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Introduction

According to the American Heart Associatioatherosclerosis “is a type of
arteriosclerosis. The name comes from the Greelkdsvathero(meaning gruel or paste)
andsclerosis(hardness). It is the term for the process of/faitbstances, cholesterol, cellular
waste products, calcium and fibrin (a clotting miatein the blood) building up in the inner
lining of an artery. The buildup that results iex plaque” [1].

The development of atherosclerosis is usually @ Iprocess and its causes are not
clear. Many scientists think atherosclerosis staois the damages of the innermost layer of
the artery. The reasons of those damages could be

+ High amounts of certain fats and cholesterohallood
+ High blood pressure

The biggest risk of atherosclerosis is a hearthtta a stroke that cause irreversible
damages to the brain or the heart, possibly a sudéath. Because the development of
atherosclerosis is over decades, an early detediodisease is very important for the
treatment.

Since the pathology is deeply located in utmostartgnt organs, a direct invasive
observation would be extremely difficult and woldd extremely dangerous. Moreover, the
affected regions may be diverse and of varyingssiaéerefore, a good diagnostic method
should both be non-invasive and independent opdki®logy’s locations.

Blood cells are implied from the very beginning thie pathological process. In
particular platelets play a pivotal role in cardiseular diseases and there is a great interest in
diagnostic approaches enabling activated platelelecalar imaging i.e. thrombotic
pathological situation because platelets conssttite main cell part of the thrombus.

Magnetic resonance imaging (MRI) is a method wtiah image the whole body. It
could be a good technique to diagnose atherosddetng its spatial resolution isn’t yet very
good and the natural contrast between atherom#saedrrounding tissues may be poor. One
can notice that if someday MRI achieves a onearedl sub-cellular resolution, the volume of
data to acquire and to process would be really Bigteover, ultimate MRI resolution will
probably be limited for routine diagnosis by bidlmj safety norms (maximum fields
intensity, time derivative of fields, duration okposure). For all these reasons, in MRI
technique, a contrast agent is often used — andw®ih the future - to enhance the contrast of
the images or to label specific tissues or lesmwesmay want to localize in the body. It is
therefore evident that an agent providing a hightrest while being very specific to the
arteries lesions, at early stages if possible, wilbw toxicity and side effects (intrinsically
innocuous and/or efficient at low concentratiossgxtremely desirable.

Since 2003, the Laboratory for Vascular Translatidbcience (formerly Laboratory
for Polymer Bioenginneering) has developed with¢bmpany Guerbet Laboratories the use
of a macromolecular MRI contrast agents (P717)uigiclg a gadolinium-based complex with
a ligand (DOTA). The magnetic contrast can be gmpate, but the limitation due to the low
spatial resolution of the MRI technique [2], [38]] [5] still persists and does not allow
research on the cellular level, even on extrachaddes.
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The idea is to slightly modify the contrast agemtiiow the study of its interactions
with the tissues using another imaging modality chhsensitivity and resolution would be
complementary to that of MRI. If we substitute tarb ions to the gadolinium ones, the
chemical properties of the agent isn’'t noticeablgdified. However, the terbium ions are
fluorescent, and the spatial resolution of an @bpsystem can be well below one micrometer.
Excitation wavelength is in the ultra-violet rang@uorescence efficiency is very low, well
below tissue autofluorescence, but since it hasery Yong emission time, a time-gated
detection is feasible. UV excitation and low eftiecy fluorescence is not possibievivoas a
routine diagnostic method. However, we can obtam Hstological slices valuable
information about the contrast agent’s interactioth the arteries wall and the atherosclerotic
pathologies.

We will start from the macromolecular precursorPRafl7, Gd and Tb complexes to
obtain Tb and Gd complexes. Then these complexetdvbe endowed with biospecificity by
coupling them with a ligand exhibiting a strongiritly for activated platelets. By mixing
both biospecific contrast agents it should be fdssio localize by MRI the pathological
areas in vivo (rat model) and after sacrifice & #mimals to visualize the thrombus at cellular
scale with delayed fluorescence imaging of histiclalgslices.

Fluorescence microscopy is widely developped ferdgkamination of slices of tissues
with the use of organic fluorophores for examptdkéid to antibodies for the identification of
tissues areas, cells or macromolecular biologidalctires. Beyond this use, organic
fluorophores have numerous drawbacks when consglgaantification and specificity of the
signal. Thus there is a strong need of a systeowady to localize and efficiently quantify
even very low amounts of contrast agent in situmastiwhere they are able to specifically bind
to pertinent ligands of atherothrombosis, in ousecaactivated platelets. Fluorescence
molecular imaging is the first challenge of thisject. The second one is to get both MR and
optical images from the same contrast agent, knpwhiat water molecules needed for the
MR contrast are powerful quenchers of lanthanideréscence.



Chapter 1

Atherosclerosis, imaging
and contrast agents

1.1 Evolution of atherosclerosis

It has long been thought that atherosclerosis wasas to a clogged pipe, where the
pipe is a passive victim of a buildup of fatty mraks and limescale, except that maybe it can
show a little surface corrosion which acts as awhan point. The development of
atherosclerosis is presented in the figure 1.1[1%],[8].

However, in fact, it is an extremely complex anidl abt fully understood pathology
where the artery walls play an active role. Allldhen older than age 10 have primary
anatomic lesions. Sometimes, it even starts asgyasrone year old. No one is immune; the
early stage seems to be independent on the geagmapyin, the sex, the environment. The
pathology initially evolves very slowly and durirtge first two or three decades, it is
completely silent. Nevertheless, we know for sumattafter this slow asymptomatic
evolution, the atheroma evolves faster later and Hpeed depends heavily on some
environmental factors like stress, food, exercise.

The pathology starts with repeated injury to thdl wharteries. A higher than normal
blood pressure and shear stress in the blood ftevp@bably important factors here. In fact,
for the animal models, like rabbits, used to statherosclerosis, the pathology is initiated by
scratching the inner wall of a coronary artery, dmeh by feeding the animals with a very
fatty diet. The injury leads to an answer by theninme system and macrophages penetrate the
artery wall. For some reason, they stay blockede.h#&vhen the macrophages die, their
materials, for example their cholesterol-rich meani@s stay in place in the middle of artery
wall. This enhances the inflammation and more nmawiges are attracted here. This process
is the core of the first silent phase. When endygts are accumulated in the artery’s wall,
fibrosis and calcification appear. The artery istipfly blocked. Its wall becomes rigid and
can rupture.

Of course, the sooner we can detect the pathotbgyeasier and least difficult is its
mitigation. Imaging plays a key role here, and tine main methods of clinical imaging are
X-ray tomography and Magnetic Resonance Imaging.
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Figure 1.1: The development of atherosclerosis [6].

1.2 Platelets and atherothrombosis

clinically
silent

clinically
sllent
ar overt

When the atherosclerotic vessel is ruptured, thmgehic substances are exposed and
platelets contribute to the pathophysiologic precéa adhesion, activation and aggregation
stages [9]. At a cellular level, phenotypical andrpihological modifications of vascular cells
are observed early in atherosclerosis [10] andelgtst represent a major link between
inflammation, thrombosis and atherogenesis [11R].[Beside, activated vascular cells
overexpress lectins, such as E-selectin, L-seleatoh P-selectin, and proteoglycans on their
surface. These are glycoconjugates which carbolgdnmieties play a critical role such as
cell-cell interactions, cell growth, lymphocytesfticking, thrombosis, inflammation, host
defense or cancer metastasis [13], [14], [15]. |Peti@, overexpressed on activated platelets,
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is recognized by a natural ligand PSGL-1 (P-selegtycoprotein ligand-1) expressed by
lymphocytes via the tetrasaccharide sialyl LewidX][ Structural features of sialyl LewisX

are essential for the recognition of PSGL-1: thdrbyyls of L-fucosyl and D-galactosyl,

carboxylic group of sialic acid [16], and sulfatgdosines in the protein backbone [18].

Fucoidan, heparin and dextran sulfate are sulfptdgsaccharides which bind to P-
selectin [19], [20] mimicking the interaction wiPSGL-1. Low molecular weight fucoidan
was formerly demonstrated to be of potential irgefer revascularization in cardiovascular
diseases [21], [22] and found as the most efficggntosidic ligand of P-selectin in purified
system and in human whole blood experiments [1%fe Targe amount of P-selectin in
platelet-rich thrombi formed after atherosclergilaque rupture or erosion makes it a good
target for fucoidan.

In this context, P-selectin appears as a good datelitarget for the diagnosis of
atherosclerosis and a contrast agent able to birRligelectin, i.e. vectorized by fucoidan to
activated platelets, would efficiently enhancedleéction of early thrombus formation.

1.3 Magnetic resonance imaging

MRI is one of the imaging modalities used in thisrkv One can use MRI like X-ray
imaging to measure the artery wall thickness ands&ess the blood flow. But one can also
use a magnetic contrast agent. The sensitivityh&o dontrast agent is proportional to the
number of magnetic atoms, not the volume of thenlesl region. If the agent is very specific
of a pathology, it will make a bright localized so@ regardless of its size. This is exactly
what we want to do here: to have a contrast agamthabinds to the early stages of atheroma
that we can detect in a non-invasive manner by MRI.

The magnetic properties of a nucleus are charaetkty its spin. Each nucleus acts
like a tiny magnet and therefore can be represenyed vector (figure 1.2). Normally, the
direction of the spin vector is random. As a consege, in a large collection of nuclei, the
sum of all the spin vectors — called net magnetimatis zero.

Figure 1.2: The spin of a nucleus is like a tinygmet

When an external magnetic fie@0 is applied, their spin vectors will align in a giv
direction which is determined by the laws of quamfohysics.
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Figure 1.3: Spin vectors align in an external magmnéeld

The hydrogen nucleus (namely a proton) is the nresuently imaged nucleus in
MRI because it is present in biological tissuegn@at abundance and it gives a strong signal.
The hydrogen nucleus can be in one of the twosstatpire 1.3):

- The spin vector aligns with the external field. Tle@rresponds to the lower
energy level.

- The spin vector aligns against the external fi@ldat corresponds to the higher
energy level.

In fact, the spin vector is not perfectly paratielthe vector of the external magnetic
field I§O, it precesses about the axis of the external {iegdre 1.4)

he -

Figure 1.4: The precession of the spin vector

1.3.1 Larmor frequency - Excitation
The precession frequencyLarmor frequency- is:

a, = 1B, (1.1)
Each isotope has its own Larmor frequency.

The magnetic vector of the spinning protons inctudevo orthogonal vector
components: a longitudinal or Z component z lsihd a transverse component, lying on the
XY plane — My. In the external magnetic field, there are mor@ssjaligned with the field
than spins aligned against the field. Therefore, tiet magnetization has a longitudinal



component aligned witréo. As spins do not rotate in phase, the transvessgonent of the
net magnetization is null (figure 1.5).

VAR
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v

Figure 1.5: The random phases of the transversepooent of spin vectors gives a null
average magnetization

When hydrogen nuclei are excited by a radio frequeiRF) signal at the Larmor
frequency, some nuclei can absorb RF energy ang jona higher energy level — or change
the direction of their spin vector to align withettexternal field. Two phenomena occur
simultaneously:

First, all vector spins precess in phase =g #0

Secondly, the number of nuclei in the higher enestgye increases. Mdecreases. If
M, = 0, the excited pulse is called %’ RF pulsebecause this pulse cause the net
magnetization to flip relative to the xy plane. If direction Mhanges to the opposite
direction, the excited pulse is called@® RF pulse

1.3.2 Relaxation
When RF pulse terminates, the relaxation proceginbeThe relaxation combines
two mechanisms:

On one hand, a nucleus emits a RF signal whemiatuto the lower energy level. M
recovers its initial state. This is characterizgdalbongitudinal magnetization recovetime
constant T. In general, Tvalues are longer at higher field strengths.

On the other hand, the vector spins get out of @klae to spin-spin interactions MV
decreases to null. This is characterized Inaasverse magnetization deciyie constant 7.

T4 is around one second whilg iE a few tens of milliseconds. The values;adnd T
are widely different in different tissues. Imagursges this difference.

1.3.3 Imaging
Now, how does the MRI work?

To get the 3D MRI, one must “cut” the body in s&l&@D slices

The spatial encoding

We know that only the RF frequency which coincideth the Larmor frequency has
some effects on the nucleus. So the system applstatic magnetic field inside the imaging
region with a known gradient. Different spatialce correspond to different precession
frequencies.



Then, we apply pulses of gradients of the magrfedid (gradient echo) or pulses of
the RF excitation (spin echo) to select a narrayiore

This process can be repeated when the spins appatety returned to their thermal
equilibrium. The whole body is scanned this way.

There is a very large number of possible magnetit RF pulses configurations, and
different manufacturers optimize their hardware softiware differently.

Contrast

Contrast is caused by the differences in the MRaiglt helps to distinguish the
different tissues. Contrast depends on tissue piiepethe T, T, relaxation times and the
proton density of the tissue, and on machine ptaseithe sequence of pulses parameters.

For example, we consider a spin-echo sequencehvidlia common procedure. This
sequence uses a“OBRF pulse followed by an 180RF pulse. Spin-echo sequence has two
main parameters:

« Echo Time (TE) is the time between the 90° RF palsé MR signal sampling (the
start of MR signal acquisition). The 180° RF puksapplied at time TE/2.

+ Repetition Time (TR) is the time between 90° RFspsl

Table 1.1: Three weighted modes of a spin-echoesexgu

TE
Long Short
T, — weighted Proton density — weighted
Long The contrast is caused mostly by the The contrast is caused mostly by
different T, values the different of the proton density.
(tissue with a longer Jlis brighter)
TR No signal T; — weighted

The contrast is caused mostly by

Short the different T values

(tissue with a shorter;Tis
brighter)

In the clinical practice, the values chosen fordri®l TE followed these rules [23]:
+ TE is always shorter than TR

« A short TR = value approximately equal to the agera; value, usually lower than
500 ms

+ Along TR = 3 times the short TR, usually greatemt 1500 ms
« A short TE is usually lower than 30 ms
+ Along TE = 3 times the short TE, usually greatemt 90 ms

As an example, the figure 1.6 present a transversaje recorded from a rat we used
for our experiments (see Chapter 5 for experimertaditions).



Figure 1.6: transversal image of a rat abdomen. pasmeters are mentioned on each side
of the image: Magnetic field = 7 T, slice width 80nm, Matrix of the image 256x256, TR =
17429 ms, TE =9 ms etc...

1.4 MRI contrast agent

MRI contrast agents are by definition designed riba@ce the contrast. Their main
effect is the shortening of the relaxation timigsand T, of the hydrogen nuclei of water
molecules which surrounds them. The capabilityhafreening thel; and T, relaxation times
Is described by the term "relaxivity". The relaxyiis the increase of longitudinal or
transversal relaxation rate, T1/or 1/T, respectively, and is denoted by and r,. The
relaxivity of the contrast agent is the increasehef relaxation rate due to the contrast agent
per unit of concentration of the agent. In presesfca contrast agent, the observed relaxivity
(17T, with x=1 or 2) is the sum of the intrinsic rehaixy of the examined aera in absence of
contrast agent (T/°) and that of the contrast agentT&). The slope of the curve obtained by
plotting 17T« vs the concentration of agent gives the relaxiwtpf the contrast agent [24],
[25]. In generalyr; decreases when the magnetic field becomes strowpereas, tends to
remain constant or even can increase somewhat [25].

The ratio between the relaxation ratggndr; determines whether a contrast agent is
suitable for the enhancementiafweighted oiT,-weighted imaging.

1.4.1T, contrast agent

The most effectiveT, contrast agent are nanoparticles of magnetitgQyfeor
maghemite (-Fe03). These are also called superparamagnetic coragesits [26], [27].
With a diameter ranging from 4 nm to 50 nm, theesppramagnetic agents contain thousands
paramagnetic Fe ions (Feand/or F&). Therefore it has a large magnetic moment in an
external magnetic field. As a result, superpararaagragents introduce strong local field
gradients, which accelerates the dephasing ofutreunding water protons [28], i.e induces a
shortening ofl; and an increase of.

Depending on their size, their crystalline struefurand their coating,
superparamagnetic agents are called: superparatiagoe oxide particles (SP10O), ultra-
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small superparamagnetic iron oxide particles (UJP1@ry small superparamagnetic iron
oxide particles (VSOP), monocrystalline iron oxjolarticles (MION) and cross-linked iron
oxide particles (CLIO) [29], [30], [31], [32], [33]

1.4.2 T; contrast agent

Gadolinium ion (Gd") is the most commom; contrast agent used in the clinic
environment because it has a high paramagnetic morHewever the free ion Gtlis toxic
for living tissue like most free ion metals are.eféfore, gadolinium ions need to coordinate
with a suitable ligand to form a nontoxic compl&he figure 1.7 [34] present some of the
most common commercial gadolinium-based contrashtag Gd-DTPA (Magnevist), Gd-
DOTA (Dotaremn), and Gd-HP-DO3A (Prohance).

Linear contrastophores.

€o,- £O,-
-0,C 0, -g,¢ CO,-

woec—/ e oM menoc—/  Ga"  \comme
Gd-DTPA Gd-DTPA-BMA
£0,- [

woe—/ 6d" \—conu Gd”

~ \.-\ o :cqu uu,c>
MO OMe
Gd-DTPA-BMEA d Gd-DTPA
(5 Mt somaiopinies |

(v {, §
aln Cede EWJ_{
s Upke

Figure 1.7: Some of the most widespread gadolirbased MR contrast agents

The relaxation mechanism of ; Tcontrast agent is described by Solomon-
Bloembergen-Morgen (SBM) theory [35], [36], [37]hf relaxation is mainly due to the
interaction between Gtland water molecules, which directly coordinatenv@d" ions. This
interaction is characterized by the exchange caticel timet. In the complex, GH usually
has one directed coordination with a water moleclilee rotation of a complex is also
important: because the rotation frequency of Gd pleres is fast compared to the Larmor
frequency, the slowing down of complexes closeth® Larmor frequency improves the
relaxation. The effect of the complex rotation feKacterized by the rotational correlation
time t,. One way to improve the relaxation of Gd complege® link many Gd chelates on a
macromolecule. The consequences are both the secahe rotational correlation time and
that of the local concentration of &dons.

1.4.3 Bimodal MRI/optical contrast agents

In MR, the use of contrast agents enables imagaremements and therefore opens
the way towards more reliable diagnosis. Neverdglthe best MRI resolution is a few dozen
micrometers [2] and such a high resolution requirésng acquisition time. This limitation is
not suitable with the study of the distributiontbé MRI agents in small volumes like in a
single cell or even into the layers of a small grigall. Yet, if we want to study why a given
agent exhibits some affinity for a pathologic tissar if we want to modify the agent in order
to increase this affinity, we need a very high heson imaging method. The resolution of
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MRI is far worse than the resolution of optical mgcopy. Of course, optics is a good
imaging method!

To overcome this obstacle, many efforts were dansynthesize fluorescent MRI
agents. Many different fluorophores can be linkathvRI agents [38], [39]. However,
biological tissues are naturally fluorescent tob.c@urse, biological tissues are not intensely
fluorescent, but modified MRI agents aren’t veryght either. To make things worse,
emission wavelengths of the main fluorophores udsedgents fall in the emission regions of
the tissues autofluorescence, making it sometinfésult to interpret the images. Hence we
need to develop more sophisticated markers, fompiafluorophores capable of emitting in
the near infrared where the fluorescence of treudis is absent [40]. Another way to solve
this issue is to use fluorescent emitters whichageery slowly, a lot longer than the time
constant of the autofluorescence decay. Lanthaodaeplexes, particularly europium and
terbium, have been used for forty years in anajtlmochemistry [41], [42] with several
advantages compared to purely organic fluorophi@®s [44]: very long luminescence decay
(some hundred microseconds to some millisecondjebehotostability, narrow emission
lines and large Stokes shift. These compounds learefore achieve fluorescence optical
imaging with a time-resolved emission in the visifgreen light for terbium and red light for
europium) easily discriminated from the backgroannde.

Gadolinium, europium and terbium are lanthanidesd ahave the same
physicochemical and biological properties. An MRBhtrast agent which would have some of
its G&* ions replaced by Eiior TB" ions would make possible a time-gated fluorescence
microscopy in the visible wavelengths. Becauséhefgimilarity between the lanthanides, and
because the metallic ions are shielded from théo@ical activity, the modified optically
active agent can’'t be noticeably different chentycilom the pure MR one. Therefore, any
useful information collected using this modifieceagremains pertinent for the original agent.

1.5 Optical properties of terbium (Tbh3+) and europum (Eu3+) ions

1.5.1 Absorption spectra

The absorption spectra of free ions*GdEW" and TH" in aqueous solution are
presented in the figure 1.8, 1.9, 1.10 [45, p. 179je vertical axis represents the molar
absorptivitye (also called molar absorption coefficient or maatinction coefficient) of the
solution. The molar absorptivity is defined by tbemula [46, p.33]

£= iIogl—O [L.molcm] (1.1)
cd I

wherely is the intensity of the incoming light,is the intensity of the outgoing light,is the
concentration in moles per litet,is the path length in centimeters. The relatiotwben the
molar absorptivity and the absorption cross-sectian[46, p.33]

o = 382x10%Le [cm? (1.2)

The top horizontal axis represents the wavelengthnanometers. The bottom
horizontal axis represents the wave number itt.cm
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Figure 1.8: The absorption spectrum of Gd3+ in @juaous solution

420 500 600 750 1000 20005000 om
02 8
i 6 l
ol 4
: N
= i i I
'ﬂ-.- o ..EI__I_'L_. ¥V T 1 1 | '!ll'-. | _-Ll;._l_ r'ﬁ
§ M4 22 20 B Wk 19 12 0 B 6 4 ¢ 0
(a4 ]
2 25 250, 300 350400
3 ‘
= 2 .
|
039 a7 a5 3 %l W I3 B3 I 2%

e v 103

Figure 1.9: The absorption spectrum of’Ein an aqueous solution
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It is clear that G only absorbs in the middle UV light. This is natnwenient
because exciting it requires a quartz optical sysd@d a powerful source in a region where
few lasers are available. On the contrary*'Eand TS* have some wide band absorption in
the near UV region. They can be excited by a vemgact light source like a LED or a laser
diode.

It is worth to remark that the molar absorptivifya®* and TE" is very much smaller
than the one of the common fluorophores like Cagps7 (1.46 x 16L.mol*cm* @ 350
nm), Coumarin 4 (2.10 x fD.mol*cm* @ 372 nm), DASPI (3.83 x #0.mol*cm* @ 372
nm) ... [46]. As a result, the fluorescent intensity can expect from Btiand TB" is very
low. Tgis is the main obstacle that we must overeavhen designing applications with Eu
and Tb".

One straightforward way to increase the fluoresastensity collected from T8 and
Eu® ions is to increase their local concentration.yThan be added like dopants in a nano
particle like yttrium vanadate [47], [48] or coatex the surfaces of Syano particles [49].

Fluorescence resonance energy transfer (FRET3$asusled to increase the absorption
of excitation light. The excitation light does rextcite directly the lanthanide ions. It excites
particles which have a large molar absorptivityd &imen these particles transfer the excited
energy to the nearby lanthanide ions [49], [50]][$52].

1.5.2 Emission spectra

Figure 1.11 shows the energy level diagram of kmidhe ions in aqueous solution. It
is clear that the emission peak of*Gis around 310 nm. Acquiring this wavelength reguir
also quartz optical system and UV detector. Theeef&sd" is really not suitable for
fluorescent microscopy imaging, both from the apson and emission points of view.

Eu®* and TB* have emission in the visible region as shown @nftgure 1.12. This is
adapted to a conventional microscope.

It should be noted that while the emission speatr@b®* is almost not changed with
different ligandsthe relative intensity of peaks in the spectra ot Elepends strongly on the
ligands (figure 1.13 and [53]).
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1.5.3 Fluorescent lifetime

The table 1.2 shows the very long fluorescentififes of Ed* and TB" ions. They
last approximately 10 milliseconds. In fact, fluszent lifetimes of these ions in aqueous
solution are much shorter. They last only about5Ordilliseconds for T and 0.13
milliseconds for E% [57], [58], [53], [59]. The interaction of T and Ed" with water
molecules is the one reason [57], [60], [58]. Thene the binding of EUf and THB" with a
ligand is a good solution to eliminate this intéi@c.

The table 1.3 shows the fluorescent lifetime anangqum efficiency of EX and TH*
in H,O and DO solutions. It is clear that Eliand TB* in complexes have longer fluorescent
lifetimes and therefore a higher quantum yield. @aa note that the data shows that the
increase of the quantum yield usually is highenttiee increase of the fluorescent lifetime.
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Table 1.2: Calculated radiative lifetimes of exdittates of lanthanide ions in an aqueous
solution [54, p. 197]

r
Exciled Nd Pm Sm 1+ Eu |, Gd ' Th | Dy Ho Er
state® F. F G | Dy 1 Py | Dy 1 Ry TS S
1 1
N 1 N 1
Energy of : 1 : 1
excited state 11460 12400 17900, 17277) 32200, 20500 ! 21100 18500 18350
{em™) ! 1 ! 1
rali) ! [ ' [
0,42 (.65 6,26 L?.ﬁ'."  1be : 902 | 185 0,37 s

(msec)

Table 1.3: The fluorescent lifetimes and quantustdgiof EG" and T5".

H,O DO Ref.
Fluorescent Quantum | Fluorescent Quantum
lifetime (ms) vyield (%) | lifetime (ms) vyield (%)

Eu’* (aqueous) 0.13 0.9 1.65 11.2 [58]
Eu’* (aqueous) 0.10 2.27 [59]
EuEDTA 0.26 2.05
Eu’* (aqueous) 0.65 [55]
Eu’* (aqueous) 0.11 2.86
EuDOTA 0.60 2.13
EuDPA 1.54 2.94 [53]
EuEDTA 0.34 2.10
EuDTPA 0.63 2.27
EuDTPA-cs124 0.62 16.7 2.42 65.2
EuTTHA-cs124 1.19 42.3 1.79 63.6 [50]
EuDOTA-cs124 0.62 13.7 2.25 49.7
Tb** (aqueous) 0.48 3.4 2.39 16.7 [58]
Tb>* (aqueous) 0.43 3.3 [59]
ThbEDTA 0.41 3.20
Tb>* (aqueous) 0.47 1.3 [57]
Tb>* (aqueous) 2.9 [55]
TbDTPA-cs124 1.55 48.6 2.63 81.8
TbTTHA-cs124 2.15 73.0 2.37 80.6 [50]
TbDOTA-cs124 1.54 43.6 2.61 74.9
Th(DTPA-2pAS) 1.45 7.67 [61]
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We can increase the signal to noise ratio (SNREWF and TB* ions fluorescence in
an organic medium by taking advantage of their Iflagrescent lifetimes. Organic matter
emits a strong autofluorescence under UV illumoratilts fluorescent lifetime is several
nanoseconds. It is very short compared to the ésment lifetimes of Ed and TH".
Therefore, if we acquire the Euand TB* fluorescence emission after the decay of the
tissue’s autofluorescence we can obtain a condijemacreased SNR [38], [41], [62], [63],
[64], [65] despite a lower total energy capture (ose the fluorescence emitted at shorter
times). This technique is named time-resolved metgated fluorescence. The principle of
the time diagram for this technique is shown inftgaere 1.12.
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Figure 1.14: Principle of time-gated fluorescence
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Chapter 2

Microscope system setup
for time-gated fluorescence

We built a microscope system designed to acquwertensity, long lifetime,
fluorescence images of artery specimens labeleitidoy717Th complex. The
time-gated technique is used to discard the strdagt” autofluorescence
which comes from organic samples under UV light.

This system is capable to measure the fluorescpattmim of artery

specimens excited by UV light.

For colorized samples, the system supports a é¢olaging acquisition.

2.1 The microscope

We must excite the samples fluorescence with UWtliJ herefore, all the optical
elements in the excitation path must transmit U¥hva good efficiency and emit minimal
parasitic fluorescence. Samples fluorescence igtammin the visible region. It is mainly
green. Ordinary microscope optics is suitable héfe.also wish to be able to perform tissues
identification, in order to determine where theoflescent marker is fixed. An anatomo-
pathologist must have a good quality color image tfes identification. If the color and
fluorescent image are acquired exactly by the sexperimental setup, it is easier to make the
correspondence between the two images. No softeacaling, translation, etc is necessary.

An inverted microscope perfectly corresponds to thse needs. Therefore, the
microscope fluorescence system was built from aio Abserver A1lm inverted microscope.
Above the sample’s platform, we are free to build llumination system without constraints
about shape and size. All the microscope functiars below the sample’'s platform.
Fluorescence is seen as ‘transmitted’ through émepte. We still need a filter to block UV
propagation into the microscope system, somewh#iez the sample (labeled F2 in the
following, see figure 2.14). White light illuminata, for the color image, comes from below
and the color image is “reflected’ from the samplee image path and camera is the same for
fluorescence and color images.

This microscope has two output ports. Four objectienses EC Epiplan whose
magnifications are respectively: 10x, 20x, 50x &06x.
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2.2 The laser

The terbium ions require an excitation by UV lighg described in the previous
chapter. We have chosen a laser diode as a sauregditation because it possesses valuable
properties: it's compact, operates in continuouserand pulsed modes, its output power can
be easily adjusted and it can be synchronized otitbr parts of system.

We bought a Laser Stradus 375 made by Vortran Médiechnology, Inc. Some
parameters of this laser are shown in the table 2.1

Table 2.1: Specifications of the Vortran UV laser

Center wavelength (nm) 371
FWHM (nm) 2
Power output (mW, CW mode) 15
Spatial mode TEMqc
Beam diameter (mm, B ~1.3
Beam divergence (mrad) ~0.5
M? <1.25
Beam circularity > 90%
Polarization extinction ratio >100:1
Power stability (over 24 hours) <0.5%
Digital modulation 200 MHz
Digital rise time <2ns
Analog modulation 500 kHz
Analog rise time <0.7us
Operating temperature “to 45C

Figure 2.1: The UV laser head

We measured the emission spectrum of this lasearoEG&G 1461 digital triple
grating spectrometer. It shows only one narrow pak71 nm (figure 2.2). This wavelength
is suitable to excite terbium ions.

However, we encountered two problems.

The first one was easily solved: the laser emitsesuisible light at the wavelength we
want to observe. Maybe it comes from some fluoresedrom the laser’'s materials; maybe
it's due to some emission between junctions inldker. In any case, a good filter (labeled F1
in the following, see figure 2.14) centered on #émeission wavelength should rule out this
parasitic emission.
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The second problem was a little more difficult tsabwith: when the laser pulse is
switched off, UV light at 371 nm is still emitted lthe laser chip (figure 2.3). This light
emission decays during some hundred microsecondecteases faster than an exponential
decay function. This residual UV light is extrem&lgak compared to the ordinary UV laser
emission, but it can cause autofluorescence irogichl samples and on some of the glass
optics in the microscope. Autofluorescence is anote intense than our desired signal and
can overwhelm the signal from terbium ions. One mea& chopper must be used to
eliminate the residual light (see section 2.4)
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Figure 2.2: The UV laser emission spectrum
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Figure 2.3: The residual UV light at 371 nm (incgérithmic scale) .

The absorption of energy by the terbium ions ig/\Vew; moreover, the power of our
UV laser is low too. Its maximum power in contingomode is 15 mW. The specimens is
only receive 5 mW due to losses on the filter Fd @ focus lens.

The laser beam diameter (FWHM) is approximate @@, so the average intensity
on a specimen is only 1W/ém
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A single focusing lens is used to concentrate |lagbt on a specimen. The size of the
laser spot on the specimen is adjusted by chantjieglistance between the lens and the
specimen. That's the way we used to choose theuatielight intensity by defocusing.
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Figure 2.4: Image of the laser spot at the sampbesition

The figure 2.4a shows the image of a fluoresceat spterbium in a solution when it
was excited by the UV laser. This was also theireage of laser spot’s size. The chart in the
figure 2.4b is the power distribution of the labeam (vertical cut in figure 2.4a). We fit this

data to a Gaussian function
(x=%)°
=y, + Aexpg —+—2
Y=Y { 2W j

and the comparison gives ws= 38.0 = 0.2 pixels. The FWHM diameter equals §®@ls.

By taking a standard image, we estimate that tistanice between two pixels is
equivalent the distance of 0.7 micrometer on tlexispen. Therefore, the FWHM diameter of

Iaserrnzbeam is approximate 62 micrometer. The avardgasity on a specimen now is 182
Wi/cnt.

The field of view of the objective 20x is approximigt 1 mm. Therefore, only one
small part of specimen is excited. To get a fullgmaf specimen, we need scan the laser spot
on the specimen. The image area around each eyotibn is collected. Those data will be
used to build by software the whole fluorescentgeaf the specimen.

2.3 The filters

The first single filter (F1) eliminates the parasitiisible light from the excitation
laser. We purchased it from Horiba, code EM XFO01V8B@0. The transmission spectrum of
this filter is shown in the figure 2.5

The second single filter (F2) is the Semrock filteth has the code LP02-442RS-25.
It is a broadband high-pass filter. This filter iaqed after the microscope objective to block
the UV laser light (317 nm) from propagating furthato the microscope and possibly
creating autofluorescence in it. This filter allothe transmission of the fluorescence emitted
by the terbium ions in the visible region. The trarssion spectrum of this filter is shown in
the figure 2.6.
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Figure 2.5: The transmission spectrum of the EM XBB80WBG6O filter
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Figure 2.6: The transmission spectrum of the LP@2RIS-25 filter.

The filter set (FS) includes three optical cassptacolor filters from Edmund Optics.
The colors transmitted by those filters are sudeebsred, green and blue. We use them to
synthesize a color image, as we’ll explain belowe YWace them between the white light
halogen lamp of the microscope and specimens. @loe of the illumination light is chosen
by selecting one of those filters. For each cadlloe, camera gives us a “gray scale” image.
Then the three gray scale images, correspondintpeahree primary colors of the RGB
image, are assembled with the corresponding weigtte result is a real color image of
specimens (see figure 2.7)

Blue filter + Green filter + Red filter => Color image

Figure 2.7: The process to acquire the color imafa specimen
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2.4 The chopper

The mechanic chopper was made by EG&G Instrumentsi¢l 651). eliminates the
residual light of UV laser. Our working frequensy80 Hz. The TTL timer signal is used as
the master synchronizing pulse of the whole system.

2.5 The EMCCD camera

Since the power of the fluorescence signal of tegaftic ions is low, we need a very
good camera to get a correct signal to noise rati@. camera we have chosen is an Andor
iXon3 DU-897D. We estimated it could be sufficidont acquire the fluorescent image of
artery specimens when they are labeled by our batnoehtrast agent. This camera has an up
to 1000x electron multiplication gain and its sensan be cooled down to -1WD to get a
very low dark current noise. Therefore, it can aaxa very low intensity image. The camera
module is fitted with an external trigger port tiboav the camera to be synchronized with
other parts of the system like the chopper andUt¥idaser diode. We give more details about
the specifications of this camera in the table ZRe spectrum sensitivity of the camera
covers completely the visible range with a highruen efficiency. Its maximum sensitivity
is obtained from 500 nm to 700 nm. That matcheg wall the emission spectrum of terbium
ions (figure 2.8).

Table 2.2: Specifications of the Andor iXon3 DU-B%&mera

Sensor CCD
back illuminated
standard AR coated

Blemish specification Grade 1 sensor (CCD97)
Active pixels 512 x 512
Pixel size im) 16 x 16
Image area (mm) 8.2 x 8.2 (100% fill factor)
Cooling - 80
- Air cooling (°C) - 95
- Liquid cooling fC)
Thermostatic precisior’C) +0.01
Digitalized resolution (bit) 16
Triggering Internal
External

External Start
External Exposure
Software Trigger

Dark current (e-/pixel/sec) @ -85°C 0.001
Spurious background (events/pix) @1000x gain / t 0.0018
85°C

Active area pixel well depth (electrons) 180,000
Gain register pixel well depth (electrons) 800,000
Pixel readout rates (MHz)

- Electron Multiplying Amplifier 17,10,5,1

- Conventional Amplifier 3,1&0.08
Vertical clock speedus) 0.3 -3 (variable)
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Figure 2.8: quantum efficiency spectrum of the Andon3 DU-897D camera

This EMCCD camera have two major acquisition modeame transfer mode (FT)

and Non frame transfer mode (NFT)

Frame Transfer Mode

In Frame Transfer acquisition mode, the iXon3 EMC€&inera can deliver its fastest
performance while maintaining an optimal signalnmise ratio. It achieves this through
simultaneously acquiring an image onto the imaga arhile reading out the previous image
from the masked frame storage area. Thus there isne wasted during the readout and the

camera operates with what is named as a 100% yatg’.

Non-Frame Transfer Mode

The camera can also operate as an FT CCD in a Name~Transfer (NFT) mode. In
this mode of operation, an FT CCD acts much listaadard CCD.

Since this camera is one of the most important @orapts of this experiment, and
incontestably it is the most complex one, it dessmis own chapter 3 below. There, we will
present extensively its rich possibilities and samee “tricks” we could do with it!
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2.6 The shutter

In order to avoid parasitic light accumulation, tteanera needs a shutter to protect it.
We should open the shutter just before startingrttege acquisition, and close it at the end.
The shutter requires neither a very fast transittope nor an extraordinary frequency.
Therefore, we used for this purpose a hard diske+obil actuator. We attached a razor blade
where we usually find the read/write heads. Evergeeiment has its own characteristic

sound. The regular ‘tchack’, ‘tchack’, ‘tchack’ tife actuator became the emblematic sound
of this system.

2.7 The spectrometer

We built a spectrometer, added to the microscap®yder to measure the emission
spectra of specimens excited under UV light. Deteista camera. The high sensitivity of this
camera allows us to acquire the spectrum of vesyitdensity light. We use this spectrometer
as a control device. With it we can ensure thatcibitected light indeed corresponds to the
terbium emission spectrum. Figure 2.11 shows therse of the spectrometer.

Mirror
Concave

mirror

Entrance
slit

EMCCD
camera

R

Grating
Mirror

Figure 2.11: The spectrometer.

2.8 Electrical synchronization

The time-gated technique requires a very good symération between the chopper,
the UV laser diode and the cameras. We also waadjtest and modify the synchronization’s
parameters, for example in order to add anothestifom like the spectrometer. A software on
a ordinary PC may offer the maximum freedom, butaraom is allowed and it's extremely
difficult to guarantee a real-time processing oé thynchronization events when using a
multitasking operating system. We used a standachnique: a dedicated microcontroller.

The synchronization is controlled by a Picdem FBUfmo board purchased from the
Microchip Company.

The PICDEM™ FS-USB is a demonstration and evaladimard for the PIC18F4550
family of Flash microcontrollers with full speed B.0 interface. The board contains a
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PIC18F4550 microcontroller in a 44-pin TQFP packaggpresenting the superset of the
entire family of devices offering the following feaes:

- 48 MHz maximum operating speed (12 MIPS)
- 32 Kbytes of Enhanced Flash memory

- 2 Kbytes of RAM (of which 1 Kbyte dual port)
- 256 bytes of data EEPROM

- Full Speed USB 2.0 interface (capable of 12 Mhidta tranfers), including FS-USB
transceiver and voltage regulator

The demonstration board provides the following fiorcs:
- 20 MHz crystal

- serial port connector/interface (for demonstratiof migration from legacy
applications)

- connection to the MPLAB® ICD 2 In Circuit Debugge

- voltage regulation, with the ability to switcltom external power supply to USB bus
supply

- expansion connector, compatible with the PICtad&ughter boards standard

- temperature sensor TC77 (connected to the SBI bus

- potentiometer (connected to RAO input) for A/Dheersion demonstrations

- 2 LEDs for status display

- 2 input switches

- reset button

The board comes pre-loaded with a USB bootloadee FIC18F4550 can be re-
programmed in circuit without an external programmat we used a full development
system for maximum flexibility and ease of use.

2.9 How to get a fluorescent image?
The complete time-gated fluorescent microscopehsws in the figure 2.13. Its
scheme is presented in the figure 2.14.

Because the system uses time-gated technique tmealhe signal to noise ratio, the
time synchronization between the chopper, the lasdrthe camera is very important. The
figure 2.12 shows the time frame for each device.

1. While the chopper opens, the laser turns onci8 is illuminated.

2. The laser turns off; chopper closes to block dsdual UV light of laser as it
decays.

3. The camera shutter opens at this time. The expg¥rocess begins at the same
time.

4. When the exposure process is completed, thereasmeitter closes and read-out
process is started.
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Figure 2.13: Our time-gated fluorescent microscopih spectrometer
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LD LD UV laser diode Stradus 375
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Figure 2.14: The scheme of time-gated fluorescecrtoscope imaging

2.10 “Mosaic” imaging

Absorption of excitation light is low for two reas& molar absorption is intrinsically
low and the samples on the microscope must be @Gonsequently, the fluorescence signal
for a single shot of the laser is very small. Wgentwo ways to collect a sufficiently large
number of photons per pixel in order to have a gooalge. The first one is to increase the
number of laser shots integrated on one imagegka® $everal images and add them. Noises
will also add with the different shots. The secpagsibility is to increase the laser power, but
this solution also has its limits, like cost anchidability of the laser, danger for the operator,
thermal destruction of the sample (the contrastnage fortunately very resistant to
photobleaching).

However, the optimal laser spot is a lot smallanth full image of the sample seen by
the microscope. We then decided to take imagesiantlye small region illuminated by the
laser, scan the laser on the surface of the sammpteassemble the small images by software
to form the full sample image. We don’t add theseaf each image in the dark regions.

We purchased a bare-bones microscope with a marumlation stage. It would be
difficult to motorize it, but not too complex to w® the source above the sample. The
accuracy of the steps is not very tight, sinceoir@sponds to the laser’s spot size and since
we want to quickly scan the whole sample surfacdirtd the bright regions where the
contrast agent is accumulated. The sample doemawe¢ on the microscope, then the laser
positioning on it is easy to determine. For the &fan, we simply used two step motors
salvaged from an old ink jet printer.
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2.11 System background noise

We measured the background noise of the system thieegxcitation laser is off (case
1) and when it is turned on without a sample (@s&he main measurement parameters are
listed in the table 2.3. These parameters wereethsed in all other measurements.

Table 2.3: The measurement parameters

Excitation pulse width (ms) 6.25

EM gain 1000
Vertical shift (us) 0.9
Read-out rate (MHz) 10
Pre-amplifier 5.1
Operating temperaturéQ) -75
Baseline clamp mode Selected

The average value given by a pixel in the obsewnadrea is 104 for the first case. The
background noise for this first case is mostly tlu¢he internal working of the camera: the
read-out noise, the clock-induced charge and tleenthl noise. In the second case, the
average value of a pixel increases a little bit@. It may come directly from residual laser
light (see section 2.2) scattered by the surroundiguipment, that the chopper does not
eliminate. The objectives are made from glass ey emit a long lifetime fluorescent and
causes the increase of the background.

The low concentration of b as low as 20 micro-mole can easily be detected as
shown in the figure 2.15. This limit can pushed éowf we increase the integration time, that
is if the camera collects emission light of mangitation pulses before the read-out process
begins.
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Figure 2.15: The background of the microscope syste
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2.12 Conclusion

For this thesis, we built the complete system freonatch. On a good inverted
microscope, we adapted a simple UV laser sourcepancthased the best camera we could
find. Some elements of this experiment are hom#é;dike the translation stages and the
spectrometer. A time-resolved measurement needsod gynchronization of its different
parts, of course, so we developed all of the edaeats and software. There is no black box
here, any parameter can be measured and moditiedefbre, we are confident in the quality
of our results. And, last but not least, the whsylstem is quite comfortable to use!
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Chapter 3
The EMCCD camera

We want to acquire very low fluorescence imagesyetflore we need a
camera with a very good quantum efficiency, lowseoand with a
controllable gain. Time-resolved fluorescence ingsos precise control of the

exposition time. We bought the best camera we dodd

3.1 CCD camera

The Charge-Coupled Device (CCD) is an image sensbich is widely used in
everyday life and in science. It was primarily deped to generate images for television
broadcasting and many design details of the CCB@smnshow this legacy. An image is a
two-dimensional signal whereas a radio wave is edimensional function of time. The
television tube was designed to easily displayhwdry few analog components, the images
after demodulation of the radio signal. It is jastelectron beam, which scans the image line
after line (interleaved but we will ignore this dindetail here) and excites a phosphor
proportionally to the beam’s intensity. Therefoeeyideo signal is the succession of the
luminance variations of the lines, one after tHeegtwith synchronization between lines and
between successive images. The CCD sensor is grsate circuit designed to generate a
signal suitable for TV transmission. The basic erte of a CCD are columns of p-
doped metal-oxide-semiconductor (MOS) capacitotesE capacitors are organized into an
array. Each capacitor is a pixel of the image. ihldéevidual capacitor has two main functions:

- It convert light to photoelectrons like a photwdié and stores them during the
accumulation phase.

- It transfers its charges to the next capacitetow itself in the column, during the
readout phase, where the 2D signal is converteght@D one, while receiving the charges
from the capacitor above itself.

The way that charges are transferred from a pixed heighboring pixel is a main
characterization of CCD.

3.1.1 The transfer of charges

Each pixel has two or three electrodes. For the sdilsimplicity, we assume in our
example that a pixel has three electrodes. Allgixels of all the columns, on a same line,
share the same electrodes. During the integrati@se of the image, only one of the three
electrodes - the one at the center - in each Bxleéld at a positive potential. This electrode
attracts the photoelectrons and then it accumuldtescharges proportionally to the light
incident on the cell. The neighboring electrodesh wheir lower potentials, act as potential
barriers that eliminate the drift of charges to tlegghbor pixels. Lateral barriers, permanently
defined by doping the semiconductor, separatedharm from each others.
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During the readout phase, the charges are trasdfdrom pixel to pixel on the
columns — it is called the shift. This processagfgrmed by sequentially changing the voltage
of electrodes, since the negative charges foll@wntlost positive potential (see figure 3.1):

-5V
5V
-5V

Pixel 1

Pixel 3

Charges

Figure 3.1: The shift of charges in CCD

3.1.2 The CCD cameras architectures
There are three main architectures for CCD cameras.

The Full Frame CCD

Nearly all the sensor area is used to collect pi®tso this architecture is very
sensitive. The accumulated charges in the imaga are shifted vertically, all the row
simultaneously, by one pixel. Therefore, the botiora of the image is transferred into the
horizontal serial register. Then the horizontaladeegister is shifted horizontally to the read-
out circuit where each individual pixel is ampldidy a common gain and output to the A/D
converter (or to the modulator if we want an olgestanalog TV signal). The main
disadvantage of a full frame sensor is the chargeasing caused by light falling on the
sensor whilst the read-out process. To avoid enisjechanical shutter is used to cover the
sensor during the read-out. The shutter is notext®den a pulsed light source is used.
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Image area

> D

Horizontal Read-out
serial register

Figure 3.2: The full frame architecture

The frame transfer CCD

A storage area is added between the image areahantorizontal serial register
(figure 3.3). The storage area has the same dimemsi the image area and is protected from
light by a light-tight mask. When the exposure tirmever, the accumulated charges in the
image area are shifted quickly to the storage aidale the storage array is read, the image
area can accumulate charges for the next imageamef transfer CCD imager can operate
continuously without a shutter at a high rate. Beasor circuit is bigger and then more
expensive than the full frame sensor since theagto@area is approximately as large as the
active area. The fill ratio of the active area &wgood, nearly 1, like for the full frame
sensor.

Image area

Storage area

Read-out

v {>
Horizontal

serial register

Figure 3.3: The frame transfer architecture

The Interline Transfer CCD

The interline-transfer CCD has charge transfer ohiEncalled Interline Masks (the
gray area in the figure 3.4). These are immediad|gcent to each photodiode. They play the
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same role as the storage area of the frame tra@§¥€, but since they are very close to the
accumulation regions, the accumulated charges eaagdly shifted into the channels after

the exposure time. The very rapid image acquisitiotually eliminates image smear. The

disadvantage of interline transfer architecturtheésinterline mask reduces the light sensitive
area of the sensor as is decreases the fill ratio.

Image area

> {>

Horizontal Read-out
serial register

Figure 3.4: The interline-transfer architecture

3.2 Quantification of the signal provided by our canera

Our EMCCD camera is a frame transfer camera, buh wihe addition of a
programmable gain. We now explain how we use itlamd we studied the histograms of the
data collected from the camera. With these diagramesdeveloped a numerical method to
calculate the average number of photoelectronshatitput of the multiplying register.
Therefore, we can estimate the average numberaibph incident on the camera sensor.

3.2.1 Theory

In the EMCDD camera, after the exposure process ptiotoelectrons in the image
area move quickly to the storage area. Then thegeban the pixels of each row are shifted
to the horizontal serial register line by line. Jlprocess is similar to the one in an ordinary
frame transfer CCD. The difference is that thosargés are multiplied by a multiplication
register before they reach the readout circuiu¢g3.5).

The multiplication register contains many hundrefisells that are driven with a
sequence of voltage to move the charges to theelextent. An avalanche multiplication of
the electrons occurs as they are moving through ebament of this register. The gain per
cell is actually quite small, only around 1.01-B0Nevertheless, with a large number of
cells, a substantial total mean electron multipicza gain G is achieved. To ensure a good
dynamic range and gain stability, among other aerations, the actual gain is normally no
bigger than 1000.
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Horizontal Multiplication
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Figure 3.5: EMCCD architecture

Due to the stochastic nature of the multiplicatpncess, each photoelectron, which
passes through the multiplication register, hateiht gains from the other photoelectrons.
As a result, a large range in the number of outiharges could be produced from each
possible number of input photoelectrons n. Theribistion of output charges m can be
approximated by the formula 3.1 [66]

n-1 ;m
T(m)—m eXF{ G j n>0 (3.1)
~ G"(n-1) '

=Jy n=0

where dy' is the Kronecker delta

If the Analog to Digital Conversion (ADC) processpgerfectly linear, each small set
of mvalues will correspond to a digital valkeand we could rewrite the formula 3.1 to

k"t ex;{_kj
flk)=— 9/ n>0 (3.2)

g"(n-1)
=JF n=0

fu(k) is the histogram that corresponds only rtophotoelectrons entering the electron
multiplying register, andj is a constant number. In other word, the probighib obtain the
valuek at the output of ADC i§,(k) for n input photoelectrons.

In the fact, the ADC process is not perfect. WhHesré are no input charges, we have
the Gaussian-shape histogram
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Fo(k)= Aexr{—w] (3.3)

Therefore, if there are ontyphotoelectrons entering the electron multiplyiagister,
the histogram will be the convolution fatk) and Fy(k)

Fa(k) = Fo(k)* fa(k) (3.4)
Some functionsF, (k) are plotted on figure 3.6. However, the funcfig(k) is not a
real histogram that we can measure. In reality,inieming photoelectrons number obeys a
Poissonniamlistribution:
Ae™
nl

P(n, 1) = (3.5)

wheren is the number of photoelectrons and wheis its average. Therefore, the formula,
which corresponds to the observed histogram, is

F (k)= F(k)P(n.A) (3.6)

n=0

Formula (3.6) presents a real histogram we havenwhe average number of input
photoelectron isl (see figure 3.7). Therefore, if we have histograshshe camera, we can
have a quantitative estimation for the average rermabincoming photoelectrons.
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Figure 3.6: The functional forms Bf(k), F,(k), F,(k), F,,(k)
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distribution
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Figure 3.7: How to get the histogram of the phodoaions

3.2.2 The function Fy(k) and exponential constant g

In order to apply the theory we described in thetise 3.2.1; we must know the
function Fy(k) and the constany

The functiorFy(k) is the histogram we will have when the shuttethef camera is

closed. It is very easy to get. The histogram datited to the Gaussian function (3.3) to
estimate the values & ando .

Evaluating the parameter is a little more complicated. In fact, we cannet the
histogram corresponding to the functit;fk). If we consider a very low intensity light
incident on the camera during one exposure duraiih A <<1, either one photoelectron or
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zero photoelectron would be generated in each ,pama from formula (3.5) and (3.6) the
measured histogram should be approximated by

F, (k)= Fo(K)P(0,2)+ F ()P, A) = e Fy (k) + e Fy (k) (3.7)
with

Fi(k) = Fo(k)* ,(k) (3.8)
In the expression (3.7), the distributid®,(k) peaks aroundck ~k_, and can be

neglected outside this region (see figure 3.6ththsame way, the convolution tﬁ()(k) in
(3.8) will have its primarily influence in this rem k ~k_, where there is a jump of the

distribution f,(k). Outside this region, this distributiof,(k) is really narrow compared to
the behavior off,(k) and will act as a Dirac delta function, leadingidk) ~ f,(k) and to

F,(k)O ex;{—hj (3.9)

g

Therefore, we fitted, ford <<1, the part of the histogram with an exponential
behavior, outside the zorle~ k., and then we estimate the value of g.

3.2.3 Numerical method to estimate average numbef photoelectrons/ at input

It is not easy to find the analytic form Iéj(k), so in order to estimate the valueiof
from the histogram of camera, we used a numerieghad.

3.2.3.1R?

In statistics, the coefficier®® measures how successful is the fit in explairtime
variations of the datd®’ can take any value in the range from O to 1; aevalear 1 indicates
that the model accounts for a greater proportioveoiance R is defined as [67]

m? =1 SSE

= 3.10
SST ( )

whereSSTis called total sum of squares and is definecheyformula
SsT=> (y, - y) (3.11)

and wheresSEis called sum of squares due to errors and iseefby
SSE=Y (y, - f,)° (3.12)

Herey, is the observed datg, is the average value of, and f, is the predicted
value from the fitting function. The minimum valm‘aquotient%E corresponds to the best

fit.

3.2.3.2 Numerical method

In summary, we propose to implement the followingtpcol: a part of the camera
sensor is uniformly illuminated, and we collect thistogram of the values from the different
pixels in the region of interest. We then fit thetbgram using the theoretical model we just

40



have previously presented. The dstan (3.11) and (3.12) therefore corresponds to the
number of pixels with a value

The figure 3.8 shows an example of the dependehqemﬂient%_'E on the average

number of photoelectrons It is easy to see that there is only one mininwatue of the
quotient. The algorithm we used to estimate thaeval/ is presented in the figure 2.6

Step 1: 5 value in a given rangeihin, Amad are selected.

Step 2:% )Ij) of each value of; is calculated.

Step 3: find out the index min for the smallest value G%E(Ajmm).

Step 4: The range afwill be changedA, = A in1s Anax = Ajmina (figure 3.8) and

return Step 1 until the evolution éﬂE(A.mm) is smaller than a given error value.
Ss1t

C]D 15 20 2 0 B 40 45 50
Average entrance photoelectrons

Figure 3.8: Selection of the value®fn our algorithm
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Figure 3.9: The flowchart of the algorithm

3.2.4 An example

This model was applied on the EMCCD camera AndamiXDU-897D. Table 3.1
shows the parameters of camera we used in theimgyer

Table 3.1: Parameters of the camera

Electron multiplying gain 1000
Pre-amplifier 5.1
Exposure time 0.04 s
Read-out rate 10 MHz
Vertical shift 0.9us
Triggering External
Operating temperature -Te
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We recorded the histograms with and without theeBas Clamp option. The baseline
(or bias level) is an electronic offset added te tutput signal from the EMCCD sensor to
ensure that the signal level is always higher tharzero level.

In the fact, small changes in heat generation ef dhving electronics within the
detector head when acquiring data may cause safhefdhe baseline level. Baseline Clamp
option is used to correct any drift in the baselleeel. Baseline Clamp corrects each
individual image for any baseline drift by subtiagtan average bias signal from each image
pixel and then adding a fixed value to ensure thatdisplayed signal level is always a
positive number of counts. As a result, the basalemains at a stable value [68].

The experimental setup is shown on figure 3.11:rételight from a He-Ne laser is
scattered many times in an integrating sphere.ifitlegrating sphere is designed to provide a
uniform distribution at its output port (figure B)1 Using a beamsplitter, we controlled the
laser's power, measured by a powermeter “Fieldmast@ade by Coherent. We used an
attenuator to choose the laser light intensity. Yéeorded this intensity for different
attenuation values and the corresponding histogranmsded from the camera.

Figure 3.10: Distribution of light at the output thfe integrating sphere
It is really flat, as we should expect

Integratin
spgher« J |:| Power meter
< Splitter
%@ Attenuator
EMCCD
camera

Laser He-Ne

Figure 3.11: The principle of the experimental getor histogram acquisitions
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3.2.4.1 Histograms and fitting curves

The histograms and the corresponding fitting curatedifferent laser intensities are
presented in the table 3.3. The average numbarhaibelectrons and the coefficiefSare
shown in the table 3.2.

Table 3.2: average number of photoelectrons

laser intensity|  “Baseline Clamp” is off “Baseline Clamp” is on

(LW) A R A R

0.005 0.44 0.499 0.16 0.998
0.013 0.50 0.544 0.25 0.998
0.050 0.88 0.647 0.69 0.990
0.099 1.32 0.816 1.24 0.971
0.157 1.90 0.874 1.85 0.960
0.311 3.14 0.965 3.13 0.980
0.418 3.96 0.984 3.98 0.992
1.020 9.51 0.990 9.50 0.997
4.040 39.1 0.976 38.5 0.984
7.000 66.3 0.964 66.1 0.974
10.00 95.2 0.956 94.9 0.965
13.20 124 0.951 124 0.955
16.10 149 0.942 149 0.954
19.10 175 0.943 175 0.950
22.30 202 0.929 202 0.934
25.10 226 0.919 226 0.936
28.10 251 0.925 251 0.939
31.30 277 0.925 276 0.933
34.00 290 0.927 290 0.967
37.30 309 0.991 308 0.987
40.10 326 0.999 325 0.999
43.20 344 0.999 343 1

46.20 360 0.999 359 1

49.20 374 1 373 1

52.10 389 1 388 1

55.20 404 1 398 1

58.10 417 1 407 1

63.10 443 1 441 1

We can see that, when the “68” option is off, tiedgrams and fitting lines do not
match well at low laser intensity (0.005 and O.0) and that we have better fits at higher
laser intensity. This is reflected in tR coefficients. When “68” option is on, we have good
fits for any value of the laser intensity. Obvigyghe drift of the baseline level has a strong
influence on the histograms when very low lightnsident on the CCD sensor. The fitting
results show very good performance of the “68” apti
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We present an interesting result in figure 3.12e Tircle dots show the values of
incoming photoelectrons as estimated by the compariggram from the histograms. The

squared dots show the average value of all pixekhe illuminated arealhe result shows
that this method increased the dynamic range ofcdmmera and opens the possibility of

distinguish the saturated pixels
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Figure 3.12: dependence of the average value ofgghectrons in a pixel on the incident
light when the Baseline Clamp option is selected

The figure 3.12 shows that a linear relationshigts between the average value of a
pixel's illumination and the quantity of photoelemts generated by the pixel in the range
from 100 to 13500. We fit this result to the functiy = a +b*x by the use of the SciDAVis
software with

a=-2.0+0.010
b =0.02153 + 3.1 xID
R? = 0.99996

This means that, if we know the average value prediby a pixel, we can calculate
the number of photoelectrons from this pixel (fig®.13). Therefore, the average number of
photons incident on the pixel can be estimatedafquantum efficiency of camera is known.
One can note that the values afand b are dependent on many parameters, namely the
electron multiplying gain, the operating temperafuhe pre-amplifier gain, the read-out rate,
the vertical shift.

48



Photoelectrons/pixel

480

11 Y=-2.00716513605956+0.021 5335084608764

440

400

360

320

280

240

200

160

120

/

80

12000

4000

6000

8000

le+04

Average value of a pixel

| 12e+04

14e+04

1.6e+04

Figure 3.13: Dependence of the number of photoelaston the average value given by a

fluorescent lifetimes in the range some hundredsosecond to some millisecond.

3.3 Use of the Camera for Long Decay Fluorescent Msurement

pixel when we select the Baseline Clamp option

We now describes how we can use the EMCCD cameuniréatly measure long

This EMCCD camera have two major acquisition modegame transfer mode (FT)
and Non frame transfer mode (NFT). We now briefiyails the pertinent parameters for each
mode.

Frame Transfer Mode

In Frame Transfer acquisition mode, the iXon3 EMC€&idnera can deliver its fastest
performance while maintaining an optimal signalnmise ratio. It achieves this through
simultaneously acquiring an image onto the imaga ahile reading out the previous image
from the masked frame storage area. Thus, there iBne wasted during the readout and the
camera operates with what is named as a 100% &yatg’.
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The capture sequence in FT mode follows in 5 steps:

Step 1. both image and storage areas of the CCDulyecleaned out by process
called "Keep clean cycle". When in standby, "Kedgac cycle" occurs continuously to
ensure that the camera is always ready to statamisition when required.

Step 2: When the camera receives a start acqumisibenmand the camera stops the
"Keep clean cycle". This allows the image (photoile charge) to build up in the image area
of the CCD. The CCD remains in this state untilélposure time has elapsed, at which point
the read-out process starts.

Step 3: the first phase of the readout process duiickly shift the charge, built up in
the image area, into the storage area. The timaérsghjto move the charge into the Storage
area is approximately calculated as follows:

Time = Number of rows in the Image area x Vertstaft rate

Step 4: once the image area has been shiftednatstbrage area, the image area stops
vertically shifting and begins to accumulate chaagain, i.e. the next exposure starts. While
the image area is accumulating charge the stonageis being read out. This readout phase
can take tens of milliseconds to seconds depenoimthe image size, readout pattern and
readout speed.

Step 5: When the readout is completed, the systéhwait until the exposure time
has elapsed before starting the next read-outterning to Step 3).

Non-Frame Transfer Mode

The camera can also operate as an FT CCD in a Name~Transfer (NFT) mode. In
this mode of operation, an FT CCD acts much lilstaadard CCD. The capture sequence for
this mode is illustrated here:

The capture sequence in NFT mode follows in 5 steps

Steps from one to four are the same in the FT mbdéhe step 5, the CCD will
remain in the "Keep clean cycle" until the end lo¢ taccumulation or kinetic cycle time,
depending on the acquisition mode, i.e. back t@ 3teAt least one "Keep clean cycle" is
performed between each exposure. The minimum ex@dsue is no longer constrained by
the time needed to read out the image.
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Figure 3.15: Image capture sequence in non-frarapdfer mode

3.3.1 Effect of vertical shift speed on the streakg of image

The vertical shift speed is the time taken to gallly shift all pixels one row down,
with the bottom row entering the shift register

Faster vertical shift speeds also have benefith sisclower Clock Induced Charge
(CIC). A drawback with faster vertical shift spedadsthat the charge transfer efficiency is
reduced, effectively reducing the pixel well deptithe maximum number of electrons in a
single pixel. This is particularly important forigt signals as a pixel with a large signal is
likely to have some charge left behind if the \eatishift speed is too fast. This will result in
degraded spatial resolution.

In the time-gated fluorescent microscope, if thera good synchronization between
chopper, laser and EMCCD camera (figure 3.17) stheaking effect doesn’t happen (figure
3.16).

(@) (b)

Figure 3.16: The correct image (a) and the wronggm® (b) due to the streaking (the color is
inverted)
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Figure 3.17: Time synchronization in the system

There are two cases to cause the streaking inN@@ED Andor iXon3 camera.

The case 1.The exposure process begins later than the opesfitbe camera’s
shutter, with a delay of duration T1 (figure 3.18).

We consider one column of vertical pixel. On thiduenn, only one pixel on the row
100" is illuminated by a exponential decay light. I thon frame transfer mode of EMCCD
camera, when the exposure process has not yet bbgukeep clean cycle process is running.
Every rows move down at vertical shift speed V

In the figure 3.19, the illuminated pixel collect@80 photon-induced charges at the
time camera shutter was opened.

52



Chopper

v

Laser pulse

v

Camera shutter

v

A
A\ 4

T, Exposure

v

B P P
B PP
ISR By RS
IS

Read-out

B P P P P P
P P PP PP

v

Figure 3.18: The exposure process begins late

In the first vertical shift, the 100 charges ofitinated pixel move down to next pixel

— pixel 101". Because the illuminated pixel is exposure by mpomential decay light, a
smaller charges — 90 — is collected.

In the second vertical shift, total charges in pgieels 101th and 100th are down
respectively to pixels 102th and 101th. After thilag illuminated pixel collects 82 charges.

This process is continued until the exposure pobegins. At this time, we assume
that five vertical shifts are taken and the numiaénshotoelectrons in the pixel 100th to 105th
are a function of the decay rate of light.

When exposed, during the exposure duration windoware charges are collected by
pixel 100th. We can use the number of chargesenpikels 101th to 105th to estimate the
decay constant.
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The case 2:The exposure process finishes before the clodingeocamera’s shutter
(figure 3.20).

Chopper

v

Laser pulse

v

Camera shutter

v

Exposure

v

B

CE P R P R PP PP PP

Ly
LA Read-out
A A A A A A s
S s i i A

v

Figure 3.20: The exposure process is too short

The read-out process begins by quickly shiftingrgea from the image area towards
the storage area. However, the image area islstitinated because the camera’s shutter is
still open. Every row before row 18@will pass through the illuminated position andlect
contaminating charges (figure 3.21). The numbecaftaminating charges depends on the
light intensity and the selected vertical shiftespe

Similarly to the case 1, we can estimate the deocagtant of light from the values of
pixels from row 98 to 0" and the vertical shift speed.

The camera Andor iXon3 DU-897D support five vettishift speeds in the read-out
process: 0.3 - 0.5-0.9 - 1.7 - 3.3 microsecohdthe external trigger mode, the vertical shift
speed of “keep clean cycle” process is 6.6 micrases (see section 3.3.2). The fluorescent
lifetime of Tb complex is of some milliseconds, risfere the longer vertical shift speed of the
first method is more convenient to measure it.
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3.3.2 Application of vertical shift for lifetime measurement

From the section 3.3.1, it is clear that we canthsestreaking effect of an EMCCD
camera to measure the lifetime of long decay flsogace. In this section, we will use the
first method to measure the fluorescent lifetiméeobium ions in solution.

A P717-Tb solution layer is kept between two quatizes separated by a few dozen
micrometers. The laser beam is focused on the FBl@yer by a single lens. The fluorescent
image of the solution is a tiny dot on CCD sensorthe result of the streaking is not too
affected by spatial convolution by the dot’s sizbe streaking is controlled by changing the
value of exposure delay; Tsee figure 3.18).

Vertical pixels

511

Camera 0 1000 1500 2000 2500 3000 3500 4000
exposure delay

T1 (us)

Figure 3.22: The streaking lines at differentvBlues in the case 1 (the color is inverted)
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Figure 3.23: streaking from one pixel column atetiént T, values in the case 1

To estimate the lifetime of fluorescent light, weed to know the periodsdi to move
charges from one row to the next. The technicaudwmmntation of EMCCD Andor iXon3
doesn’t provide the vertical shift speed whichsgdiin the “keep clean cycle” process.

The figure 3.23 shows the evolution of streakimgdi at different camera exposure
delays. The opening of camera shutter and the detéight intensity cause the left rising
edge. The right falling edge is caused only bydbeay of light.

The peak intensity of all charts is the same. dvahthat all charges in any pixel are
move perfectly to the next. The position of thekogaves to lower pixel when;Tincreases.
The figure 3.23 shows the dependence of peak posditi pixel on the Tvalue (black dot).
We fit the data to linear function by the SciDA\ggftware

y=A*x+B
and the result is:
A =-6.61 £ 0.03us/pixel
B =4260 £ 8 us
with the coefficient of determinatid®? = 0.999915

This result shows that the vertical shift speeccafera in the “keep clean cycle”
process is 6.6 microseconds. It means that the fima charge to move from pixel 5110
pixel 0" is 6.6 x 511 = 3372.6 microseconds.
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Figure 3.24: dependence of the peak position ielpign the Tvalue
The figure 3.25 shows the fluorescent decay daf@7df7-Th when it is dissolved in
pure water. This data is fitted to an exponentiakfion by the SciDAVis software:
Y =Yo+ A*exp (-x/t)
with the result is:
A=920+28
t=1.18196 *+ 2.0e-05ms
Yo =100 £ 10
R* = 0.99694

The fluorescent lifetime for the terbium ion was 821 microseconds. The
measurement time in figure 3.25 excess the maxwalak of 6.6x511=3372.6 microseconds
by merging acquisitions at different Values. It is similar to the values which are jmi®d
in the literature [50], [69].
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Figure 3.25: The decay data of P717Tb in pure water

data

‘..,
"o el
Ay :'.\l-'.'. m— cnponential fitting

400 i b

200 *

Intensity (a.u.)

1,200 1,500 1,800 2,100 2,400 2,700 3,000 3,300
Time (us)

Figure 3.26: The decay profile of TkGh pure water

We also used this method to measure the fluoredifetime of terbium ion in the
TbCl; when it is dissolved in pure water. We presentréselt in figure 3.26. The fluorescent
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lifetime of terbium in the solution of Tb&lis 388 microseconds. This is consistent with
results published in the literature [58], [57].

3.4. Conclusion

In this chapter, we present how we can use the mateemeasure the number of
photons incident on a pixel. This gives us hopeuauate the fluorescence absolute intensity
therefore to estimate the concentration of therfisocent agent in the sample, provided we
know many other parameters like the optical syssemmction.

We also present the causes of the streaking edfethe CCD camera and how to use
this effect to measure the fluorescent lifetimethe range from some hundreds to some
milliseconds.

We present some experimental estimations of tledkcent lifetime of terbium ion in
solution of P717Tb and Tb¢l

This method allows us to measure the fluorescéatirie by one excitation pulse
only. It could be extremely useful when the fluaes particle is photo bleached quickly.
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Chapter 4

P717-Th Experimental
results

This chapter presents the experimental results pifcal properties of
P717-Tb in solution and in rat artery. Fluoresceimages of artery
specimens labeled by P717-Tb are presented.

4.1 Synthesis of the fluorescent molecule

We have prepared 2 fluorescent contrast agents:
(i) P717 complexed with Th3+ ions (P717-Th)

(i) P717-Tb linked to fucoidan (P717-Tb-F) to emdat with biospecificity for
platelets.

4.1.1 Synthesis of P717-Tb

P717-Tb have been prepared from a precursor, LR¥liely the carboxymethylated
dextran-DOTA macro molecule. This polymer was prmtliby Guerbet Laboratories for this
project. When complexed with gadolinium ions it lee®en used as a blood pool agent [70].
As previously mentionned (8 1.4.2) DOTA is ofteredigs a ligand for lanthanide complexes
[50], [71], [72]. There are 0.23 DOTA group per gbgidic unit in each macro molecule, and
the relaxivity is about 10 /mM Gd/s in the frequgmange from 20 to 200 Mhz [73].

OH
OH O,

? o)
coo KCH
OH O\.
? ol
COO \ OH
OH 0]

0 o)

OH
NH OH O..
j OH
NH
DOTA

0]

Figure 4.1: Schematic structure of LP717 molecule

The fluorescent molecule - P717-Tb - synthesiseidopmed from LP717 — with the
aid of our colleagues in the Inserm 1148 unit. flberchart of the synthesis process is shown
on the figure 4.2. Protocols are easy to handlecamaplexes were obtained in a few days in
good vyields.
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Figure 4.2: The synthesis process of P717-Th

4.1.2 Synthesis of P717-Th-F

P717-Tb complexes were chemically linked to fucnidaorder to endow them with
the capacity to bind to P-selectin in vivo.

Description of fucoidan

Fucoidans refer to a type of polysaccharide whicht&@ins high percentages of L-
fucose and sulfate ester groups, mainly derivech fltbown seaweed [74], [74]. Since the
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1990’s, some researchers from Inserm U1148 havaegédxperience in the field of fucoidan
research [75], [76]. Fucoidan structure involvedfaded fucose polymer: 4 3)-a-L-
Fuc(20SQ@)-(1 - 4)-a-L-Fuc(2,3di0SQ@)-(1], (figure 4.3).

Me o
OSO;Na
OSO,Na

(e}

Me o
OSO,Na
o
HO
Me o
OSO,Na
OSO,Na

o

Me

0OSO,Na
o

Me HO

OSO,Na
0SO,Na

Figure 4.3: Schematic structure of fucoidan exteaictrom Ascophyllum nodosum [19]

Fucoidans have a large panel of biological actidnsjuding anti-inflammatory,
anticoagulant, anti-angiogenic, and anti-adhesotivities [78]. The interaction of P-selectin
with different low molecular weight polysacchariffacoidan, heparin and dextran sulfate)
has been compared [19]. Using several binding agsaigrotiter plaques, mass spectrometry,
surface plasmon resonance, flow cytometry on humhiaole blood) it was evidenced that
fucoidan: i) prevented P-selectin binding to Sidlgwis X with an IC(50) of 20 nM (as
compared to 400 nM for heparin and >25 000 nM fexktchn sulfate), ii) exhibited the
highest affinity for immobilized P-selectin withkpy of 1.2 nM (two orders of magnitude
greater than for the other polysaccharides), onnmfed of a complex with P-selectin. The
intensity of the fucoidan binding to platelets vaependent on the level of platelet activation.
Competition between fucoidan and an anti P-selestiibody demonstrated the specificity of
the interaction. As compared to antibodies or $iadwis X, fucoidan is a low cost product,
and already produced by several companies.

In 2011, Rouzeet al demonstrated that™Tc radiolabelled fucoidan was able to
detect different vascular thrombi and activatedoginelium in different experimental models
with a high sensitivity and specificity [79]. Monecently fucoidan-coated USPIO were
evidenced as able to strongly bind to activateddmupiatelets [80].

Experimentals

The link of fucoidan to complexes was performedda®wing: (i) amination of the
reductive end of the fucoidan to introduce one prymamine/fucoidan molecule, (ii) coupling
of aminated fucoidan with some free carboxymethglugs of the complexes via EDC/NHS
classical strategy.
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Amination

5.4 mL of 1.5 M diaminopropane in glacial acetiagdawas added to 500 mg of
fucoidan in a glass tube. The tube was sealed aatkth to 90°C for three hours. Then, the
tube was cooled before adding 1.4 mL of 3 M dimlsthsane in acetic acid. The tube was
again sealed, heated to 90 °C for three more hooed and then neutralized with diluted
sodium hydroxide (NaOH). The product was then diadly (cut-off 1000 Da) five times
against a carbonate buffer pH 9.6 with 1 M NaGle fiimes against a water/ethanol (80/20)
solution with 0.5 M NaCl and five times againsttllisd water. Finally, the product was
frozen at -80 ° C and lyophilized.

The amount of primary amine was determined withalgifidehyde colorimetric assay
using bromopropylamine as the standard 50.

Chemical composition (w/w): fucose, 39.4 + 5.0 ¥%gnic acids, 13.8 + 1.5 %; sulfate
groups, 29.7 = 2.0 %. Molecular weights: =7,800@/ =10,600 g/mol.

EDC/NHS Coupling

The P717-Tb was then coupled with aminated fucoidgrcoupling reaction with
conventional agents EDC/NHS (1-Ethyl-3-(3-dimetimyliaopropyl) carbodiimide
hydrochloride / N-hydroxysuccinimide). Briefly, 300g of P717M are dissolved in 5 mL of
bidistilled water. 20 mg of EDC and 12 mg of NH8revadded and stirring was maintained
for 15 min at room temperature. 200 mg of amindtembidan were added to the mixture
([fucoidan]= 40mg/ml) and maintained under agitatior 2 hours more. Purification was
performed by dialyzing the suspension against NH@I (2x) and bisdistilled water (5x)
Finally, the conjugate was obtained as a fluffy dewafter freeze-drying.

4.2 Optical properties of P717-Tb in solution

P717-Tb is dissolved in phosphate buffered sal&S) — P717-Th/PBS. The solution
is kept between two quartz slides with a controfipdcing.

4.2.1 Spectrum

The emission spectrum of P7171-DOTA-Tb/PBS solutigith a concentration equal
to 10mg/mL (the molar concentration of terbium ia®gl.6x10-3 mol/L) is presented on the
figure 4.4. We can note the four peaks charaties$ terbium ions: 488 nm; 545 nm; 586
nm and 620 nm. It is of course similar to the sfeathich are published in [55], [69].
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Figure 4.4: Spectrum of terbium ions in the P717PBS solution

4.2.2 Fluorescent lifetime

We measure the fluorescent lifetime of terbium ionsolution by the use of the
method we described in section 3.3. The data agei@c at some different values of the
camera exposure delay.TThen all data are assembled to get a larger rioighe delay in
time.

Figure 4.5 shows this result when the data was umedsat different T 4000, 5500
microseconds.

The fitting procedure gives us:
A =1438 +/-5.0

T =1.980 +/- 0.0076ms
Yo=82+/-6.9

R*=0.99435

We can see that the coefficient of determinatiotiase to 1 and the,ywalue matches
the background average intensity at the gain of020Bee section 3.9). The fluorescent
lifetime of terbium complex in PBS is 1980 * 8 nuseconds. It is similar to the values are
published in the literature [50], [69].
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Figure 4.5: The fluorescent lifetime of P717-Th/PBS

4.2.3 Absorption cross-section

It is very difficult to measure directly the abstiop cross-section of TH in a
complex. The absorption spectrum of Tin the near UV, so the ligand absorbs excitation
light too. It is not easy to know which part ofgHight is absorbed by Th In the appendix
A, we developed a theory which allows us to measwectly the value of absorption cross-
section.

In the appendix A, we proved that, when the veny layer sample is excited, the total
emitted photons that are collected by a microsceystem can be approximated by the
formula:

n,

7Y NLW 210
= ——In| 1+ P
( mhy j

e

whereN is the collection efficiency of the microscopetsys, P is the excitation powemv,

is the photon energyy is the beam radius of the excitation light dnts the thicknesss is
the absorption cross-sectigmis the emission particle densilyjs the quantum yield, andis
the fluorescent lifetime of the sample. If the caandas quantum yield, the total of
photoelectrons that camera acquire is

707Y NLW 210
n=-"""—""Inl1+ P
° ( mhy, j

When P is low, we have

YonNL 0P — YonNL

w, 7 ()

n =<

e

(ro)’P? = ABoP —% A(Bo)?P?
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with A=

This theory is verified by the investigation of siidbns of TbC} dissolved in water.
The excitation light power is adjusted from 0.24t6 mW. Emission light is collected by x20
magnification objective with NA=0.4. The lost oglit in the optical path is 1/2. So collection
efficiency of the microscope system in this case is
2 2
LINK_1 04 o
24n° 24*1.33
The excitation light has only one peak at 371nm.full width at half maximum is
2nm. The average photon energy of excitation ligBt30%10™° mJ.

The quantum efficiency of camera in the range 40am500 nm is 0.95.
The optical properties of the Tholution are shown in the table 4.1
Table 4.1: optical properties of the TbCI3Misolution

Density of TH* (um™) P 1.63*1¢
Quantum yield of T [Elbanowski 1989] Y 0.029
Thickness of the solutiomqun) L 35
Fluorescent lifetime (s) T 0.00043
Absorption cross-section of ¥h(@371nm) pm?)

[Gschneidner 1979, p. 179] o 6.876*10™

We thus have

_ onYNLW 21 5 = PIYNL

= o =988.33mwW*
theory 2 mthy, hy

(ABo)

e

(4.1)

Figure 4.6 shows the experimental data. The relships between the total
photoelectron and excitation light is linear. logls that the excitation intensity is very far
from the saturation excitation power of *TbThe experimental data is fitted to the first arde
polynomial y =a, + aX. The fitting results is

ap = -156 + 38

a = 957 + 15mW

=> (ABo) =a =957mwW™ (4.2)

experiment —
There is a good match between theory (4.1) andrewpatal data (4.2)

The optical properties of P717-Tb solution are showthe table 4.2. All the other
parameters are the same as above.

Table 4.2: The optical properties of the P717-TiBP®Iution

Density of THB* (um™) p 10354
Quantum yield of TH [Xiao 2001] Y 0.436
Thickness of the solutiomquin) L 35

Fluorescent lifetime (s) (see section 5.2.2) T 0.001911
Absorption cross-section of Th(@371nm) m?) o ?2?
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The relationships between the total photoelectroh excitation light is shown in the
figure 4.7. Fluorescent of P717-Tb is a bit saeatalhe reason may be due to the increase of
the lifetime of the excited states.

The experimental data is fitted to the second opdynomial y=a,+ ax+ a,x>.
The fitting result is

ap=-5+5.8

a1 =410 + 6.1mW

a =-21+1.3mW

R*=0.99971

(ABo) a; =411 mW* andA = 5222.08 = 1.17*10?

experiment —

=>0 =6.72*10*un? (5.3)

It can be seen that the absorption cross-sectidn$bd" in P717-Th/PBS solution
(4.2) and free THin aqueous (table 4.1) are the same. In P717-Té,Tth" ion is directly
excited at the wavelength equal to 371 nm.

4,000+
3,500
3,000
25001
2,000

1,500

Photoelectrons

1,000
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0-""I""I""I""I"‘ L L B N NN B

T | T T T T T T T
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5
Laser intensity (mW)

Figure 4.6: Dependence of the total number of péletttirons on the excitation light power
for the ThC4 solution
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Figure 4.7: Dependence of the total number of péleictrons on the excitation light power
for the P717-Tb solution

4.3 Fluorescent images of P717-Th/PBS in healthytary

4.3.1 Preparation of the samples

The healthy arteries of rats are processed asmiegsan figure 4.8. This process was
done with the help of colleagues at the Pathologgadment of Bichat-Claude Bernard

hospital.

Wash the arteries in the

PBS solution
Mash the arteries in Mash the arteries in
the PBS the P717-Th/PBS
during 24 hours at (10mg/mL)
37°C during 24 hours at
37°C

— =

Freeze the arteries in cold
isopenthane

A\ 4
Cut the freezing arteries
into slices with a thicknesg

of 6 um

Figure 4.8: The process to prepare healthy arteries
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4.3.2 Fluorescent images

Figure 4.9, 4.10 present the white field (a) andoréscent images of artery
specimens (b), which were incubated in PBS and ABIPBS solutions, respectively. We
used the 20x magnification objective. The lasepstgiameter is 5¢m. Laser power is 5
mW in CW mode. Therefore, the average intensitjasér on the specimens is 250W#cm
During our experiment, the laser emits a squardskepoaf light where the repetition rate is 7.3
Hz and the pulse duration is 6.2 ms.

The grayscale images are the white field imagespetimens and noted (a). Each
specimen was scanned up to six times to acquirefltiogescent image (b). Fluorescent
intensity is measured in photoelectron.

In the figure 4.9, performed with artery specimémsubated in PBS as a control
sample, we can observe the existence of a longimideemission from the media layer of
artery wall. We should note that this emission appears on the media layer of artery wall.
We do not see any emission from the adventitia rlayehis emission is quickly
photobleached: in the sixth image (b6) there isigmificant decrease of the intensity
compared to the first image (bl). This parasiticission is quite surprising as auto-
fluorescence was not expected with such a delag;tiamd this point will need further
investigation.

For the artery wall treated by the P717-Th/PBS tgwiy the emission is observed in
both media and adventitia layers of the artery Wfedure 4.10). The intensity of light from
the adventitia layer is stable while it decreadeghtty in the media layer. The emission
spectrum (figure 4.11) shows that the source af émission is the Fbion. Note that the
emission spectrum of figure 4.11 was recorded aftkmg UV irradiation time, so that the
aforementioned parasitic emission was photo-blehche
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Figure 4.9: The artery wall is treated by the PBButon. The unit of right scale bar of
fluorescence image is photoelectron. Dimensiomaiges is 1x1 mm.
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Figure 4.10: The artery wall is treated by the P7Il/PBS solution. The unit of right scale
bar of fluorescence image is photoelectron. Din@msif images is 1x1 mm.
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Figure 4.11: Spectrum of terbium ions in the artepgcimen.
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Figure 4.12: Stability of fluorescence over time

The long lifetime parasitic emission from the meldiger of the artery gives a strong
contribution. Fortunately, it is photo-bleacheddjly while the emission of T8 ion is more
stable. Figure 4.12 presents the emission intemsityus excitation time of the artery after it
was treated by P717-Tb/PBS (black and red colod) anPBS (green and blue color). The
magenta color corresponds to the case when there &tery sample (simple quartz). The
laser is turn on 20 seconds after the startingcqisition of camera. The peak intensity of
laser is about 1500 W/cnio accelerate the photo-bleaching effect. Thedblies happens
after 30 seconds, what correspond to 210 excitapiolses. At that time, the collected
intensity is even smaller than the noise comingftbe system alone (simple quartz). It may
be due to the extinction of UV light by the artegmple.

4.4 Conclusion

For the artery wall treated by the P717-Tb/PBS tgmiy the emission is observed in
both media and adventitia layers of the artery witlie intensity of light from the adventitia
layer is stable while it decreases slightly in thedia layer. The emission spectrum (figure
4.11) shows that the source of this emission isTt7& ion.
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Chapter 5

Experimental results on
atherosclerotic rat arteries

We designed the whole system to localize and t tquantify the fixation on
pathologic arteries of fluorescent contrast agecttemically similar to those
used in MRI imaging. In this chapter, we preserdg flist experimental
results. They are still very preliminary, but thelyow that our system can

meet our expectations.

5.1 Animal model

The elastase model, developped in U1148 and peefbrioy a skilled technician,
consisted in inducing the formation of an aneurysgithin the abdominal aorta of Lewis rats
12 weeks aged as described elsewhere [79]. Brigf,model was induced under general
pentobarbital anesthesia by in situ intraluminat¢sgurized perfusion of 3 units of pig
pancreatic elastase within an isolated segmenthef abdominal aorta. This model is
characterized by a biologically active intralumitfalombus, i.e. with activated platelets and a
wide expression of P-selectin. Imaging was perfari®-21 days later.

5.2 Preparation of contrast agent mixtures

P717-Gd and P717-Gd-F have been prepared follotiegsame protocols as P717-
Tb complexes. MR experiments have been performéd®@/50 (Th/Gd — w/w) mixtures.

As previously presented (section 4.1), we have grexp 4 complexes: P717-M and
P717-M-F (M=Gd or Th). Due to the high number afbeeylic groups per macromolecule of
P717, we expected that a least 1 molecule of faroidould be linked to 1 P717 complex
(likely more). The proportion was not determinecheTmolar mass distributions of all
derivatives have been obtained by HPSEC with aedptiofiles were strongly overlaping
(figure 5.1). All chromatograms were similar. Wiedkrto separate P717-M-F from free P717-
M and free fucoidan with low pressure size exclnstbromatography without success. As a
consequence, we decided to inject crude mixturésowt further purification i.e. containing
P717-M, fucoidan and P717-M-F. We assumed thatctmpositions of the final mixtures
were the same as the one before coupling with dlacoiFucoidan and P717-M-F would aim
at activated plateleis vivo, but only the latter could be imaged. A 50/50 (\hbo/Gd ratio
was assayed.
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Figure 5.1 HPSEC chromatograms of P717-Gd, fucoialach P717-Gd-F, recorded from
differentiel refractometry (Columns TH802.5-803hnatpre-column, solvent = PBS 5 mM,
0.15 M NaCl, pH 7.4, flow rate = 0.50 mL/min, ramé = 40 min. injected concentrations =
15 mg/mL.)

5.3 Rat abdominal aorta MR imaging

In vivo MRI experiments were conducted on 7 teslas horaditdre magnet with 20-cm wide
actively shielded gradient coils. Three weeks afiigeration, rats were anesthetized with a
1.5% isoflurane / @gas mixture and the contrast material was injetedugh the penis
vein. The animals were maintained anesthetized #ith same gas mixture (100 cc/min
maintenance dose) delivered through a nose conplacéed in a 30 mm birdcage coil with an
animal handling system. Animals were scanned beéfm@ after (10, 20, 30, 50 and 90
minutes) injection of contrast material.

Four rats have been prepared for the first experisadJnfortunately, only two rats
survived. The first was used to determine the gppate time points to record images
allowing a proper MR imaging with the other one. NfRages were recorded froma 7 T
imager in Bichat faculty. The MR spin-echo sequewes a RARE-T1 with the following
parameters : Field = 7T, TE = 9 ms, TR = 1741.9 8ilges: 0.80 mm/0.90 mm, matrix
256x256.

5.4 Preparation of the rat’s arteries

The protocol for the preparation of the arteriésesl is currently performed in U1148
[79]

Briefly, at sacrifice, relevant tissue samples wdneed in paraformaldehyde
for 24 h, (dehydrated and embedded in paraffind, @t into 6 um sections for morphologic
analysis. Serial sections were stained with Magsichrome to visualize cells, nuclei, and
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fibrin and stained with Alcian blue coupled with aear red to reveal areas of sulfated
polysaccharide material and their relation to oeltlei. Immunohistochemistry studies were
performed on 8 pm cryostat sections using goatramise P-selectin antibody (SC 6943;
Santa Cruz Biotechnology) (1/50) vealed by an aatigintibody conjugated with horseradish
peroxidase, followed by the 3,3-diaminobenzidirection.

5.5 Results

All results with MR images are preliminary and slibbe confirmed as they have
been obtained with one animal. The relaxivity of €xnplexes measured from phantoms in
agarose gels with the 7 T imager was 60.1 hs¥|, and the proper Gd complexes
concentrations to be injected was 1.0 mg/mL. MRgesaare presented on the figure 5.2. Gd
IS a positive contrastophore i.e. an increase @& @&d concentrations within tissues
corresponds to an increasing bright signal. Twousysgnal areas have been imaged with
P717-M-F. Increases of the signal within the @atewall were observed up to 30 min after
injection with mixtures of P717-M-F but not afted fnin with mixtures without fucoidan.

The fluorescence imaging of one artery slice iss@néed in figure 5.3. The
fluorescence image (b) clearly correlates withtttrembus visible in the white light image (a,
zones Al-4). The spectra recorded from differenhezo (figure 5.4) show that this
fluorescence signal comes from terbium ions. E¥émei fluorescence signal is quite low, this
clearly demonstrates the expected specificity of oantrast agent, and validates our
methodology. This low fluorescence level justifiasposteriori that development of our
highly sensitive setup.
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Figure 5.2 Transversal images of an abdominal aartaurysm (rat model). The top row
depicts images recorded before injection with PRL{left image) and with P717-M-F
(M=Gd, Tb). The P717-M mixture contained 50% P71¥-énd 50% P717-Tb (w/w) and the

P717-M-F mixtures contained 50% P717-Gd-F and 50PARTb-F (w/w). In all mixtures,
[Gd complexes] = 0.5 mg/mL. The blue circles ddlitme area of interest. The other rows
present images recorded 10, 20 and 30 min aftectrgn. The contrast enhancement in the
aortic wall thrombus is pointed out by red arrowote that the same animal was injected
successiveley with P717-M and P717-M-F. The MRessrpuis a RARE-T1 with the
following parameters : Field = 7T, TE = 9 ms, TRLZ41.9 ms, Slices: 0.80 mm/0.90 mm.
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Figure 5.3: Bright field and fluorescent imagesathology artery slice. Dimension of image

is 1x1 mm.
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Figure 5.4: fluorescent spectra at different pasitiof artery slice
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Conclusion

| divided this conclusion into two parts. In thesfione, | explain how the current
system was built when | worked in the Laser Physiasoratory. The second
part corresponds to the current capability of tystesm.

Evolution of the experimental setup

Building a new experimental setup from scratchathla curse and a blessing.

Difficulties arise mostly by the fact that spedifimns for the different elements of the
setup are unknown. Of course, we could purchase'libst” for each element, like for
example the most powerful, wavelength accordatddable width pulse, etc, laser. If such a
thing exists, it probably would be hugely complemdaextremely expensive. It would
certainly be out of our allowed budget. Even thiéniteon of “best” for a given case is blurry.
What is “best” if you do not know which parametethe most important?

When this thesis began, we just received the ntomes. Our group had several
cameras inherited from previous projects, and aayanf powerful UV LEDs. Let us start
with that, and see where the limiting factors ake.first, this allows us to develop the
software and a very reliable synchronization ofwhmle setup, which is mandatory for time-
resolved fluorescence.

In this case, it was evident that the weakest gfatte chain was the source. Even if it
is powerful, a beam emitted by a LED cannot be $edusufficiently on the sample. We were
hardly surprised by the poor results, as it is vkelbwn in optics, but the fluorescence
depends on the fluorophore efficiency and its catregion in the sample. Maybe could we be
lucky enough to have a sufficiently good signalehdespite low illumination efficiency?
Nope.

So we looked for a laser diode far enough in the d¢vhain to excite our terbium-
based agent. The LED taught us that a good extimctis soon as possible, after the “turn
off” command of the source was uttermost importariierwise, residual autofluorescence
would contaminate the signal. That is why we chabseVortran laser among many other
quite similar systems.

With the laser, we can get some beautiful imageBenvthe concentration of
fluorophores is quite high. But the bright regionslo. they really correspond to the contrast
agent? Or do they result from some contaminatioadmgething else? (We never spoke about
cleanliness and contamination here. It's an imprpint for any fluorescence experiment,
when the signal is low. It is well known and we lwibt discuss about it any longer). We have
to check if the bright regions really corresponatw fluorescent probe... It is time to build a
spectrometer! The microscope has two output pdvis.put the imaging camera at one of
them. We can put a spectrometer and another casmehee other port, or we can insert the
spectrometer before the main camera, whateverdsnibst practical way to do it. Our
spectrometer is home-built; we have all the necggsarts in the laboratory. With it, we can
simultaneously get a fluorescent image and chettksfsignal is really the one we want.
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However, the intensified camera we used at firgtdenby Proxitronic, has a too low
guantum efficiency, and the gain stage is too ndisyerefore, we had to get a better camera.
We looked for the best camera we could find, evanwas expensive. Quantum efficiency
was important. Trigger modes, for time resolutiorere important too, of course. After
testing several cameras, we settled for the Ander o

The laser power is still a limiting factor. We hasga illumination area (and as a
consequence, a collecting area) smaller than thenrfage provided by the microscope. Since
we want to quickly scan a sample for bright regienshile checking the spectrum with the
spectrometer — we developed the “mosaic imaging”.

We tried to quantify the florescence signal, chemazing the system’s apparatus
function, in particular the camera. We can now ejuéliably relate the number provided by
the software at the end of the processing chaiméanumber of photons emitted in a given
region of the sample.

Here we have the current system.

With it, we obtained the first images with pathaotzj rat arteries. Since we had
problems with the rats breeding, and the chemigadibg of the fluorescent agent to the
arteries, these results are very preliminary. sitie this, more experiments will be necessary
to achieve the quality required for publicationgé@putable journals. However, it is obvious
that we have a signal clear enough for the intendad.

Enough with the ‘curse’ side of the story. Wheraine to the laboratory, it was just a
‘dream’ project. As | finish my work in this labdaay, it is working, and it fully meets the
expectations we had at the beginning of the proj&fet built most of the system together, and
| feel proud of it. That’s a blessing.

Current system and its future evolution

We built a system, which is able to locate a flsoemnt agent chemically similar to the
MRI contrast agent used for detection of atherassls. For the optical probe, we substitute
lanthanides ions instead of the magnetic gadolinim Fluorescence allows optical analysis
of the interaction between the tissue and the adg@ptical microscopy has a very high
intrinsic resolution, and therefore we expect &rmeuseful information about this interaction.
A good signal to noise ratio is obtained by timseteed fluorescence imaging, where
autofluorescence is fast compared to the lanthanafeission. Our experiments use rats
arteries, but since it really needs microscopyeslicdiny other kind of arteries are possible. We
can positively identify terbium spectrum (or thesjpum of any other lanthanide marker), by
evaluating the fluorescence spectrum while takingges, which rules out false positives. As
is, the system is working, but we can improve itma more powerful source, ideally, its
wavelength could be adjusted to match the maximiosortion of the fluorescent molecules.
A more efficient fluorescent light collection atetimicroscope would help too. Aftar vivo
MR imaging, preliminary measurements show that am iodeed localize the contrast agent
in pathological regions of the arteries. We now eh&awo few examples to have a robust
statistical analysis, and these results shouldba sompleted.
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Appendix A

We describe a theory that allows us to estimatetimeber of collected photons by the
fluorescent microscope system.

The size of the image of a point source

The image of a point of the sample on the camesaahsizer,,,, £ ), wherez is the

distance of the point to the focus plane. This sidebe expressed as a size on the sample
side, with r(z) =r_,(2)/G, whereG is the magnification. The size(z) depends on the

diffraction forz~0, with:

A
rNz=0)=r, =——
( ) diff ZNA
For highz, this size can be understood by geometrical aptics
ZNA

r(Z - oo) = r.geom(z) =

A model to mix both behaviours is:

2 2 2
r(Z) = rcﬁff + r.gzeom(z) = \/4|ZI\A2 + z NZA\ = NA 1/22 +22R

n n

nA
2NA?
A fluorescent point therefore enlightens a zoneiné r ) (magnified by G on the
camera), and will be modelled by a normalized Gauss

__N _ Xy’
fx 2= mr(z)? ex;{ r(z)® }

The functionf here is normalized to N, which is the collectidiiceency: The factor Y2
is due to the half-side collection, the factor ¥&x* comes from the solid angle of the
collection system, and the factor Y% is broughthey heamsplitter: with NA=0.4 and n=1.33,
we have N=1.13%. Fad =550nm we havez, = 2.3m.

with z; =

- . A :
The excitation beam has a sw@) =6,z +2z:, , where §,=——— is the
nTw,

2
, o : : nwg . .
divergence of the excitation beamy 8 the beam waist and., = g 2 is the Rayleigh

e

length. For §,= 0026one hasw, = 34xm and z,, =130um (FWHM of the excitation
beam: 3.lum). The intensity of the excitation beam will be:

(e = 2 e -2 X

where P is the excitation power and whedeis the separation between the waist of the
excitation beam and the focus plane.

Emitted photons

Let us consider rate equations on a quasi two-leystkem:
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Nl :i| (1_ Nl) +m+ﬂ
hv, T T

whereY is the quantum yieldm is the probability to emit a photon, a%&l N, is
T T

the probability to have a non-radiative transiti@me has at the equilibrium:

7, Yot

N = hv, hv,

oo 1 Yot
R ke B
hv, Yr hv

The fluorescence is then (in emitted photonsy,iff the particle density:

_ YI(x %2/l I(xy,2) _Yorp
Z) = 2L p=Y = I Z
9(x ¥,2) 1+|(X’y,z)“3atp » iy (X V,2)

e

The photons collected on the camera &res ¢he thickness of the water slab, with the
focus on one side of the slab):

H(xy)=[f 0, gdz

With g(x y,z)‘:-Yg/Tp I(x y,2) one has:

e

2 2 _ 2 _v\2
fELyg=Y0T’0 2P2 N zjdXdYex _XT+Y _2(x X)*+(y-Y)
’ hv, mw(z)° 7 X2)

r(2)* w(2)®
X? +2(x—X)2: 1 oo 1 vy XX, x?
r(2)* w(2)® (2° w2’ w(2)®  w(2)?
_ (W(Z)ZZ+ ZF(?Z)(X _o fZ(Z)ZX )2 -4 ZF(Z)2 : X’ 4 x° :
r(z)“w(z) w(2)° +2r(2) wW(2)° +2r(2)° w(2) w(2)
:(W(z)2+2r(z)2)(x_2 r(z)*x 2,0 NG
r(z)>w(z)? wW(2)? +2r(2)* wW(2)? +2r(2)?
Let us definew? (z2) =w(z)* +2r(2)?, we then have :
_XP S (x=X)* | = r(29w(2) __ x°
Jax ex’{ @ w2 } @ - wa(z)}
and we have the same for integrationYoi%o, finally:
_Yorp 2NP __ X? +y?
P 97 w27 O 2, (z)Z}

When L is small, the size oH does not depend so much dnthe functionH is
observed to be nearly Gaussian:
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whereF is the total collection of the fluorescence light.

Calculation of the total power F (in received photas)

F = [[h(x, y)dxdy= [ dZ|[[ faxdyf] gdxch

Far from saturation, this simply gives

E = YorpL NP
hv,
. 1(X,y,2)/1 ° ge? v
Calculation of || gdxdy=Y, 2 dxdy= 27%p| —————rdr
”g Y '0”1+ L(X, ¥, 2) /1 Y '001+ae‘2’2’WZ
. 2P . L o
with a = . This can be readily integrated into:

mw(z—-d)’l,
2 —
jjgdxdy:WIn(l+ Q)

We therefore have

L
= PN [ dzw?(z-d)In| 1+ il
2 mw(z—-d)° |,

If one neglects the variations wf we have:

£ - M NLW In[ 2P }

1+—
Twol
Therefore the number of photoelectrons is simply:

= 7¥pn NLw? nl 1+ 2:3 _ pn NLw nl 1+ 22P Yo
2 Twel 2 mwhy,
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Appendix B

A Matlab script is used to estimate the number luftpelectrons at the input of the
electron multiplying register of the EMCCD camera.

% output:
% average number of photons
% Error of average number of photons
% R_Square
% IF there are n photon at input, the output valhas probability f_n(k)
% IF p(n,k) is the probability of n and abey Poissistribution
% fi(n)=n"i*exp(-n)/(i!)
% where i is value-able of random variable; n iamef i
% the output value y has probability is
% pp(y)=sum[f(x)*px(y)] with x is theariant
% To find px(y) we must know pl(y), then we have
% pl(y)=a*exp(-y/Dy)
% px(y)=sum[p1(kxi)*p(x-1)(y-kxi)]
% for example p2(y)=sum[pl(kxi)*p1(y-kxi)]
% P3(y)=sum[p1(kxi)*p2(y-kxi)]
clear all;
close all;
pn_y ready=1,
start=100; %nitial minimum number of entrance photoelectron
finish=start+100; %nitial maximum number of entrance photoelectron
max_digit=16383;
AcpErr=1e-12; %he acceptable error of difference of SSE/SST
F_n_k file="pn_y max_16280_n_700_kc 95 w_3.681_BIO2Z7 BLC1l.mat'
histo_file="FVB histo BLCO_ H.dat';
max_value=16280;
n=700; %maximum number of entrance photoelectrons
F_n_k=zeros(n+1,max_value+l); %
if (pn_y_ready==1)

load (F_n_k file);

%save (F_n_k_ file, 'n'’kc','w','f_0_k', 'Dk'L_k';'F_n_k','max_value','max_digit");
end
k=0:max_value;
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F_lamda_k=0*linspace(1,max_value+1,max_value+1l);
p_n=0*linspace(0,n,n+1); distribution of entrance photoelectron

%%%0%%%%% %% %% %% %% %% %% %% %% % %% % %% %% %% %% %% %% %

% pn(k) IS CALCULATED

if pn_y ready==

%f_0_k(Kk)

% Gauss p0=A*exp(-0.5*((k-yc)/w)"2)
kc=95; %BaseLineClamp=1
w=3.681, %BaselLineClamp=1

f 0_k=exp(-0.5*((k-kc)/w)."2);
f 0_k=f 0 _k/sum(f_0_K);

%f 1 _k(k)
Dk=46.927; % BaseLineClamp=1
f 1 _k=exp(-k/Dk);
f 1 k=f 1 kisum(f_1_K);
F n_k(1,))=f_0_k; %%ezo photon
F n k(2,)=f 1 k;
for dem=3:n
temp=1/(Dk*(dem-2));
for dem2=1:max_value+1
F_n_k(dem,dem2)=F_n_k(dem-1,dem2)*(ddrytfemp;
end
end
for dem=2:n
if mod(dem,20)==0
clc
end
dem
F_n_k_temp=conv(F_n_k(dem-1,:),f 1 k);
F_n_k _temp(length(f_1_k))=sum(F_n_k_temmuftb(f_1_k):end));
F_n_k(dem,:)=F_n_k_temp(1:length(f_1_K));
end
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save (F_n_k file, 'n',’kc','w','f_0_k', 'DK.If k','F_n_Kk','max_value','max_digit");
end

%%%0%%%%% %% %% %% %% %% %% %% %% % %% % %% %% %% %% %% %% %
%

if pn_y_ready==1
% GET DATA FROM A FILE
temp_data=dIimread(histo_file,'\t',[0 2 max_ti]);
temp_data=temp_data’;
data=temp_data(1:max_value+1);
if max_value<max_digit

data(max_value+1)=sum(temp_data(max_valmead digit+1));

end
data=data/sum(data); % normalize data
%semilogy(k,data);

YWJSE "LEAST SQUARE METHOD" TO FIND AVERAGE OF INFFHOTONS

diff=1e9;
diff2=diff;
index=0;
index_a=0;
n_avr_min=0;
count_off=0;
data_avr=sum(data)/length(data);
% Total Sum of Square
SST=sum((data-data_avr)."2);
while (diff>AcpErr)
count_off=count_off+1;
SSE=[00000];
R_Square=SSE;
n_avr_arr=linspace(start,finish,5)
for count=1:5
p_n(1)=exp(-n_avr_arr(count)); % ceuncorresponds i=0;
for dem=2:n+1
p_n(dem)=p_n(dem-1)*n_avr_arr(colfdem-1);
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end,
F_lamda_k=0*F lamda_k;
for dem=0:n
F_lamda_k=F lamda_k+F_n_k(dem+p,:j{{dem+1);
end,
% Sum of Squares due to Errors
SSE(count)=sum(((data)-(F_lamda_k))."2)
end;
R_Square=SSE/SST,;
[value,index]=min(R_Square);
if diff>AcpErr
if (index>1)&&(index<5)
start=n_avr_arr(index-1);
finish=n_avr_arr(index+1);

if ((R_Square(index)-R_Square(indBy*(R_Square(index)-
R_Square(index+1)))>((R_Square(index)-R_Squarextigi(R_Square(index)-
R_Square(index-1)))

diff=R_Square(index)-R_Squardéx-1);
if diff<0
diff=-diff;
end,
index_a=index-1,;
else
diff=R_Square(index)-R_Squardéx+1);
if diff<0
diff=-diff;
end,
index_a=index+1,
end;
end,
if (index==1)
start=n_avr_arr(index);
finish=n_avr_arr(index+1);
diff=R_Square(index)-R_Square(intkx
if diff<0
diff=-diff;
end;
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index_a=index+1,
end,
if (index==5)
start=n_avr_arr(index-1);
finish=n_avr_arr(index);
diff=R_Square(index)-R_Square(indgx
if diff<0
diff=-diff;
end;
index_a=index-1,;
end,
end;
n_avr_min=n_avr_arr(index);
end; %while (diff>=AcpErr)
count_off
n_avr_min
n_avr_err=abs(n_avr_arr(index)-n_avr_arr(in@gx_
RSquare=1-value
n_avr=n_avr_min;
p_n(1)=n_avr*0*exp(-n_avr);
for dem=1:n-1
p_n(dem+1)=p_n(dem)*n_avr/dem;
end;
F _lamda_k=0*F lamda_k;
for dem=0:n-1
F lamda_k=F lamda_k+F_n_k(dem+1,:).*p_n(¢&m
end,;

%%%0%%%%% %% %% %% %% %% %% %% % % %% %% %% %% %% %% %% %% %

plot(data,™");

hold on;

plot(F_lamda_k,'r",'linewidth’,3);

title(strcat('Average entrance photoectronstm?2str(n_avr)));

end
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Summary

We developed a fluorescence imaging microscopesysitended for localizing and
evaluating its concentration within arteries slioé® macromolecular (P717) Gd-based MRI
contrast agent used for the visualization of athgewotic lesions. As the contrast agent is not
initially fluorescent, we modified the agent whishnow patrtially fitted with Tb ions, while
preserving its chemical characteristics. A longfescence emission time constant enables us
to have a suitable signal to noise ratio, despitaintensity, using pulsed illumination and
time gated imaging after the other sources of #soence have decayed.

The excitation source, on top of the inverted necope, is a laser diode emitting at
371nm. The fluorescence signal is imaged on an IC&Mera. The fluorescence spectrum is
acquired too, to positively insure that the sigeallly comes from the intended contrast agent.
A microcontroller synchronizes electrical gatingtbé ICCD camera, of the laser pulse and
generally controls automatically all parts of theeasurement process. For tissue
identification, we acquire a “natural image” usitige standard halogen lamp of the
microscope. This image is synthesized by the usthe@fcombination of three successive
images taken with the three fundamental colorsnTinwa software assembles the color and
fluorescence images.

First images of rat arteries show that the contgsnt is indeed localized on specific
regions of the tissues. We now have a new tool whitows us to understand and optimize
the MRI contrast agent.

Résumeé

Nous avons développé un microscope d'imagerie wlrdbcence destiné a localiser,
et a évaluer la concentration, d’'un agent de cetdrlRM macromoléculaire (P717) incluant
du Gd, destiné a identifier les Iésions athérostigmes. Comme I'agent de contraste n’est
pas naturellement fluorescent, nous I'avons modifiésubstituant des ions Tb aux ions Gd,
ce qui ne modifie pas ses propriétés chimiqueswis de I'artere. Comme sa constante de
temps est tres supérieure a celle des autres sodeclluorescence, nous obtenons un bon
rapport signal sur bruit, malgré une faible émissipar une technique de résolution
temporelle.

La source d’excitation, sur le microscope inversst, une diode laser émettant a
371nm, le capteur est une caméra ICCD. Nous meswaossi le spectre de la fluorescence
pour nous assurer que le signal provient réellendentfagent étudié. Un microcontrdleur
permet de gérer automatiquement la synchronisa@itoutes les parties du systeme. Pour
I'identification des tissus par un anatomo-path@t|sy nous prenons aussi une photo en
« couleurs naturelles » en prenant successivemmis timages aux trois couleurs
fondamentales. Ensuite, notre logiciel assemblgesodes images en couleurs et en
fluorescence.

Les premiéres images que nous avons prises swardess de rat nous prouvent que
I'agent de contraste est effectivement localisésddes régions spécifiques. Nous disposons
maintenant d’'un outil nous permettant de compretidteachement d’un agent de contraste
IRM sur uneartére et qui nous permettra d’optimestragent.



