, by focusing the illumination, to reduce further the exposure time without
significally decreasing the SNR.

6. Conclusion

In conclusion, we have reported in this article adigital hol ographic microscopy technique capa-
ble of imaging 40 nm gold nanoparticles attached to the surface receptors of living cells. Since
the intensity of the nanoparticle scattered signal is much larger than the field scattered by the
cell structures, we show that the acquisition of asingle image is sufficient to localize in 3D the
nanoparticle within a 90 micrometer thick sample, with localization accuracy similar to that
obtained in conventional light microscopy. This method provides significant progress towards
the development of 3D microscopy in living cell environments, since the 3D reconstruction of
such athick sample by conventional light microscopy would require the acquisition of a stack
of hundreds of slices. With an exposure time of 100 msfor each slice, the total acquisition time
for the stack would be of the order of one minute. Even if our method requires the acquisi-
tion of a sequence of several consecutive images to obtain a better signal-to-noise ratio and,
subsequently, a better z-position estimation, the acquisition time needed for the localization of
the nanoparticle using holographic microscopy is still one order of magnitude smaller than that
needed using conventional 3D-reconstruction microscopy. Overall, we showed that we can use
our technique for the complete 3D mapping of a thick sample scattered field using a single
hologram and without any mechanical scanning.
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Chapter 13
Shot Noise in Digital Holography

Fadwa Joud, Frédéric Verpillat, Michael Atlan, Pierre-André Taillard,
and Michel Gross

Abstract We discuss on noise in heterodyne holography in an off-axis configuration.
We show that, for a weak signal, the noise is dominated by the shot noise on the
reference beam. This noise corresponds to an equivalent noise on the signal beam
of one photoelectron per pixel, for the whole sequence of images used to build the
digital hologram.

13.1 Introduction

Demonstrated by Gabor [1] in the early 1950s, the purpose of holography is to
record, on a 2D detector, the phase and the amplitude of the radiation field scattered
by an object under coherent illumination. The photographic film used in conven-
tional holography is replaced by a 2D electronic detection in digital holography [2]
enabling quantitative numerical analysis. Digital holography has been waiting for
the recent development of computer and video technology to be experimentally
demonstrated [3]. The main advantage of digital holography is that, contrary to
holography with photographic plates [1], the holograms are recorded by a CCD,
and the image is digitally reconstructed by a computer, avoiding photographic
processing [4].

Off-axis holography [5] is the oldest configuration adapted to digital holography
[3,6,7]. In off-axis digital holography, as well as in photographic plate holography,
the reference or local oscillator (LO) beam is angularly tilted with respect to the
object’s observation axis. It is then possible to record, with a single hologram, the
two quadratures of the object’s complex field. However, the object’s field of view
is reduced, since one must avoid the overlapping of the image with the conjugate
image alias [8]. In Phase shifting digital holography, which has been introduced later
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[9], several images are recorded with different LO beam phases. It is then possible
to obtain the two quadratures of the object’s field in an in-line configuration even
though the conjugate image alias and the true image overlap, because aliases can be
removed by taking image differences.

We have developed an alternative phase shifting digital holography technique,
called heterodyne holography, that uses a frequency shift of the reference beam
to continuously shift the phase of the recorded interference pattern [10]. One of
the advantages of this technique is its ability to provide accurate phase shifts that
allow to suppress twin images aliases [11]. This greatly simplifies holographic data
handling, and improves sensitivity. Moreover, it is possible to perform holographic
detection at a frequency different from illumination. One can, for example, detect
“tagged photons” [12, 13] in ultrasound-modulated optical imaging [14]. One can
also image vibrating objects at the frequencies corresponding to vibration sidebands
[15, 16]. To the end, it is possible to perform Laser Doppler imaging [17] within
microvessels [18-20].

More generally, our setup can be viewed as a multipixel heterodyne detector that
is capable of recording the complex amplitude of the signal electromagnetic field
& onto all pixels of the CCD camera in parallel. We get the map of the field over
the array detector (i.e., &'(x, y) where x and y are the pixels coordinates). Since the
field is measured on all pixels at the same time, the relative phase that is measured
for different locations (x, y) is meaningful. This means that the field map &'(x, y) is
an hologram that can be used to reconstruct the field & in any location, in particular
in the object’s plane.

In this chapter, we will discuss on noise in digital holography, and we will
try to determine what is the ultimate noise limit both theoretically, and in real
time holographic experiments. We will see that, in the theoretical ideal case, the
limiting noise is the Shot Noise on the holographic reference beam. In reference
to heterodyne detection, the reference beam is also called LO. We will see that
the ultimate theoretical limiting noise can be reached in real life holographic
experiment, by using heterodyne holography [10] in off-axis configuration. This
combination makes possible to fully filter off the technical noise, whose main
origin is the LO beam technical noise, opening the way to holography with ultimate
sensitivity [21,22].

13.2 Theoretical Noise

To discuss on noise in digital holography, we will consider both the case of off-axis
holography, where the hologram is obtained from one frame of the CCD camera,
and the case of phase shifting holography, where the holographic information is
extracted from a sequence of M frames.

We will thus consider a sequence of M frames: Io to Ips—; (Where M = 1 in the
one shot, off-axis case). For each frame [y, let us note I , , the CCD camera signal
on each pixel, where k is the frame index, and p, g the pixel indexes along the x
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and y directions. The CCD signal I, , is measured in Digital Counts (DC) units. In
the typical case of the 12 bit digital camera used in experiments below, we have 0 <
Ik, p.q < 4,096. For each frame k, the optical signal is integrated over the acquisition
time T = 1/ fccq of the CCD camera. The pixel signal /¢ , 4 is thus defined by

tx+T/2
Ik,pg = / dt // dxdy |E(x,y,t) + ELo(x,y,t)|2, (13.1)
t—T/2 (p,q

where [ f( p.q) dxdy represents the integral over the pixel (p, g) area, and # is the
recording moment of frame k. Introducing the complex representations & and &1 o
of the fields E and Ey o, we get

E(x,y.t) = &(x, y)e/®!! +c.c. (13.2)

Ero(x,y.1) = &o(x. y)e/ " +c.c. (13.3)
Ik pq =a’T (|£p,q|2 + |ELol? + Epybly - eV @rmei) o c.c.) . (13.4)

where a is the pixel size. To simplify the notations in (13.4), we have considered
that the LO field & o is the same in all locations (x, y), and that signal field &, 4
does not vary within the pixel (p, g). If &1 varies with location, one has to replace
é1.o by é1.0,p,q in (13.4).

In the single-shot, off-axis holography case, the hologram H is simply H = I.
To simplify the discussion in the phase shifting digital holography case [9], we will
consider four phases holographic detection (M = 4n). In that case, the phase shift
of the LO beam is equal to 77 /2 from one recorded frame to the next. Because of this
shift, the complex hologram H is obtained by summing the sequence of M frames
I to Iy with the appropriate phase coefficient:

M
H=)Y ()", (13.5)
k=1

where H is a matrix of pixel Hj, ;,, M = 4n in the four-phases phase shifting case,
and M = 1 in the single-shot, off-axis case. We get from (13.4):

M

Hpg =Y (Nl pg = 4na®TEp 67, (13.6)
k=1

The complex hologram H, , is thus proportional to the object’s field &, , with a
proportionality factor that involves &7.
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13.2.1 The Shot Noise on the CCD Pixel Signal

Because of spontaneous emission, laser emission and photodetection are random
processes, the signal that is obtained on a CCD pixel exhibits a Poisson noise called
“shot noise”. The effect of this Poisson noise on the signal, and on the holographic
images, is the Ultimate Theoretical Limiting noise, which we will study here.

We can split the signal I , , we get for frame k and pixel (p, g) in : a noiseless
average component (/i , ;) (here () is the statistical average operator) and a noise
component i , 4

Iipg = Uk pg) + ikpg- (13.7)

To go further in the discussion, we will use photoelectrons (e) Units to measure the
signal Iy p 4.

We must notice that the LO signal &1 ¢ is large, and corresponds to a large number
of photoelectrons. In real life, this assumption is true. For example, if we adjust the
power of the LO beam to be at the half maximum for the camera signal in DC unit
(2,048 DC for a 12 bits camera), the pixel signal will be about 10* e for the camera
used below in experiments, since the “Camera Gain” is 4.8 e per DC. This yields
two consequences, which simplify the analysis. First, the signal /i , , exhibits a
gaussian distribution around its statistical average. Second, both the quantization
noise of the photoelectron signal (I, , 4 is an integer in photoelectron units), and
the quantization noise of the Digital Count signal (I, , 4 is an integer in DC units)
can be neglected. These approximations are valid, since the width of the Iy , ,
gaussian distribution is much larger than one in both photoelectron and DC units. In
the example given above, (I , 4) =~ 10*, and this width is ~ 10? in photoelectron
units, and ~20 in DC units. One can thus consider that I , 4, (I, p.4) and i p 4 are
floating numbers (and not integers). Moreover, ix , , 1s a random Gaussian distri-
bution, with

(ik,p.g) =0, (13.8)

(i,f’p,q) = (Ix.p.q)- (13.9)

To analyse the shot noise’s contribution to the holographic signal H, 4, one of the
most simple methods is to perform Monte Carlo simulation from (13.7), (13.8), and
(13.9). Since I p 4 is ever large in real life (about 10# in our experiment), (/ k.p.q)
can be replaced by Iy, , (which is measured in experiment) in the right member of
(13.9). One has thus:

(iZ pg) = Ukpa) = Tk pg- (13.10)
Monte Carlo simulation of the noise can be done from (13.7), (13.8), and (13.10).

13.2.2 The Object Field Equivalent Noise for One Frame

To discuss the effect of the shot noise on the heterodyne signal &), 4 &}, of (13.4), let
us consider the simple situation sketched on Fig. 13.1. A weak object field E, with
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Fig. 13.1 One-photon 90 % Detector
equivalent signal (accounting {CCD Pixel)
Heterodyne gain) and shot Signal? /. I

. . . E
noise on the holographic local ¥ ot " . 10% S0 wop ot noise” on LO
oscillator beam ner image Local Osmllatcr" N+/vN photons

(LO)

one photon or one photoelectron per pixel and per frame, interferes with a LO field
E1o with N photons, where N is large (N = 10%, in the case of our experiment).
Since the LO beam signal a®>T'|&10|? is equal to N photons, and the object field
signal a®T'|& 4|? is one photon, we have

Lipg =N+ 1+igp, +a*TE, 87 0e + c.c. (13.11)

The heterodyne signal &) ;&% is much larger than |&), 4|*. This is the gain effect,
associated to the coherent detection of the field &), 4. This gain is commonly called
“heterodyne gain”, and is proportional to the amplitude of the LO field &%,.

The purpose of the present discussion is to determine the effect of the noise
term ix , , in (13.11) on the holographic signal H,, 4. Since H), 4 involves only the
heterodyne term &) 4 &, [see (13.6)], we have to compare, in (13.11), the shot noise
term ix , 4, and the heterodyne term & 4 &17.

Consider first the shot noise term. We have

(i pg) = Ukpg) =N+1~N. (13.12)
The variance of the shot noise term is thus N /2. Since this noise is mainly related to
the shot noise on the LO (since N > 1), one can group together, in (13.11), the LO
beam term (i.e., N) with the noise term iy, 4, and consider that the LO beam signal
fluctuates, the number of LO beam photons being thus “N 4+ N /27, as mentioned
on Fig. 13.1.

Consider now the heterodyne beat signal. Since we have N photons on the LO
beam, and one photon on the object beam, we get
1/2

a’T|Ep &0l = [(@*T1E , 41?) (a*T1E o l%)] N2, (13.13)
The heterodyne beat signal & ;&% is thus N'/2 = 100.

The shot noise term i ,, is thus equal to the heterodyne signal & &7,
corresponding to one photon on the object field. This means that shot noise ix , 4
yields an equivalent noise of one photon per pixel, on the object beam. This result
is obtained here for one frame. We will show that it remains true for a sequence of
M frames, whatever M = 4n is.
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13.2.3 The Object Field Equivalent Noise for M = 4n Frames

Let us introduce the DC component signal D, which is similar to the heterodyne
signal H given by (13.5), but without phase factors:

o

D Iy (13.14)

x
Il
—

The component D can be defined for each pixel (p, g) by

M
Dpg=) Ipg (13.15)
k=1

Since Iy p 4 is always large in real life (about 10* in our experiment), the shot noise
term can be neglected in the calculation of D, by (13.15). We have thus:

M
Dpg =) Ikpg=Ma’T (|64 + 160)%) . (13.16)
k=1

We are implicitly interested by the low signal situation (i.e., &4 < éLo ) because
we focus on noise analysis. In that case, the |&} 4| term can be neglected in (13.16).
This means that D, 4, gives a good approximation for the LO signal.

M
Dpg =) Ipg~Ma’T|&0). (13.17)
k=1

We can get then the signal field |&} 4|* from (13.6) and (13.17):
2
2~ Ma®T|6p 4| (13.18)

In this equation, the ratio |H 4|*/ D 4 is proportional to the number of frames of
the sequence (M = 4n), This means that |H, 4|>/ D p 4 represents the signal field
|&p.41% summed over the all frames.

Let us calculate the effect of the shot noise on |Hp 4|?/D p.4. To calculate this
effect, one can make a Monte Carlo simulation as mentioned above, but a simpler
calculation can be done here. Let us develop | H), 4| in statistical average and noise
components [as done for I , , in (13.7)]:

Hpq = (Hpg) +hpg (13.19)
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with

4n
hpg =Y Jj¥ikpa. (13.20)
k=1

Let us calculate (|Hp 4%/ D p.q) from (13.18). Since Dp 4 >~ (Dp 4), we get

<|Hp,q|2> (Hpg) 1> + ([hpgl?) + ({Hpg)y ) + ({H ;) hpg)
~ . (13.21)
Dpg (Dpg)

In (13.21), the ({H,4)h7, ;) term is zero since h7, , is random while (H ) 4) is not.
The two terms ((Hp,4)h7}, ,) and ((H ;) p 4) can be thus removed. On the other

hand, we get for |/ 4|2
4n 4n 4n
. . —_ / . .
|h1v,q|2 = Z |lk,p,q|2 + Z Z J kk Uk, p,qlk’,p,q- (13.22)
k=1 k=1 Kk'=1k'#k

Since ix,p4 and ig ,, are uncorrelated, the ig , ik, p,4 terms cancel in the
calculation of the statistical average of |4, 4|*. We get then from (13.9)

4n 4n
(hpal?) = ikpal?) =D kpg) = (Dp.g). (13.23)
k=1 k=1

Equation 13.21 becomes thus:

<|Hp,q
l)Pﬂ

2 2
> = WHpal P (13.24)

{(Dp.a)

Equation 13.24 means that the average detected intensity signal (|Hp 4|?/ D 4) is

the sum of the square of the average object field (|Hp 4|)/({(D p,q)l/ %) plus one
photoelectron. Without illumination of the object, the average object field is zero,
and the detected signal is one photoelectron. The equation establishes thus that the
LO shot noise yields a signal intensity corresponding exactly to one photoelectron
per pixel.

The 1e noise floor, we get here, can be also interpreted as resulting from the
heterodyne detection of the vacuum field fluctuations [23].

13.3 Reaching the Shot Noise in Real Life
Holographic Experiment

In Sect.13.2, we have shown that the theoretical noise on the holographic
reconstructed intensity images is one photoelectron per pixel whatever the number
of recorded frames is. We will now discuss the ability to reach this limit in real
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life holographic experiment. Since we consider implicitly a very weak object beam
signal (& < &L0), the noises that must be considered are the readout noise of the
CCD camera, the technical noise from laser amplitude fluctuations on the LO beam,
and the LO beam shot noise, which yields the theoretical noise limit.

Consider a typical holographic experiment made with a PCO Pixelfly 12 bit
digital camera. The LO beam power is adjusted in order to be at half saturation of
the digital camera output. Since the camera is 12 bits, and since the camera “gain”
is 4.8 e per DC, half saturation corresponds to 2,000 DC on the A/D Converter, that
is, about 10% e on the each CCD pixel. The LO shot noise, which is about 100e, is
thus much larger than the Pixelfly Read Noise (20e), Dark Noise (3 e/s) and A/D
quantization noise (4.8 e, since 1 DC corresponds to 4.8 ¢). The noise of the camera
can be neglected, and is not a limiting factor for reaching the noise theoretical limit.

The LO beam that reaches the camera is essentially flat field (i.e., the field
intensity |&io|? is roughly the same for all the pixels). The LO beam technical
noise is thus highly correlated in all pixels. This is in particular the case for the
noise induced by the fluctuations of the main laser intensity, or by the vibrations
of the mirrors within the LO beam arm. To illustrate this point, we have recorded
a sequence of M = 4n = 4 frames I (with k = 0...3) with a LO beam, but
without signal from the object (i.e., without illumination of the object). We have
thus recorded the hologram of the “vacuum field”. We have calculated then the
complex hologram H (x, y) by (13.5), and the reciprocal space hologram H (k. ky)
by Fourier transform:

H (kx,ky) = FFT H(x,y) (13.25)

The reciprocal space holographic intensity |H|? is displayed on Fig.13.2
in arbitrary logarithm grey scale. On most of the reciprocal space (within for
example circle 1), |H|? corresponds to a random speckle whose average intensity

Fig. 13.2 Intensity image of H (k,, k,,0) for M = 4n = 4 frames without illumination of the
object (no signal field &). Three kind of noises can be identified. Down left (1): shot noise; center
(2): technical noise of the CCD; left (3): FFT aliasing. By truncating the image and keeping only
the left down part, the shot noise limit is reached. The image is displayed in arbitrary logarithm
grey scale
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is uniformly distributed along ky and k). One observes nevertheless bright points
within circle 2, which corresponds to (kx,ky) >~ (0,0). These points correspond
to the technical noise, which is a flat field within the CCD plane (x, y), and which
corresponds thus to low spatial frequency components gathered around the center
of the (ky, k) reciprocal space. One see also, on the Fig. 13.2 image, an horizontal
and a vertical bright line, which corresponds to k), ~ 0 and ky ~ 0 (zone 3 on
Fig. 13.2). These parasitic bright lines are related to Fast Fourier Transform aliases,
that are related to the discontinuity of the signal /; and H at edge of the calculation
grid, in the (x, y) space.

We have measured (|H|?) by replacing the statistical average { ) by a spatial
average over a region of the conjugate space without technical noise (i.e., over
region 1). This gives a measurement of (| H |?), that is, a measurement of (| H|?),
since the space average of |H |2 and |H |? are equal, because of the FFT Parceval
theorem. We have also measured D from the sequence of frames I withk = 0...3
[see (13.14)]. Knowing the camera Analog Digital (A/D) conversion factor (4.8 e
per DC), we have calculated the noise intensity (| H |2)/(D) in photoelectron units,
and we get, within 10%, one photoelectron per pixel for the average noise within
region 2, as expected theoretically for the shot noise [see (13.21)].

To verify that we have truly reached the shot noise limit, we have performed
a control experiment with a camera illuminated by a tungsten lamp powered by
a battery. The lamp provides here a clean white light source. The lamp voltage is
adjusted to get half saturation of the camera (about 2,000 DC). Similarly to the laser
experiment described above, we have recorded a sequence of M = 4n = 4 frames
I with k = 0...3, and we have calculated H(x, y), and H (k. ky). The image
of |H (k. ky)|?> we get is very similar to Fig. 13.2. Moreover, the average noise
intensity in region 2 is exactly the same as with a laser (one photoelectron per pixel).
One has thus: _

(IH*)/(D) = 1. (13.26)

This result is expected since the camera “gain” is measured by assuming that
the noise obtained in clean lamp control experiment is shot noise limited [24].
Since (|H|?)/(D) is dependent of the camera “gain” (13.26) indirectly allows
the determination of the “gain” in e per DC units. The control experiment made
here, redoes the “gain” calibration made by the camera manufacturer (i.e., PCO).
We simply get here, within 10%, the same camera gain (4.8 e per DC).

13.3.1 Experimental Validation with an USAF Target

We have verified that it is possible to perform shot noise limited holography in real
life, by recording the hologram of an USAF target in transmission. The holographic
setup 1s sketched on Fig. 13.3. We have recorded sequences of M = 4n = 12 frames,
and we have reconstructed the image of the USAF target.

Figure 13.4 shows the holographic reconstructed images of the USAF target.
The intensity of the signal illumination is adjusted with neutral density filters.
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Fig. 13.3 Setup of the test experiment with USAF target. L main laser, BS beam splitter, AOM1
and AOM?2 acousto-optic modulators, BE beam expander, M mirror, Al and A2 light attenuators,
USAF transmission USAF target that is imaged, CCD CCD camera

Fig. 13.4 (a, c, d): Reconstructions of an USAF target with different level of illumination 700 (a),
1 (¢), and 0.15 e per pixel (d). (b) Simulated Shot Noise noise image. (e, f): Simulated reconstructed
image obtained by mixing image (a) with weight X, and image (b) with weight 1 — X. The weight
X is 1/700 (e), and 0.15/700 (f). Images are displayed in arbitrary logarithmic grey scale

To filter-off the technical noise, the reconstruction is done by selecting the order 1
image of the object, within the reciprocal space [8]. Since the 400 x400 pixels region
that is selected is off-axis, the low spatial frequency noisy region, which correspond
to the zero order contributions (region 1 on Fig. 13.2), is filtered-off.

Figure 13.4a,c,d shows the reconstructed images obtained for different illumi-
nation levels of the USAF target. For each image, we have measured the average
number of photoelectrons per pixel corresponding to the object beam, within the
reciprocal space region that has been selected for the reconstruction (i.e., 400 x 400
pixels). The images of Fig. 13.4 correspond to 700 (a), 1 (c), and 0.15 (d) electron
per pixel for the sequence of M = 4n = 12 frames respectively (i.e., 700/12,1/12,
and 0.15/12e per pixel and per frame).
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Here, the object beam intensity hhas been measured as follows: we have first
calibrated the response of our camera with an attenuated laser whose power is
known. We have then measured with the camera, at high level of signal, the intensity
of the signal beam alone (without LO beam). We have decreased, to the end, the
signal beam intensity by using calibrated attenuators in order to reach the low signal
level of the images of Fig. 13.2a,c,d. In the case of image (a) with 700 e per pixel,
we also have measured the averaged signal intensity from the data themselves by
calculating |H|?/D [see (13.18)]. The two measurements gave the same result:
700 e per pixel.

On Fig. 13.4a, with 700 e per pixel, the USAF signal is much larger than the shot
noise, and the Sinal to Noise Ratio (SNR) is large. On Fig. 13.4c, with 1 e per pixel,
the USAF signal is roughly equal to the shot noise, and the SNR is about 1. With
0.15 e per pixel, the SNR is low on Fig. 13.4d (about 0.15), and the USAF is hardly
seen.

It is nevertheless quite difficult to evaluate the SNR of an image. To perform
a more quantitative analysis of the noise within the images, we have synthesized
the noisy images of Fig. 13.4e,f by adding noise to the Fig. 13.4a noiseless image.
We have first synthesized a pure Noise image, which is displayed on Fig. 13.4b.
The Noise image, which corresponds to the image that is expected without signal,
is obtained by the following way. From one of the measured frames (e.g., /o),
we have calculated the noise components i , , by Monte Carlo drawing with the
condition:

(igpa) = To.pa- (13.27)

This condition corresponds to (13.9) since (/k,p 4) = lo,p,q. We have synthesized
the image sequence [ in the following manner:

Ik.p.g = lo,pg + ik, p.g- (13.28)

The Shot Noise image of Fig. 13.4b is reconstructed then from the /i , , sequence
withk =0...12since M = 4n = 12.

We have synthesized noisy images by summing the noiseless image of Fig. 13.4a
with weight X, with the Noise image of Fig. 13.4b with weight (1—X). The image of
Fig. 13.4e is obtained with X = 1/700. Figure 13.4e corresponds thus to the same
signal, and the same noise than Fig. 13.4c (i.e., 1 e of signal, and 1 e of noise respec-
tively). As expected, Figs. 13.4c,e are visually very similar. The image of Fig. 13.4 is
similarly obtained with X = 0.15/700. It corresponds to the same Signal and Noise
than Fig. 13.4d (i.e., 0.15 e of signal, and 1 e of noise). As expected, Figs. 13.4d,f are
visually very similar too.

Here we demonstrated our ability to synthesize a noisy image with a noise
that is calculated by Monte Carlo from (13.27) and (13.28). Moreover, we have
verified that the noisy image is visually equivalent to the image we have obtained in
experiments. These results prove that we are able to assess quantitatively the noise,
and that the noise that is obtained in experiments reaches the theoretical limit of 1 e
of noise per pixel for the whole sequence of M = 4n = 12 frames.
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13.4 Conclusion

In this chapter, we have studied the noise limits in off-axis, heterodyne digital
holography. We have shown that because of the heterodyne gain of the holographic
detection, the noise of the CCD camera can be neglected. Moreover, by a proper
arrangement of the holographic setup, that combines off-axis geometry with phase
shifting acquisition of holograms by heterodyne holography, it is possible to reach
the theoretical shot noise limit. We have studied theoretically this limit, and we have
shown that it corresponds to one photoelectron per pixel for the whole sequence of
frame that is used to reconstruct the holographic image. This paradoxical result
is related to the heterodyne detection, where the detection bandwidth is inversely
proportional to the measurement time. We have verified all our results experi-
mentally, and we have shown that is possible to image objects at very low signal
levels. We have also shown that is possible to mimic the very weak illumination
levels holograms obtained in experiments by Monte Carlo noise modeling.
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In the measurement of the amplitude of vibration of objects, holographic imaging techniques usually involve
fringe counting; because of the limited resolution of the images, measurements of large amplitudes are not
accessible. We demonstrate a technique that suppresses the necessity of fringe counting—frequency side-
band imaging—where the order of the sideband is considered a marker of the amplitude. The measurement
is completely local: no comparison with another reference point on the object is necessary. It involves a sharp
variation of a signal, which makes it robust against perturbations. The method is demonstrated in an ex-
periment made with a vibrating clarinet reed; phase modulations as large as 1000 rad have been measured.

© 2009 Optical Society of America

OCIS codes: 090.1760, 200.4880, 040.2840, 100.2000.

The observation of interference fringes in holo-
graphic methods provides accurate measurements of
the amplitude of vibration of objects. Powell and Stet-
son [1] have shown that the fringes on the holo-
graphic reconstruction of a vibrating object corre-
spond, after time averaging, to zeros of the Bessel
function Jy(P), where ®(x,y) is the amplitude of
phase modulation of the optical field emitted by the
object at point x,y. Digital holography was intro-
duced in 1994 by Schnars and Jiptner [2]. In 2003
Picard et al. [3] transposed the time averaging
method to digital holography.

In a previous Letter [4], we described sideband
digital holography, based on the detection of the light
backscattered by a vibrating object at different side-
band frequencies; the fringes for sideband n then cor-
respond to the zeros of the nth-order Bessel function
J, (D). As in the work by Aleksoff [5] in 1971, the ref-
erence beam was frequency shifted to select one side-
band n, but the use of acousto-optic modulators and
numerical techniques provided much more flexibility.
In [4], we showed how the comparison of dark fringes
for different sideband leads to a determination of the
vibration amplitude ®(x,y) at each point of the ob-
ject. This determination is nonlocal, since it involves
counting fringes from one reference point of the im-
age to the point of interest, so that large amplitudes
are not accessible.

In this Letter, we demonstrate another approach
that completely eliminates the necessity of counting
fringes; it gives a local measurement of the ampli-
tude of vibration, even for large values. For any pixel
of coordinate x,y, we consider the sideband order n a
variable and we plot the intensity I as a function of n.
One can then easily determine @, since I(n) exhibits
a sharp variation from maximum to zero near n=®.
The method is robust and can easily be used even
when the fringes become so narrow that they cannot
be resolved, which gives immediate access to large
amplitudes of vibration.

0146-9592/09/233698-3/$15.00

Consider a point of the object vibrating at fre-
quency v4 and amplitude z,,,,; its displacement z(¢) is

(1)

In backscattering geometry, this corresponds to a
phase modulation:

@(t) =4mz(t)/\ = © sin(2mvat),

2(t) = Zmax SIN(27142).

(2)

where \ is the optical wavelength and ®=4mz .. /\.
The scattered field is then

E(t) = £+ = £ o], (D)l rornra) (3)

where &£ is the complex amplitude of the field, v, is
the frequency of the illumination optical field, and </,
is the nth-order Bessel function of the first kind;
J_,(z)=(-1)"J,(z) for integer n and real z. The scat-
tered field is then the sum of sidebands with frequen-
cies vy+nv, and intensities I, given by

L,(®) = |&] (D). (4)

Figure 1(a) shows the intensity of the sidebands as
a function of n, assuming ®=30.3 rad. When » is con-
sidered a continuous variable n=(v-1y)/v, giving the
Doppler frequency shift in units of v4, one obtains the
light gray shade corresponding to the Doppler spec-
trum deduced from the vibration velocity distribu-
tion. This continuous spectrum is proportional to
[1-(n/®)2] Y2, where n is confined between the val-
ues =® that correspond to the maximum Doppler
shift. The discrete spectrum has a similar behavior,
remaining mostly confined between the same n val-
ues and dropping abruptly from a maximum reached
close to n=+® to almost zero. This is the key idea of
our method: we measure the frequency position of
this sharp variation and deduce from it the value of
the vibration amplitude. This method can be seen as
a discrete spectrum version of laser Doppler imaging
of nonperiodic motions reported in [6,7].

© 2009 Optical Society of America
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Fig. 1. (Color online) (a) Relative intensities of the side-
bands as a function of n for fixed ®=30.3 rad. The vertical
lines show the intensities of the discrete n components of
the real spectrum. The light gray shade shows the Doppler
spectrum obtained from the vibration velocity distribution,
with a continuous variable on the horizontal axis n=(v
—vy)/ v4. Both spectra fall abruptly beyond n=+30.3, which
corresponds to the Doppler shift associated with the maxi-
mum velocity. (b) The dashed line shows the values n; as a
function of @, where n; is the value of n giving the maxi-
mum intensity in the discrete spectrum; the solid line
shows nq, where ny is the value of n for which the intensity
is half the maximum, which gives a very good approxima-
tion of ®. (¢) The dashed and solid curves, respectively,
show n1—® and ny—P as a function of P.

Figures 1(b) and 1(c) give more detail on this sharp
variation. For each value of ® we calculate the value
n1(®) of n that, in Eq. (4), gives the maximum inten-
sity. To avoid the quantization noise induced by dis-
crete variables, the calculation is made with Bessel
functions of fractional order, but of course only inte-
ger values of n are relevant to the experiment. It is
known [8] that n,(®)=®, within a correction of order
®13; the dashed curves show n,(®) [Fig. 1(b)] and the
difference n,(®)-® [Fig. 1(c)]. To determine more
precisely the location of the abrupt drop from maxi-
mum to zero, we calculate the n value ny(®) for
which the intensity is half the maximum. The ny(®P)
and the difference ny(P)—>P are shown by the solid
curves in Figs. 1(b) and 1(c), respectively. Clearly, nq
gives an accurate evaluation of ®.

The experimental setup is the same as described in
[4]. As in [4], we have chosen a clarinet reed as the
vibrating object to experimentally demonstrate the
method. The reed, vibrating on its first flexural reso-
nance mode at frequency v, ~2100 Hz, is illuminated
at A=650 nm by a laser field E; at frequency v,. The
CCD camera (frame frequency vqop=10 Hz) records
the interference pattern (the hologram) between the
scattered light and the local oscillator beam (field
E1o, frequency ;o). Two acousto-optic modulators
(Bragg cells) with frequencies vpop and vaone are
used to adjust the frequencies vy=v;+vaope and vigo
=vr+VpaoM; an arbitrary sideband n can then be se-
lected by adjusting these frequencies. A four-phase
detection of sideband n is obtained by adjusting them
to fulfill the relation

Vo + nvy — vo(n) = veep/4. (5)
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We record a sequence of consecutive CCD images
Iy,I,,...1Iy_1, where M is a multiple of 4. The complex
hologram H in the plane of the CCD is then

M-1
H= Y j",. (6)

m=0

From H, the images are reconstructed as in [4] by
the standard convolution method [2], which provides
the map of the complex field E(x,y,n) in the plane of
the object. By successively adjusting the frequency
v10(n) of the local oscillator to appropriate values, we
then record the intensity images |E(x,y,n)|? of the
sidebands as a function of x and y and n. We then ob-
tain a cube of data with three axes x, y, and n, where
x andy are expressed in units of pixels of the recon-
structed image of the reed. Figure 2 shows the im-
ages obtained for for n=0,20,...120 that correspond
to cuts of the cube along the x,y planes. The right
part of the reed (x>800) is clamped on the mouth-
piece. The images illustrate how, when n increases,
the fringes move toward regions with larger ampli-
tudes of vibrations: no signal is obtained in regions
where ®=4mz_,./\<n. This well-known property of
Bessel functions allows one to get a marker on the ob-
ject, signaling regions where the amplitude corre-
sponds to ® =120 rad. Figure 3(a) displays a cut of
the cube of data along the x,n horizontal plane y
=750 (horizontal white dashed line in Fig. 2). The en-
velope of the nonzero (nonblack) part of the image
provides a measurement of the amplitude of vibra-
tion in units of A/47. We actually obtain a direct vi-
sualization of the shape of the reed at maximal elon-
gation, from the right part clamped on the
mouthpiece to the tip on the left. The maximum am-
plitude correspond to ® =20, 40, 60, ...120 rad. Fig-
ure 3(b) displays a transverse cut along the y,n ver-
tical x=249 plane (vertical white dashed line in Fig.

Fig. 2. Cube of data obtained from the reconstructed ho-
lographic images of a vibrating clarinet reed; sideband im-
ages with n=0,20,40...120 are shown in arbitrary linear
scale. By choosing n, one moves the border of the illumi-
nated region on the object, obtaining a local marker of the
amplitude of vibration. The white dashed lines correspond
to x=249 and y=750, i.e., to the point chosen for Fig. 3.
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Fig. 3. Images corresponding to cuts of 3D data of the re-
constructed images along the planes y=750 (a) and x=249
(b). (a) Deformation of the object along its axis. (b) Trans-
verse cut with a slight vibration asymmetry. A logarithmic
intensity scale is used.

2); a slight asymmetry of the reed vibration is clearly
visible.

Figures 2 and 3 have been obtained by exciting the
reed at the resonance frequency rv,=2123 Hz and at
moderate excitation level. The consistency of ampli-
tude measurements obtained in this way with those
obtained by fringe counting is illustrated in Fig. 3 of
[4]. We have also used higher excitation amplitudes,
about 10 times larger (the frequency of reed reso-
nance is then shifted to v,=2020 Hz). Figure 4(a)
shows the images obtained for n=330: the fringes are
now completely unresolved, but the transition from
zero to nonzero intensity remains very clear. With a
single hologram, and without fringe counting, one ob-
tains a clear marker of the line where ®(x,y)
=330 rad.

512

« 1023

Fig. 4. (a) Image reconstructed with sideband n=330,
with a large amplitude of vibration. (b) Equivalent of Fig.
3(a), but with positive and negative n values quantized by
steps An=10; one measures a maximum vibration ampli-
tude of z,,,=60 um. An enlarged view of the n=0 part of
the image is provided in supplementary material (Media 1).
A logarithmic intensity scale is used.
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Figure 4(b) shows the equivalent of Fig. 3(a) but
with a higher excitation level, and this time for posi-
tive and negative values of n; data range up to about
|n]=1140, corresponding to z,;=58.4 um. Since the
vibration amplitude is much larger than \, the con-
tinuous approximation for n is valid, and the images
of Fig. 3 can be reinterpreted in terms of the classical
Doppler effect: if the signal intensity I, (x,y) at fre-
quency vy+nwv, is nonzero, at some time ¢ of the peri-
odic motion the Doppler shift vy+2v(x,y,t)/c is equal
to nvy (v and c¢ are the reed and light velocities). The
accuracy of the measurement of the amplitude corre-
sponds to about one step: An=10, i.e., to 0.5 um [see
Fig. 4 (Media 1)]. A fine analysis of the 3D data shows
a slight asymmetry between the positive and the
negative n values. In Fig. 4(b), for example, the maxi-
mum value for |n| is about 1160 for n >0 and 1120 for
n<0. This means that the motion of the reed is not
perfectly sinusoidal and that maximum velocities
(i.e., maximum Doppler shifts) are slightly different
for the up and down motion of the reed. A more de-
tailed study of the modification of the spectrum due
to the superposition of several harmonic motions can
be done but falls beyond the scope of this Letter.

In conclusion, taking advantage of the frequency
(or the sideband order n) of the light scattered by a
vibrating object adds a new dimension to digital ho-
lography. Each pixel of the image then provides infor-
mation that is completely independent of the others,
which results in redundancy and robustness of the
measurements. Looking at the edges of the spectrum
provides an accurate determination of the vibration
amplitude and avoids a cumbersome analysis of the
entire data cube, giving easy access to measurements
of large amplitudes of oscillation. Our method could
be combined with other techniques, such as phase
modulation of the reference beam [9,10], to yield in-
formation on the phase of the mechanical vibration
without losing the robustness of the measurement.
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