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RESUME

Ce projet de maitrise s'intitule dans le cadre de la technologie des Organes-sur-puces visant
comme perspective I'examen de médicaments. Prenant un cas concret celui du traitement du
Cancer, l'idée constructive est de créer un microenvironnement 3D simulant les interactions
entre les cellules cancéreuses, il s'est avéré que leurs comportements est similaire a celles
vivantes dans le vrai environnement biologique. Un réseau de microcapteurs doit étre réalisé
pour mesurer les di érents paramétres de I'activité cellulaire, a savoir le pH, Glucose, Lactate
et l'urée. Ces parametres permettent d'évaluer le degré de I'e cacité du médicament ajouté
tout en mesurant le niveau d'activité de ces cellules, leur métabolisme ainsi que leur pro-
lifération. Outre que cela, pour éviter toute intervention risquée sur I'animal ou sur le corps
humain, cette plateforme concue représente une solution alternative pour le développement
et la véri cation de nouveaux médicaments. La mesure de ces paramétres biochimiques en
3D et en temps réel représente le dé majeur de ce projet. A ce propos, un systeme hybride
optique-micro uidique non invasif est proposé mesurant les valeurs de la durée de vie de
la uorescence dans chaque endroit de I'environnement 3D et en se basant sur la technolo-
gie DMD (digital micromirror device) pour deviser et diriger la lumiére vers les directions
voulues. Tout changement dans la valeur de cette durée de vie donne des informations sur
le changement des spéci cations biochimiques dans I'échantillon. Les déférentes parties de
ce systéme ont été congues de telle sorte qu'elles soient intégrables et donc permettre d'avoir
un instrument facile a utiliser transportable dans des endroits de températures et d'oxygenes
présentant des milieux favorables pour les cellules biologiques.
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ABSTRACT

This master degree project is within the context of Organs-On-Chip technology for the main
purpose of drug testing related to Cancer treatment, for example. This can be done by cre-
ating a 3D micro-environment in which Cancer cells could interact like those who are in the
real biological environment. A sensor network should be designed to measure the variation of
cells activities, such as pH, Glucose, Lactate and urea. The measurement of these parameters
Is a strong tool to validate the e ciency of the injected drug, by determining the level of cells
activity, their metabolism and their proliferation. Thus, to avoid any intervention risk on an-
imal or human body, this designed platform represents an alternative solution for developing
and veri cation of new drugs. The measurement of these biochemical parameters in 3D and
in real time is the main challenge in this project. Therefore, a new hybrid opto-micro uidic
non invasive system was proposed while measuring the uorescence lifetime in every location
inside the 3D environment and based on DMD (digital micromirror device) technology to
drive the excitation light beams to the desired directions. Any change in this lifetime value
gives information about biochemical speci cations change in the sample. This proposed sys-
tem was designed and fabricated in a way that we can have a full integrated instrument that
can be easily introduced inside cell culture incubators for a speci c temperature and oxygen
required by biological cells to survive.
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CHAPTER 1 INTRODUCTION

Biomedical three dimensional (3D) imaging is a valuable tool for studying local living cells
behaviors and characterization. The increasing demand of quantitative and accurate ex-
tra/intracellular imaging of cells physiology parameters (pH, Oxygen, Ca2+, velocity, mo-
tion, di usion) induces the need of more sophisticated and reliable 3D imaging techniques.
In cell culturing eld, the variation of pH makes a direct impact for the conditioning of the
cell culture medium [1][2][3], any gradient of pH can a ect the growth of the cells. In order
to avoid a bad cell culturing, it is required to precisely control the time-lapse transition of
pH and its distribution inside the cell culture medium. Also, visualization of intracellular
pH makes the big and the detailed picture of cells function, being related to metabolism and
growth [4], endocytosis [5], ion transport and homeostasis [6] and the ability of tumor cells
to metastasize [7].

Cancer cell studies shows that the ability of cells to navigate and migrate is determined by
four factors: (1) the pore size [8], that makes a constriction arrest for nuclear migration [9],
(2) the physical properties of the microenvironment [10] in which the nuclear envelope pro-
tein lamin A is the major determinant of nuclear sti ness that a ects the migratory potential

of cancer cells through small constrictions [11][12], (3) the mechanical deformability of the
cell [13], and (4) the cell's ability to generate and transmit forces to the nucleus and the
extracellular environment [8][9]. Three-dimensional measurement of this factors promotes
better understanding of tumor cell migration and metastasis [14].

One of the important cells parameters is the oxygen concentration which is an essential factor
for aerobic organisms and generation of cellular energy (ATP) [15]. The microenvironment
and cellular activity play an important role on the variation of energy supply and consump-
tion which generate a gradient of oxygen concentration. In tumor cells for example, the
concentration of the oxygen is much less than that of normal cells because of impaired vas-
cular network and therefore a poor oxygen supply. As another example of cellular activities
that generate a variation of oxygen concentration, pancreatic cells and brown adipose tissue
increase oxygen consumption by respectively synthesizing the insulin and producing heat
[16][17]. Thus, the measurement of the 3D intracellular oxygen variation is a fundamental
building stone for understanding cellular oxygen dynamics.

Single-particle tracking (SPT) which is the observation of the motion of individual particles
within a medium is broadly used to quantify the dynamics of molecules and record useful
information about both the environment and the patrticle in the trajectory [18] such as viruses
[19], transport vesicles [20], proteins [21] or lipids [22]. Analysis of this trajectory provides



useful information on the mode of motion, which may be di usive, motor-directed, con ned,

or a mixture of these modes [23][24]. Hence, 3D image tracking provides a better sub-view
and therefore much more understanding of cell biology phenomenon such as di usion coe -
cient variation, Brownian motion and other characteristics.

Many technologies have been developed and investigated for optical 3D imaging and sens-
ing. The challenge of the most existing techniques is the spatial and temporal resolution
limits imposed by the detection systems used such as charge-coupled device (CCD) chip
and CMOS camera. To mitigate these resolutions issue, we propose in this project a new
three-dimensional (3D) imaging and sensing uorescence microscopy instrument based on
lifetime tting and interference phenomenon. The proposed system in this work investigates
a novel method that requires only a simple high-speed photodiode for photon counting and a
tting algorithm to build the full 3D image. To implement this idea, a novel instrument was
designed and fabricated in a way that it can be integrated with micro uidics chips to have

a full wearable microscope in terms of power and wireless communication. Experimental
veri cation has been done to validate the basic principles of the system and the obtained
results are presented likewise.
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The present thesis is made up of four parts. The rst one presented in Chapter 3 exhibits the
fabricated instrument as a rst prototype to validate the main basics ideas of the proposed
method. Since this new method is based on uorescence lifetime measurement, a light exci-
tation with a short fall time is required to make this method possible. However, the most
existing light source for short excitation are expensive and more di cult to be integrated

in wearable instruments. To resolve this issue, Light emitting diodes (LED) can be used as
an alternative solution because of their portability and lower cost. Nevertheless, LEDs fall
time is en general in the average of 20 ns which is not enough for the most used uorophore.
Thus, in Chapter 4 we present a novel LED driver to deliver short pulse excitation by reduc-
ing signi cantly the optical fall time.

Instead of working with only one 3D environment, the proposed instrument can be used for
systems consisting of large number of micro uidic rooms to make possible multiple indepen-
dent imaging measurements at the same time and in one chip . However, a large number of
micro- uidic channels will be needed to access various speci ¢ locations. Thus, in Chapter 5
we present an embedded on-chip controller to drive the expected large number of switching
valves with less number of o -chip control components. Also, the utility of this system on
Organs-On-Chip (OOC) is presented in this chapter.

Chapter 6 presents a designed electronic system to make this fabricated instrument fully
wearable in terms of power, communication and automatic calibration.



CHAPTER 2 LITERATURE REVIEW

2.1 Fluorescence Lifetime Method

2.1.1 Principle and Theory

Fluorescence lifetime method is one of the recent techniques in the arsenal of medical imaging
and biological sensing. Fluorescence is a physical phenomenon that occurs when a uorophore
molecule absorbs a photon of appropriate energy and an emission light is resulting. This
process is due to a chain of photophysical events that manifest, such as internal conversion or
vibrational relaxation, intersystem crossing (from singlet state to a triplet state), as shown

in the Jablonski diagram for organic molecules (Fig 2.1) [25].

i JE:
absorption,
femtosec

internal
conversion,
femto-picosec

52 Sr———
— T2
51 ——§
T
fluorescence, phosphorescence,
nanosec microsec
S0 =

Figure 2.1 Jablonski diagram and a time scale of photophysical processes for organic molecules
[25].

When the molecule is excited, the electrons at fundamental stat reach the excited levels
(S1,S;,...) without change in the spin con guration, then the return of the electrons to
the fundamental state generates the uorescence. A shift between absorption wavelength
and emission wavelength is observed (Fig 2.2), called Stokes shift as reference to the English
physicist George Gabriel Stokes who describes this phenomenon for the rst time [26].

In an ideal case of identical independent uorescence emitters, the uorescence decay is a
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Figure 2.2 Typical absorption and uorescence emission spectra. The uorescence spectrum
is located at longer wavelengths with respect to the absorption spectrum. The distance
between their band maxima is called the Stokes shift [26].

single exponential function of time t expressed by Eq. (2.1)
F(t) = Foexp( t=) (2.2)

whereFq is the initial intensity at time t = 0. The time constant is called the uorescence
lifetime, it is determined as being inversely proportional to the sum rate constants of a
radiative processk; and the non-radiative processeg,, collectively known as quenching

(Eq. (2.2)) [25]. ,

kf + knr

2.2)

2.1.2 Techniques
Time-Domain Method

Time-domain data acquisition methods is commonly used to determine the uorescence life-
time of uorophores. The sample (a cuvette, cells, or tissue) is excited with a short pulse of



light and a time-correlated single photon counting (TCSPC) is used as uorescence detection
method which simplify data collection and enhance quantitative photon counting [27]. The
uorescence lifetime is calculated from the slope of the decay curve obtained from TCSPC
method and resolved according to Eq. (2.1). This calculation can be done by using tting
algorithms,with least-squares curve method being the most common.

Frequency-Domain Method

In frequency domain technique (Fig. 2.3), the incident light is sinusoidally modulated at
high frequencies. In this con guration, the emission occurs at the same frequency as the
incident light, but it experiences a phase delay and change in the amplitude M relative to
the excitation light (demodulation) due to the loss of electron energy (Stokes' shift) between
excitation and emission [28].

Intensity

Time

Figure 2.3 Relative phase shift () and modulation of the excitation (subscript E) and emis-
sion (subscript F) light in frequency domain uorescence spectroscopy. AC and DC indicate
the amplitude and o set of the respective waves [28].



The lifetime \ can be determined from this modulation via Eq. (2.3)

_ 1 . _ (AC)e=HDC)e
T TR N (O RS GI @9

where! is the light angular modulation frequency.

Time-Resolved Fluorescence Anisotropy

In addition to measuring uorescence lifetime, time-resolved methods are instrumental in
identifying other important characteristics of uorophores such as the rotation of molecules
in di erent media. In the uorescence anisotropy (also called uorescence polarization) tech-
nigque, the uorophore is irradiated with linearly polarized light using a polarization lter.
The resultant uorescence intensity is measured through another polarization lter placed in
front of the detector and oriented in the parallel and perpendicular directions to the incident
polarized light. Fluorescent anisotropy r can then be determined from Eq. (2.4)

Fo F»

r= ————
F+2F,

(2.4)
where Fy is the uorescence intensity with polarization Iters parallel to each other and~,
with perpendicular orientation.
Equation (2.5) proposed by Francis Perrin [29], describes that anisotropy depends on uo-
rescence lifetime and rotational correlation time of the molecules.

rO

e 1+ - (2.5)
wherer? is limiting anisotropy measured in solid glycerol to prevent molecular movement,
is uorescence lifetime, , is rotational-correlation time of a macromolecule.
This equation reveals the dependency of uorescence lifetime on the molecular rotation.
Thus, This technique help to eliminate this e ect to nd true uorescence lifetime free from
polarization artifacts, by setting an appropriate optical calibration.

2.1.3 Processes A ecting Fluorescence Lifetime
Forster Resonance Energy Transfer (FRET)

Forster resonance energy transfer (FRET), uorescence resonance energy transfer (FRET),
resonance energy transfer (RET) or electronic energy transfer (EET) is a mechanism de-
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Figure 2.4 Diagram of FRET. Upon excitation by the photon, the electron of the donor is
promoted to the excited state (1), followed by the energy transfer to the acceptor excited
orbital (2), simultaneous return of the excited electron back to the ground state (3), and
excitation of an acceptor (3) [25].

scribing energy transfer between two light sensitive molecules (chromophores). A donor
chromophore, initially in its electronic excited state, may transfer energy to an acceptor
chromophore through nonradiative dipole dipole coupling (Fig. 2.4).

The e ciency of this energy transfer is inversely proportional to the sixth power of the dis-
tance between donor and acceptor, making FRET extremely sensitive to small changes in
distance [25]. This condition is often achieved if two identical uorophores form a FRET pair
(homoFRET), in which case the overall lifetime decreases if the two uorophores are close,
and expressed by Eq. (2.6).

E, =1 -® (2.6)
d

where 4, is the uorescence lifetime of the donor in the presence of the acceptor andis
the lifetime of the donor without the acceptor. This energy transfeE;, can be expressed
using Forster Eq. (2.7).

RG

0

RS+ r6
where r is the distance between two uorophores anBy is Forster radius where half of the
energy is transferred.

Et=

100 (2.7)

Dexter Electron Transfer

Dexter electron transfer (also called Dexter electron exchange and Dexter energy transfer)
is a uorescence quenching mechanism in which an excited electron is transferred from one
molecule (a donor) to a second molecule (an acceptor) via a non radiative path [25] (Fig.

2.5).
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Figure 2.5 Dexter electron transfer process, where the distance between acceptor and donor
is shorter [25].

This process requires a wavefunction overlap between the donor and acceptor, which means
it can only occur at short distances.

The main di erence between FRET and Dexter Electron Transfer is that phenomenon hap-
pens at a distance between two uorophores shorter than the Forster radius. For FRET, the
Forster radius Ry is given by Eq. (2.8).

Ro=0:211k?n 4 pJ)*® (2.8)

where n is refraction indexk? is orientation factor, p is quantum yield of the donor, and
J is the spectral overlap integral and given by Eq. (2.9).
Z 1
J= Fo( ) “d (2.9)
0

where is wavelength (nm), andFp ( ) is the uorescence intensity.
While for Dexter Electron Transfer,J is given by Eq. (2.10).

Zl
J=_ Fo()a()d (2.10)

where A( ) is the molar absorptivity of the acceptor at a given .

Photon Reabsorption

One of the major advantages of uorescence lifetime imaging is the independence of the
lifetime from concentration. This statement is however only valid for a certain range of
concentration in which uorophores do not interact either chemically or photonically. It

is also essential that a minimum concentration threshold be attained to provide su cient
uorescent signal for lifetime measurement [25]. Figure 2.6 present an example of uorophore
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concentration can a ect the value of uorescence lifetime for rhodamine 6G [30].
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Figure 2.6 Fluorescence lifetime of rhodamine 6G in methanol (molecular uorescence lifetime
Is 4 ns) as a function of the concentration of the dye, for measured lifetime, and measured
lifetime corrected for self-absorption. Adapted from [30].

This reabsorption process phenomenon can be modelled by Eqg. (2.11) [31].

ra — 1 a ;o a=1(J;¢) (2.11)

wherea is the probability of reabsorption as a function of the overlap between emission and
absortion (J) spectra and concentration of the uorophore €) and is quantum yield.
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2.2 3D Sensing and Imaging

2.2.1 Laser Scanning Confocal Microscopy (LSCM)

Many technologies have been developed and investigated for optical 3D imaging and molecules
tracking. Laser Scanning Confocal Microscopy (LSCM) [32] (Fig. 2.7 and Fig. 2.8) is one of
the rst techniques used for this purpose which uses pinhole aperture that ensures that light
reaching the detector comes only from the equivalent (confocal) point in the specimen where
the excitation light was focused. Confocal microscopy is a form of uorescence microscopy
that sharpens the images collected by visualizing the light from only one plane of focus. This
allows for the collection of multiple focal planes in what is called a z-stack, which provides
three-dimensional data.

(LSCM) is an alternate method available for obtaining the optical equivalent of thin uores-
cent sections. The optical principle of confocal microscopy is simple, but a large investment
in hardware and software is required. LSCM optically isolates uorescence emission to the
image plane, providing a means of obtaining high-resolution images of photoreceptor cells
in thick sections.The image can be sequentially compiled, pixel by pixel, by recording the
uorescence intensity at each position.

Objective

Pinhole

Thick specimen

Laser light

Figure 2.7 Principle of operation of a laser scanning confocal microscope. Laser light is
focused on the thick specimen by re ection from the dichroic mirror (DM) and the objective
lens. The laser excites uorescence throughout the specimen that passes through the DM
and is focused onto the image plane. A pinhole only allows light from the confocal plane of
the specimen to reach the photomultiplier tube (PMT) [33].



13

3 PMTs

4.

Adjustable Top

O confocal iris adjustable
mimor !nverted
 — microscope
\ —_—

]

Dichroic mirrars
and barriers filters

F @
£ g
= i}
o 5~ 5
T OTd =
B o a = o )
Top g 5§ 2 [— 1 Longpass Objective/spacimen
adjustable N o blocking filter
mirror IT
u Dichroic
mirror
Side port
shutter () T [' I p
Tube Internal
Solid M3IHM3S Scan lens lens m?crnsoope
state mirror
laser Bracket
CRS

Figure 2.8 Basic elements of a laser scanning confocal microscope. Laser light is directed
to the scan mirrors via a dichroic mirror. The laser is scanned across the specimen by the
scan mirrors and the returning emitted uorescence is descanned by the same mirrors and
transmitted by the dichroic mirror. The uorescence passes through the barrier lter and

is focused on to the pinhole (adjustable iris) before reaching the PMTs. Additional dichroic
mirrors can be used to separate uorescence wavelengths [33].

2.2.2 Two-Photon Fluorescence Microscopy (TPFM)

Two-Photon Fluorescence Microscopy (TPFM) [34] (Fig. 2.9) is another type of laser scan-
ning microscopy which is based on a quantum phenomenon that a uorescence can occur
when a uorophore absorbs two photons essentially simultaneously with less energy. Thus,
with the two-photon mode of excitation, the uorescence occurs only in the intersection point
of the two excitations, which eliminates the need of a pinhole. This technique and that of
LSCM, however, su er from the di raction limits imposed by the wave nature of light which
limits the resolution between closely opposed sources of light. Equations (2.12) and (2.13)
respectively describe the Ernst Abbe's di raction limit expression for XY and Z resolutions.

Ryy 0:61=N:A (2.12)

R, 14 = (N:A)? (2.13)
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Figure 2.9 Basic elements of a two-photon microscope. PMTs detectors do not require pin-
holes or focused images and are located immediately below the objective [33].

where is the wavelength of the emission light, is the refractive index of the mounting
medium, andN:A is the numerical aperture of the objective lenses.

2.2.3 Stimulated Emission Depletion (STED) microscopy

Super-resolution imaging techniques named photoactivation localization nanoscopy [35][36]
have been developed to mitigate the resolution limitations of the aforementioned techniques.
STED microscopy is one of several types of super resolution microscopy techniques that
have recently been developed to bypass the diraction limit of light microscopy to increase
resolution [33]. STED is a deterministic functional technique that exploits the non-linear
response of uorophores commonly used to label biological samples in order to achieve an
improvement in resolution, that is to say STED allows for images to be taken at resolutions
below the di raction limit.

It creates super-resolution images by the selective deactivation of uorophores, minimising
the area of illumination at the focal point, and thus enhancing the achievable resolution for
a given system (Fig. 2.10).
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Figure 2.10 Creation of reduced excitation spot for STED microscopy. The STED (592-nm)
laser beam (red) is shaped by a 2 phase plate into a doughnut and concentrically overlaid
with the 488- nm excitation laser (blue). The process of STED occurs in the yellow zone to
reduce the zone of uorescence. Increased STED laser power decreases the diameter, d, of
the excitation spot [33].

2.2.4 LED-CT Scan

CT scan is a technique that can be used for 3D bio-chemical sensing by using light ab-
sorbance, and it's based on parallel scan lines as shown in Fig. 2.11 [37]. Asstifrey) as a
distribution of absorbance onxy plane. x% plane has an angle of with respect to xy plane

on z axis. When parallel light is irradiated alongy, the projected distribution of absorbance
along x can be calculated as

z 1
R(;x)= f(xy)dy’ (2.14)
1
f (x;y) can be found as
Z,

Z; . .
f(xy) = 2i . (Zi i g (xcos +ysin )G(;! yid! ))d (2.15)



16

Frequency space

Figure 2.11 Measure of pH distribution by computed tomography (CT) scan. (a) The concept
of the system and (b) the algorithm of CT scan using the projection-slice theorem by ()

parallel beam or () fan beam [37].

whereG( ;! ) is the Fourier transformation of R about x°

z 1
G(:1)=  R( :x %e ™ °dx® (2.16)
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CHAPTER 3 3D INTERFEROMETRIC FLUORESCENCE MICROSCOPY

The following sections in this chapter are the reproduction of upcoming article [38] and the
subject of a submitted patent [39].

3.1 Basic Principle

This present work exploits the Fluorescence Lifetime Imaging Microscopy (FLIM) technique

in a way that only two scanning planes are enough to get a full 3D sensing of cells sample.
FLIM is an imaging technique that based on adding uorescent indicator to the cells sample
and exciting it by a short-light pulse. After the excitation source is turned o the light
emission of the uorescent indicator decay by a specic lifetime. Any change in value
gives information about biochemical speci cations change in the sample [40] [41] [42]. For
a heterogeneous medium of pH for example, the uorescence emission decay behaves in a
multi-exponential instead of mono-exponential for homogeneous medium [43]. In case of
heterogeneous medium, the resulting uorescence dynamics is characterized by Eq. (3.1).

X
F()=" Ajexp( t=) (3.1)
j=1

whereA;, and ; are the amplitudes and decay times of the N exponential components of the
uorescence decay. To determine These parametefs and j, many tting algorithms have

Step 1 Step2 4
Scan plan N
_____ e — -
. Scan plan 1 !
—n_ AN S N ﬂ N
E‘ il . “\-_I > E ‘ :: —t __.r :‘3 .
L ~ o i

‘\i‘e \ Cells

—|

Figure 3.1 Principle of 2-scanning plans: Step 1 provides the information of the segment
without arrangement, thanks to the interference; In step 2, each pixel is associated with its
corresponding lifetime.
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been developed for this purpose, such as Fast Fitting Algorithm [44], Maximum-Likelihood

Method [45] and Compressive Sensing Estimation [46]. The principle work of the new method
presented in this paper is based on two scanning planes (x,y) and (y,z) as it is shown in Fig.
3.1. In step 1, the sample is excited with a short pulse in the x direction throughout a chosen
segment k. From this step we get the uorescence decay described in Eq. (3.2).

F(t) = X Ak exp( t= ;) (3.2)
j=1

where N is the number of discrete pixelBy; throughout that segment k, and with tting we
can determine the couple$Ay;; «;j0j2[1N]-
At that level we don't know the associated parameter,; for each pixelPy;, we only know
the couple off \; gi21:n] that necessary exist in this segment without any arrangement. In
step 2, we excite rstly with a continuous beam with intensity A in z direction throughout
segment | and then followed by a short pulse like in step 1. In this second step, the resulting
uorescence decay is described by Eq. (3.3).

X
F(t) = Ak;j exp( = K;j ) + A(k);| exp( = k;I) + AO (33)
j=1;j86l

WhereAE;I and A° are the new resulting intensities that follow Eq. (3.4).
A(Iz;l + A%= Akt + A+ Ainterference (34)

where Ainerference 1S the term that occur because of the phenomena of interference that
happens in pixelPy, between the two beams.

The passage from step 1 to step 2 make us notice thai, that is changing (Ax; to AY,).
That means that the related ., is the exact lifetime that should be associated to the pixel
Py .By this way and by sweeping all the segment we will be able to determine the lifetime
of every pixel. We should note that for the vertical excitation we use a continuous beam,
because if we use instead a pulse excitation, we get in addition many other confusing lifetimes.
While for the continuous beam we only get a shifting constant in our expression that we can
Iter easily. We should also note that no change will be happening to parameterg, when

we combine the vertical and horizontal beams, because lifetime does not depend on the
amplitude of the beam but rather with the characteristics of the medium. The remain of this
paper it to prove the two main points of this idea; The interference and the non-changing of
lifetime while moving from step 1 to step 2. The phenomenon of interference occurs when
two monochromatic beams with the same frequency superpose to form a resultant wave of
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greater or lower amplitude. The intensity of this resulting wave is given by Eq. (3.5).

49— 2
Il =1;+1,+2 |1|200i*) (35)

wherel; and |, are the two waves intensity, is the wavelength and is the optical path
di erence.
The term on cosine should not be zero in order to have the interference, which means that

z 6 5+ kik 22 (3.6)

Which also means ) 1
— > 27 (3.7)

In our case we have =470 10 °m and the optical path di erence is in millimetre ( =
a 10°3m;1 a 10. Than we have
2 1 4 a 10 47

2 2 47 (38)

which is not an integer, because we have an odd number divided by even number.Therefore,
theoretically, the interference always occur whatever is the value of optical path di erence
throughout the scanning segment.

3.2 System Implementation

Figure 3.2 presents the instrumental structure of our system with di erent optical implemen-
tations. A DMD (Digital Micromirror Display) from Texas Instruments was used to orientate

the beams in the desired direction, in order to get a full scan of the two planes with micro
pixel pattering. Each micro mirror in the DMD have two positions+12° and 12°, which
makes it the best choice for our application. Electronic control of the micro-mirrors provides
fast and easy manner to drive the beams in the desired direction. The two plano-convex
lenses are used as a collimator to convert the source rays to a parallel beam. One of the two
light sources is used for continuous emission, while the second is used for pulse excitation.
These two sources are placed in the focal point of the lens to make an in nite parallel pro-
jection. Mirrors M; and M are used to avoid direct lighting of DMD, in order to eliminate
the light noises and residues coming from the sourcesl, 54 and M2, are used as a light
Iter for non-collimated rays, since there will be a small portion of non-parallel rays because
of non-singularity of the light source. These two Iters help to increase the precision of the
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Figure 3.2 The system presentative schema with implemented optical devices. The horizontal
and vertical scanning steps of the sample is insured by DMD. The Plano-convex lenses provide
a collimated beam from the pulsed and the continuous sources. Mirrors M5 and M6 orientate

the generated beams before and after the sample. The rest of the mirrors serves to lter the

non-collimated rays and the light noises and residues coming from the sources. Emission lter
blocks the direct beams coming from the source and only allow the uorescence emission to
get through. The convex lens picks up the resulting beams and drives it to the high-speed

photodiode for measurement.

measurements. The purpose of mirrdvls is to convert the vertical beams coming from DMD
to horizontal beams that will penetrate into the sample. MirrorMg drives out the resulting
beams after crossing the sample. BotMs and Mg are tilted with 45°. The coordinate
and the optimum inclination angle of every component are simulated and determined using
Zemax OpticStudio software, and summarized in Table 3.1. The emission lIter blocks the

Table 3.1 UNITS FOR COMPONENTS POSITION

Symbol Quantity Numerical Value
dm 1=m 2 Horizontal distance between M1 and M2 20.04 mm
v 12m 2 Vertical distance between M1 and M2 45 mm
hwm 2=m 3 Vertical distance between M2 and M3 11.23 mm
hm 4=pmD Vertical distance between M4 and DMD 15 mm
domp=m 4 | Horizontal distance between DMD and M4 6.68 mm
domp=m 1 | Horizontal distance between DMD and M1 36.72 mm

1 Tilt angle of M1 31 degree

direct beams coming from the source and only allow the uorescence emission to get through,
to avoid false measurements. The convex lens picks up the resulting beams and drives it to
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the high-speed photodiode for photons counting.

3.3 Experimental Setup

The fabrication of the instrument has been done by two types of 3D printing; Fused Deposi-
tion Modeling (FDM) for low cost parts that doesn't need high precisions and Stereolithog-
raphy (SLA) which is most suitable for parts that require smooth surface nish and high
level of feature detail, like the lens and DMD holders in our case. Figure 3.3 and 3.4 present
respectively the assembly drawing of the instrument and the fabricated model with di erent
optical parts.

Figure 3.3 Assembly drawing of the proposed instrument designed by Solidworks software.
123.97 mm x 74.56 mm x 60.92 mm is its sizing.
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Figure 3.4 Photograph of the Instrument inside. The grey parts are fabricated by Stere-
olithography (SLA) while the others are made by Fused Deposition Modeling (FDM) for low
cost.

The structure of this instrument is made up of a base table (1) with dimension of 123.97 mm
X 74.56 mm, top cover (2), tow side covers (3) (4) to make a dark box, collimator (8) which is
made up of lens and LED holder (6) (17) (11), non-desired rays' blocker (5), mirror site (6),
DMD emplacement (15), and scan beams exit (18). The collimator and DMD holder were
made by Stereolithography (SLA) since they require a high surface nish with micrometer
precision. To have a good collimation, the center of the LED should be placed at the focal
point of the plano-convex lens with a micrometer precision. Thus, as shown in Fig. 3.5, four
micropositioners have been used for this purpose.

Tow for right/left movement and two for back/forward. The LED is connected to power
supply and switched on. A white paper is placed in front of the collimator to visualize the
light spot changing as the micro-positioners change the coordinates of the LED.

As a rst model, we build this instrument with only one light source just to validate the idea
of the system. While for a nal instrument, two sources are required, one for continuous
excitation and the second for pulses.
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Figure 3.5 Collimator calibration by using four micro-positioners. Two for right/left and two
for back/forward.

The chosen lens for the collimator is LENS PCX 6 X 9 VIS-NIR INK from Edmund Optics,
with 6 mm in diameter and 9 mm for E ective Focal Length. For the rst mirror we use
MIRROR FS 1/10 WAVE UV AL 12.5 SQ, and FS 1/10 WAVE UV EN AL 5 SQ for the
others.

The DMD used is DLP2000 (.2 nHD) with a future of 640x360 array of aluminum micrometer-
sized mirrors in an orthogonal layout, 7.56-Micron micromirror pitch,12° micromirror tilt
relative to at surface. To drive the DMD, we use DLP Light Crafter Display 2000 Evalua-
tion Module (EVM) and Raspberry Pi 3B+ as an embedded host processor that provide a
full control via 12C communication.

To measure the uorescence intensity, we use Silicon Photodiode BPW 21 from OSRAM
Opto-Semiconductors for Visible Spectral Range (350 nm to 820 nm) and LED GB PSLM31.13
with wavelength of 470 nm is used as an excitation source. Fluorescein is the chosen uo-
rophore for these measurements since it's a good indicator for pH in the neutral region.
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To amplify the photodiode output signal and drive the LED, a Printed Circuit Board (PCB)
was designed based on precision ampli ers OP27GPZ and a switching circuit as presented in
Fig. 3.6.

Figure 3.6 Fabricated PCB for photodiode output signal ampli cation and LED driving.
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Figure 3.7 Experimental setup to test the instrument by measuring the interference between
vertical and horizontal blue beam, inside a glass bowl contains uorescein. In the right
bottom is the obtained picture in the dark.

Figure 3.7 shows the experimental setup for our instrument where all parts are involved
and connected with each other. In the right bottom is presented the obtained uorescence
emission image in the dark. Figure 3.8 shows the second setup to measure the uorescein
lifetime for two cases. The rst one is for direct beam excitation and the second one is with
combined two beams; direct and vertical beam. FLS920 Fluorescence Lifetime Spectrometer
from Edinburgh Instruments Ltd was used to measure the uorescence lifetime, which utilizes
the technique of Time Correlated Single Photon Counting (TCSPC). 401.6 nm picosecond
pulsed diode laser (77.4 ps) was used as excitation source. The results are obtained with the
associated software that uses Non-Linear Least Square Fitting algorithm.
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Detector Laser
Source

Figure 3.8 FLS920 Fluorescence Lifetime Spectrometer to measure uorescein lifetime for
direct and combined beams. 401.6 nm picosecond pulsed diode laser (77.4 ps) is used as
excitation source.
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For more sophisticated measurement, a hybrid optomicro uidic platform was designed and
proposed in Fig. 3.9 with the photograph of the fabricated chip. It is composed of a modular
structure on the same chip for a fully integrated opto uidic platform. The bottom part with
optical functionalities consists of a support plane with two mounted>° mirrors (layer 1) and

the top part realized by a PDMS layered structure with micro uidic functionalities (layer

2). Layer 3 serves as an upper cover. The layer 2 consist of a cubic room with 2.5mm in its
width and a passive micro-mixer to create solutions at di erent uorophore concentrations
(mixing between uorescein and EtOH). A serpentine-based micromixer was chosen to have
a long path for e cient mixing.

Figure 3.9 Modular structure of the proposed hybrid opto micro- uidic platform with the
photograph of the real fabricated chip.
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The length of this path can be calculated by considering the time = w?=D that particles take
to di use across the entire channel, where is the width of the channel andD is the di usion
coe cient of the considered uorophore. Thus, this length isl = V. whereV = Q=w? is
the velocity and Q is the ow rate. Therefore, the minimum length of the serpentine for
e cient mixing can be obtained as| = Q=D [47]. In our case, the di usion coe cient of
Fluorescein dye molecules ® 4:25 106&m?=s. The dimension of the micro uidic channel
was designed to b€00m  200m . So, for a ow rate of Q = 0:5ml=hr, the length of the
serpentine for a complete mixing should be at leakt Q=D = 32:68cm. 50 cm is the chosen
value for the fabricated micro-mixer. Inlet 1,2 serve to uorescein and EtOH injection and
Inlet 3,4 serve to pH adjustment and variation, one for HCL and the second for NaOH.

3.4 Results

Obtained results for interference veri cation are presented in Fig. 3.10 and Fig. 3.11.

1.3
al e
= 1o- Ak e
O -e- | Ul e '
[@))] _ 1 2 F -
g gg ke L+, .t P
o 0.8- . P
> 0.7- IR _a
T 06- A LT P
L ’/ . "_‘__..--""
E 05_ ,*’ “-\'.' _.."'#’ _______ ’
0.4 - P e _e---"""
-g /* ’. -" --"'"P-F-' ¢
o 0.3 ,:’." FCR™ 2o
024 - ‘-;’f*‘
0.1 w";
0.0 | L L B | T T T T T T
17 2837 51 73 122 200

LED current [mA]

Figure 3.10 Photodiode output voltage vs LED driver current for vertical, horizontal and
combined optical beams.
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11, 12 represent respectively the horizontal and vertical emitted uorescence beams, while
I1[ I, is the simultaneous combination of the two beamd.; + | , represents the the numerical
addition of the two beams value. Obviously, if the interference phenomenon does not occur,
the photodiode output voltage for the combined beams will be necessary equal to the sum
of the output voltages of the two beams separately. However, we observe that the curve of
I, [ I, (pink color) is always under that ofl; + 1, (black color) for every value of excitation
intensity.

Figure 3.11 exhibits also that the interference always occur even for di erent value of the
uorophore concentration. From both graphs, it is clear that the interference is more visible
for high excitation intensity and high uorophore concentration. As the excitation intensity
and the uorophore concentration decrease, the curve of [ 1, converge to that ofl; + I,
which means that the interference is less visible and less detectable.

In order to make the interference much more visible, the excitation light should be polarized
in a speci c way. In fact, the Equation (3.5) represents the interference only in scalar regime,
without taken in account the vector aspect of the electromagnetic waves.

We consider two plane monochromatic waves with a spreading vectds and K3, polarized

in directions ty, and t, presented by Eqg. (3.9) and Eq. (3.10),
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Figure 3.11 Photodiode output voltage vs uorescein concentration for vertical, horizontal
and combined optical beams.
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B (M:t) = E et ke a) gy (3.9)
E,(M;t) = E,é(t R 1)y, (3.10)
The resulting intensity is
1 . 49— :
I =§rE:E =1+ 1,+2 l.0,h(cos )ty thi (3.11)
where =(k K)++ 2, pl)l = %2 and|, = %22

We see that the interference tern2 1;I,h(cos ) :thi depends on the polarization. In or-
der to have a maximum interference, the two beams should have the same polarization. If the
collimated beams are polarized vertically, the mirrors system will change their polarization
as long as they are re ected and the interference term will be zero at the end of their inter-
section inside the sample. To have the maximum interference value, then the two collimated
beams should be polarized horizontally. Therefore, two polarizer systems should be added to
the system to get best performance. Since DMD is limited to 7.56-Micron micromirror pitch,
an afocal system lenses can be added between DMD and the sample to increase the scanning
resolution. It is worth mentioning also that a galvanometer or a piezo-mirror can be used
instead of DMD to reduce the scanning parallelism error. Figure 3.12 presents the obtained
results for uorescence lifetime measurement for direct and combined beams. Three solution
with di erent value of pH are investigated. The rst remark to mention is dependence of
lifetime on pH value. As the pH increases, the lifetime also increases. For example, the third
graph with a pH value of 4.89 exhibits the smallest lifetime. The second remark is that for
all these graphs, the direct and the combined beams shows a perfect parallel slope, which
means a non-changing of the lifetime. The exact values of these lifetimes are summarized in
Table 3.2. Thus, we can conclude the non-changing of lifetime while moving from one direct
beam to combined beams.

Table 3.2 FLUORESCENCE LIFETIME VALUE

pH Value | For Direct Beam[ns] For Combined Beams|ns]
4.89 3.5 3.5
6.13 4.9 4.9
7.10 5.1 5.1
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Figure 3.12 Fluorescence lifetime measurement for direct and combined beams, within three

solution on three di erent pH value. 7.10 for rst graph, 6.13 for second graph and 4.89 for
the third graph.
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CHAPTER 4 HIGH-EFFICIENCY LED DRIVER

The new method of the proposed device as presented in the previous chapter is based on
uorescence lifetime measurement, where a light excitation with a short fall time is required

to make this method possible. However, the most existing light source for short excitation
are expensive and more di cult to be integrated in wearable instruments. To resolve this
issue, Light emitting diodes (LED) can be used as an alternative solution because of their
portability and lower cost. Nevertheless, LEDs fall time is en general in the average of 20 ns
which is not enough for the most used uorophore. Herein we propose a novel LED driver
to deliver short pulse excitation by reducing signi cantly the optical fall time, which was the
subject of an accepted article in IEEE International New Circuits and Systems Conference
(NEWCAS) [48].

4.1 Introduction

Fluorescence sensing is becoming a widely used technique for biochemical research and anal-
yses due to its non-invasive measurements and its high sensitivity and reliability compared
to absorbance-based detectors [49].

Fluorescence lifetime sensing is one of the most e cient methods for various types of uo-
rescence microscopy. Its principle is based on exciting the sample with a pulse of light, then
following this excitation, the light emitted from the sample quickly decays. The ratio of this
decay is called the uorescence lifetime.

Two main issues have been identi ed for this method. The rst one is the ability to distinguish
targeted uorescence signal from other background sources such as light excitation signal and
non-target auto uorescence. Time-correlated single photon counting (TCSPC) technique is
the best solution for this challenging procedure, it allows to measure the exponential decay
of the echoed light from the sample under test [50]. The second challenging fact is be
able to measure the uorophores' lifetimes, which are on the order of nanoseconds. For
example, these lifetimes are 14 ns, 4.0 ns, and 4.3 ns for Acridine, 6-Carboxy uorescein, and
Fluorescein Na salt, respectively [51]. Consequently the achievement of these two challenging
issues requires the use of instruments that can provide light-source excitation and emission
detection within a very-high speed.

Recently, many portable uorescence instruments with nanosecond light source have been
developed based on Light Emitting Diodes (LEDs) [52]. These LEDs, due to their low-power
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dissipation and long lifetime, became e ective light sources for a wide variety of applications,
such as blood analysis [53], surface plasmon resonance sensor [54] and data transmission
based on frequency modulation [55]. LEDs are also used as excitation source for uores-
cence applications, due to corresponding wavelength options compared to laser diode based
excitation sources.

The remaining of this chapter includes, In section 4.2, a description of uorescence lifetime
method, and shows the impact of improving LED fall time to achieve the high-measurement
accuracy and e ciency. Also we state the already existing circuit drivers and methods to
improve LED response time. In section 4.3 we present our new method as an alternative one
to have more e ective improvements. Section 4.4 exhibit the obtained results.

4.2 Fluorescence Lifetime Method

Fluorescence lifetime method is based on adding uorescent indicator to the sample and
exciting it by a short-light pulse. After the excitation source is turned o the light emission

of the uorescent indicator decay by a specic lifetime . Any change in value gives
information about biochemical speci cations change in the sample. Figure 4.1 shows an
application example when measuring pH changes using Fluorescence emission decays of poly-
amidoamine as a uorescent indicator [56]. To measure the lifetime valug Time Gating
Algorithm (TGA) technique is used by measuring the emission only in two windowS; and

G, as it is shown in Fig. 4.1 [57]. The average photons count is given by

N=K (1 e %) (4.1)

whereK is a constant depending on the excitation sourcdg is the duration of G; and G..
By counting the average photondN; and N, in gate G; and G,, can be found using Eq.
(4.2).

=(t2  ty)=In(N;=N) (4.2)

As shown in Eq. (4.2), is independent of excitation sourc& , which is the main powerful
advantage of this method, in a way that any prospective excitation source variation or uctu-
ation will not a ect measurement accuracy. It should be mentioned that in this method yelay
should be higher than the fall time of the excitation pulse to avoid false photon counting
coming from this excitation pulse.

To increase the accuracy of lifetime a multi-gate method was adopted instead of using only
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Figure 4.1 Poly-amidoamine uorescence emission decays for pH sensing [56].

two-gate topology [57]. Expression of is then given by Eq. (4.3).

P P
- . (')? PM j=q;t12
ML I Moty e tIn(N)

(4.3)

where M is the number of gates and; is average photons number counted in gatg; .

To increase the accuracyM number of gates in Eq. (4.3) should be increased. However,
this increase is limited byTgelay Which is limited in its turn by the fall time of source exci-
tation. The probability Een(< 1) that a photon absorbed by the uorophore will liberate a
photoelectron can be expressed by Eq. (4.4) [58].

Eem = gEopics Q€ Tdelay = 1 e To= ) (4.4)

whereEqpics IS the signal collection e ciency for the detection optics, and Q is the quantum
yield of the detector photocathode, and q is the quantum yield of the uorescence probe.

In order to increaseEem, Tgelay and in its turn the excitation fall time should be as small as
possible. As a result, from the above analysis, by decreasing excitation fall time the accuracy
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of and the measurement e ciency will be improved, in a way that the probabilityE.,, and
the number of gates M will be increased.

On the other hand, the LED fall time delay is due to its intrinsic junction capacitances that
take time for discharging. The time depending turn-o transient can be expressed by Eq.
(4.5) [59] which gives a fall time of the optical signal90%to 10% as shown in Eq. (4.6).

I
Popt(t) g 7;)“'% 2 (4-5)
Ko fse T
1 1
kLED I pulse | pulse

This study shows that the fall time depends in the current pulse width ( ——). Several

| pulse
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Figure 4.2 LED rise/fall time improvement driver circuits: (a) Halbritter et al circuit [59];
(b) Toshiki et al circuit [55].

authors improved the fall time of LED response, the main of them Halbritteret al have
proposed a driver circuit to improve LED time response by using a capacitor and an inductor
as it is shown in Fig. 4.2(a) [59].

The principle of this circuit is that the added capacitor C,eax by its charging provides a
boosting current when the LED is turned on, which improves the optical rising time. For the
optical fall time, the inductor L stores the energy and when the LED is turned o a negative
current peak occurs, thus the optical fall time is ameliorated.
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Figure 4.2(b) shows another circuit that was introduced by Toshiket al to enhance the

optical fall time [55]. The main basic principle of this idea is to short-circuit the LED in the

turn o phase by using a GaAs FET T,. By this technique the remaining carriers swept out
which makes the LED shut-down swiftly. The drawbacks with these two circuits is that, the
use of an inductor in the rst one is not always desirable, especially if this LED driver circuit
should work with RF applications. For the second method,this idea is less e cient when
operating high current LEDs. At high current a complete discharge of the LED intrinsic
junction capacitor cannot be done within an enough time.

4.3 Novel Driver Circuit

A novel driver circuit is proposed to improve the LED optical fall time, which is an alternative
solution to above described limitations of aforementioned methods. The schematic of the
proposed circuit is presented in Fig. 4.3. This new circuit is based on high-speed switching
NMOS and PMOS transistors that toggle between two-operation phases as shown in Fig.
4.4. When this LED is turned on, transistorsN; and N, are on and TransistorsPy; P,; :::; Pg
are o, which leads to the equivalent circuit (a) in Fig. 4.4.

VDD1

VDD2

Drivel P4 P5|l- Po6

T

Figure 4.3 Novel circuit intended to reduce the fall time of the LED.
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Figure 4.4 Driver equivalent circuit: (a) Turn-On phase, (b) Turn-O phase.

In this phase, the capacitorC, is charged and gives a current peak to the LED which improves
its optical rise time. When the LED is turned o, N; and N, are o and Py;Py;:::; Ps are
on, which lead to the equivalent circuit in Fig. 4.4(b). In this phase the reverse voltagé
discharge the LED which sweep-out the remaining carriers. TransistoRs; P4; :::; Ps are used
to to sink direct and reverse currentd ; and |, from the circuit to ground.

The second part of this proposed circuit is to exploit the already used capacit@; in the
turn on phase to speed up the fall time when the circuit is in its o phase. The charge and
discharge phases of this capacitor maintain the carriers sweep-out speed.

Figure 4.5 shows the timing diagram for each part of the circuit.

Signal State
A

Pulse ON I L1l
! 111 11
11 (.
PulseOff p ———————— —— 11
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LU Y L
Driver Off |- — — — — — — — — — ) S L0
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I
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Figure 4.5 Timing diagram of proposed circuit.
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To have a better resultstpelay p_on Of P3; Pa; ii; Pg should be lower thantpelay N off Of N

which allow to obtain a smooth and synchronous operation by preventing the current coming
from P; and P, to cause an excess thl; drain current.

We report in Table 4.1 the simulation components and parameters used for this circuit driver
and Table 4.2 shows all signal state time values.

Table 4.1 COMPONENTS OF THE LED DRIVING CIRCUIT

Parameter/Component Designation | Value/Part number
NMOS N1 FDY301NZ
PMOS P1.234:56 BSS84LT1G
LED - GD DASPA2.14
DC Power Supply /) Vob 1, Vob 2 5,5.75
Resistance () R1,R,,R3 10.5, 11, 20
Capacitor (nF) C, 5
MOSFET Driver Driver LMG1020

Table 4.2 SIGNAL STATE TIME VALUES

Signal state times | Value [ns]
to 0.35
tDelay _N_Off 8
tDeIay_N_ON 6
tDeIay_P_ON 3.6
tpelay P_off 12
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4.4 Results

Figure 4.6 LED terminal voltage /.ep ) waveform for a square waveform input with the
switching driver.

Simulations of the proposed circuit are achieved with a square waveform input and with a
current pulse of225nA. Figures 4.6 and 4.7 depicts the obtained results for LED terminal
voltage with and without switching driver respectively. The fall timet; is de ned as the time
needed by the signal to fall fromB0%to 10%of its peak value. Without switching driver, t;

is equal to3259Ms and with switching driver, t; is equal to1:65ns. That means a reduction

of approximately 96%

Figure 4.8 shows the dependence of optical fall time in the current pulse. These obtained
results con rm the theoretical predicted dependencyﬂljuﬁ). As | puse increased; decreases.
Figure 4.9 presents the uorescence lifetime measurement e ciencyvs Lifetime , with and
without the used switching driver. is given by Eq. (4.7).

Eem

( ): quptich

2 [0;1] 4.7)
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Figure 4.7 LED terminal voltage {/ gp ) waveform without the switching driver.

Figure 4.8 Optical fall time vs LED pulse current with and without the switching circuit.



Figure 4.9 Fluorescence lifetime e ciency vs. Lifetime ().

Table 4.3 PERFORMANCE COMPARISON OF LED DRIVERS

41
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The obtained results exhibit how this driver circuit improves signi cantly the uorescence
measurement e ciency. Likewise, this improvement is more important for smaller lifetime
values ( 60ns).

Performance of the proposed LED driver is summarized and compared with that of the
previously reported works in Table 4.3.

4.5 Conclusion

This work evaluates the advantages of using LED technology as an excitation source for
uorescence lifetime based measurements, witch is one of the most e cient sensing method
for biochemical research and studies. We reported a novel LED driver circuit to achieve a high
speed fall time excitation, as a major challenging point for uorescence lifetime e ciency and
accuracy. The proposed driver circuit achieved an excitation light fall time of arount6ns.
This short time value allows to achieve a high impact on uorescence lifetime e ciency.
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CHAPTER 5 VALVES ARRAY FOR A FULL MICROFLUIDIC
INTEGRATION

Instead of working with only one 3D environment, the proposed instrument presented in
the previous chapters can be used for a system consisting of large number of micro uidic
rooms to make possible multiple independent imaging measurements at the same time and
in one chip . However, a large number of micro- uidic channels will be needed to access
various speci c locations. Thus, in this chapter we present an embedded on-chip controller
to drive the expected large number of switching valves with less number of o -chip control
components. Also, the utility of this system for Organs-On-Chip (OOC) is presented in this
chapter likewise. The following sections are the reproduction of a submitted article in IEEE
Engineering in Medicine and Biology Society Conference (EMBC) [60].

5.1 Introduction

The interaction between accumulated work in micro uidic, cell culture and cell biology re-
search has led recently to the emergence of Organ-On-Chip (OOC) technology. OOC consists
of a micro uidic structure (Micro chambers, channels, valves, etc) that contains speci c areas
to handle living cells, controlled by micro-electromechanical systems (MEMSs) to make them
mimic the behaviors and functionality of their counterparts in vivo.

Nowadays, as ethical concerns on animal experiments are rising, OOC technology is a very
promising alternative solution for drug development and testings. Furthermore, the recent
advancements made in this eld make OOC a trustworthy candidate for more understanding
of human organs physiology, as well as a reliable drug testing platform that can be used for
personalized medicine and diseases studies [61] [62] [63].

On the other hand, while the complexity of OOC systems increases, the necessity of an
e cient integrated drug delivery system follows. An ideal drug delivery system should be
as subtle as it can target a speci c site-of-interest in the organ. In this regard, a micro-
needle array with nano- lters have been developed for a nanometer-scale selectivity [64].
From a precision delivery standpoint, a drug controller is indispensable for avoiding the
delivery of uncontrolled drug doses. In this context, a full drug delivery System-On-Chip
have been proposed with an integrated drug reservoirs and full wireless control [65]. As
multiple organ modules can be interconnected in a physiologically relevant way to build a
human-on-chip platform (Fig.5.1) [66], a large number of drug delivery channels is needed to
make possible the access to all specic parts on the chip with a exible switching manner.
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Thus, such system requires a large number of micro-valves in order to make a full control
of drug steering. Thereby, the challenging point is to nd a way to drive this expected
large number of valves with a less number of o -chip controllers. Several works have been
done in this regard, notably a micro-pneumatic digital logic structures was designed to drive
large number of micro-valves with less control lines [67] [68]. These structures, made up of
pneumatic digital gates (AND, OR, NOT, NAND, and XOR), are based on micro-valves with
MOSFET-like function. More recently, Kawi et al [69] proposed a control method based on
multiplexers-demultiplexers, thus they can control 256 individual on-chip valves with only 18
control lines (Fig. 5.2).

In this work, we propose a novel system that can contrd" channels with only n line

Figure 5.1 Body-on-chip model

control. As for example,625 = 5* channels will be drove with only 4-line control interfaces.

The remaining of this chapter includes, in section 5.2, a description of the system we propose
as an alternative solution to reduce the number of o -chip control components. Section 5.3
exhibits the obtained results.
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Figure 5.2 Two bit DEMUX valve control system and its equivalent logic circuit [69]

5.2 Description of the Proposed System

The operation principle of proposed system is presented in both Fig. 5.3 and Table 5.1.

Five channels are controlled by one pneumatic line through eight valves; :::; Vi, and Wy; @22 Wy.
Initially, Vi;:::; Vs, are O and Wq;::;; W, are ON, so the uid goes throughoutCh;. When
a pressureP; is applied, just V; and W; that change their state (/; becomes ON and/\;
becomes O ). By this way, the input uid goes throughout Ch,. When a pressureP, > P,
is applied, in addition to V; and Wy, V, becomes ON andV; becomes O, so the uid goes
throughout Chs. By the same way, we can make the uid goes througho@h, and then Chs

Table 5.1 TRUTH TABLE OF SCHEMA SHOWN IN FIG. 3.
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Figure 5.3 Simpli ed schema illustrating the proposed system.

by applying respectively pressuré®; and P, in a way that P, > P3 > P, > P;. Therefore,
this system is like a demultiplexer that conducts the input uid to a speci ¢ output channel
based on a selected level of pressure.
The challenging point is to nd a way to build a multi-valves system that works in such a
way. To do so, analysis of membrane de ection, that can be modelled as a beam xed from
both ends, must be done.
The relationship between beam's de ection and the applied load is described by Euler Bernoulli
expression, given by Eq. (5.1).

d? d?!

a2 El W) = q (5.1)
whereE is material Young's modulus,l is second moment of ared, is the de ection of the
beam in the vertical direction at some position ok, wherex is a point along the beam, and
g represents the used load [10].
In present case, the beam is exerted for uniform load, and the center de ection can be

deduced [70];

| = qL4
¢ 384
where! . is the de ection of the beam at the center and. its length. For a rectangular beam
with h b cross section, we have

(5.2)
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whereP is the applied pressure. Thus, the relation between the central de ection, pressure
and the geometry is given by Eq. (5.4)

L4
le= P —— 4
¢ 32E:h3 -4
The working principle of proposed control method is based on this equation, in a way that we
can build a valves array with di erent geometries controlled with the same input pressure.
When a speci c pressure is applied, the displacement response of each membrane diers

based on its geometry. Figure 5.4 presents the idea of this system.

Figure 5.4 The proposed valves array system based on geometries variation

The membrane highh; of V; and W, is smaller thanh, of \V, and W,, and so on fi; <h, <
hs < hy). »is the displacement oV, when P; is applied. So wherP; is appliedV; is open
but V, still closed and alsoV; and V,. The same status forP,, P; and P4. In other words,
P, opens justVy, P, opensV; and V,, P; opensVy, V, and V3, and nally P, opensVy, Vs,
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V3 and V,. In the other hand, for valvesWy; :::; W, a window is made to make them ON by
default. So, whenP; is applied W, is closed, butW, become open. The same thing fdp,,
P; and P4. Also, P; closes justW,, P, closesW; and W,, Pz closesW;, W, and W3, and
nally P, closesWy;:::; W,.

The second challenging point is that when pressui, is applied the previous membranes
especiallyv;=W,; and V,=W, may not support such a high pressure. To resolve this issue, a
Silicon braking obstacle was added to limit the membrane de ection (Fig.5.5).

Figure 5.5 Membrane braking obstacle simulation

The role of the hole, shown in Fig. 5.5, is to make possible the air suction and so attract
the membrane. A mince layer of Polytetra uoroethylene (PTFE) material is used to form a
plug in order to close the hole when the membrane reaches the silicon obstacle. The material
used for the membrane is PDMS, due to its best elastic proprieties.

Mechanical stress simulation is presented in the top right of Fig. 5.5. It is shown that there
IS more constraints concentrated around the PTFE plug. To resolve this issue the geometry
of the membrane is a little bit edited as presented in bottom left of Fig.5.5, as well as the
form of the plug. The constraints concentration problem is now resolved as it is shown on
the simulation results.
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Table 5.2 shows the design parameters for the eight valves. All valves have the same length
L =140m . ; is the displacement of valvevi=W, when pressureP; ; is applied. 7m s

the height of the opening section of the valve which is also the height of the micro- uidic
channel.

Table 5.2 PHYSICAL AND GEOMETRICAL DESIGN PARAMETERS FOR THE PRO-
POSED SYSTEM

After building the basic unit DEMUX that controls ve channels, the system can be extended
to build a control system for large number of channels. Figure 5.6 represents the global
system realized to drivel25 = 5° channels with 3 o -chip control lines. All uidic channels
are controlled directly by DEMUXs in level 1. Theses DEMUXs are controlled by DEMUXs
in level 2 which in turn are drived by DEMUX in level 3.

Figure 5.6 Global system schematic to drive 125 channels with 31 DEMUX units and 3
o -chip control lines
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Figure 5.7 shows the nal uidic chip of proposed system. Its dimensions a@m 1:8cm
2mm, with 125 outlets, 25 inlets, 31 DEMUXs and 3 pneumatic control lines.

Figure 5.7 The proposed Integrated micro uidic platform

5.3 Results

The simulations of proposed system have been done with COMSOL Multiphysics modeling
software. Figure 5.8 shows the vertical displacement of each membrane depending on its
associated height, with an applied di erential pressure of 3 kPa.

Figure 5.8 Vertical displacement vs membrane high
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The displacement graduation is clearly depending on height value as a geometry parameter
of each valve.

Figure 5.9 presents the displacement pro le for each valve as function of di erential pressure
variation. As assumed, when a valve reaches its braking obstacle, the displacement remains
constant while the following valves still increase in terms of de ection. The pressure needed
to make the last valve reaches its upper limit is 22kPa, while for the rst valve is 0.9kPa.
Figures 5.10 and 5.11 depict the obtained results for uidic ux pro le according to di er-
ential pressure applied to each valve. Figure 10 is for valv&s; :::; V, and Figure 11 is for
valvesWy; i Wy,

Water is used for this simulation as a test uid. The ux variation is between 0 and
13.10° m 3=s, and the variation speed depends on each valve. Variation speed under the
rst valve V;=W, is the greatest one, which is normal because of its fast ON/O operation.
While the variation speed under the last valve/,=W, is the lowest one because of its slowest
ON/O operation.

Figure 5.9 Valves displacement vs applied di erential pressure



Figure 5.10 Fluidic ux vs applied di erential pressure for valvesVi; :::; V,

Figure 5.11 Fluidic ux vs applied di erential pressure for valvesWy; :::; W,

52
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5.4 Conclusion

This work evaluates the increasing necessity of building a very e cient drug delivery system
as the complexity of organs-on-chip structures keeps increasing and multiple organs can be
interconnected in a single platform. We reported a novel system for micro uidic valves array
control, as a new method to drive a large number of channels with a less number of o -chip
controllers. With our system, we have been able to control 125 micro uidic channels with
only 3 control lines. The principle of this system can be exploited and improved to control
an even bigger number of micro uidic channels.
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CHAPTER 6 ELECTRONIC SYSTEM FOR FULL PORTABILITY

6.1 Overview

In this brief chapter we present a designed electronic system to make this fabricated instru-
ment fully wearable in terms of power and communication. Also, a speci ¢ readout circuit
was designed for mechanical sensors that can be integrated in this instrument. These me-
chanical sensors helps to have a second measurements of the desired bio-chemical parameters
and thus a calibration of the proposed optical sensor is then possible. Therefore, this circuit
helps to avoid false measurements and also the necessity of an external calibration.

This electronic system consisting of power circuit, communication block and calibration sens-
ing, will make this instrument fully portable with a high autonomy.

6.2 System description

Figure 6.1 presents the schema of the designed electronic system with di erent blocks. It's
made up of read-out block, power block, CPU block and communication block.

Figure 6.1 Block diagram of the proposed electronic system
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6.2.1 Power Block

Using battery in this instrument is very useful and necessary for its portability and power
autonomy.

For this purpose, the battery charger from Linear Technology LT1513 was chosen. It's a
current mode switching regulator specially con gured to create a constant or programmable
current/constant voltage battery charger. This component can charge a Li-ion battery with

a capacity up to 1200mAh.

Since the Li-ion batteries needs more precautions for its charging, DS2764 from Maximic was
used. This component is a high-precision Li+ battery monitor and protector that provides
data-acquisition, storage information, and safety protection.Also in this Power Block, two
Buck/Boost DC-DC converter LTC3531 from Linear Technology where used, to make a
constant 5V and 3.3V voltages to power di erent parts of the system that require di erent
voltage level. Finally, for the charger header a Micro USB 2.0 Type B was chosen , so this
instrument can be charged with any Samsung charger.

6.2.2 Radio Frequency Communication

This block is indispensable to make the instrument completely portable in terms of wireless
communication, which is very important when the measurement should be done in a specic
environment of temperature and oxygen for example.

Table 6.1 gives a comparison between di erent RF Modules that we can use from di erent
manufacturers.

NRF905 is the most one used in wireless communication, but it's an older technology with
less performances. The S2-LP and SPIRIT1 from STMicroelectrinics are the best ones, and
SPIRIT1 was chosen because of its well documentation. SPIRIT1 provides an excellent
performance of receiver sensitivity, selectivity, and blocking, with a four frequency bands;
150-174 MHz, 300-348 MHz, 387-470 MHz, 779-956 MHz.

This RF Module needs a driving Microcontroller and PIC18F25K20 from Microchip Tech-
nology have been then implemented.

As a rst prototype, an external RF antenna was chosen because an on-chip antenna can
lead to a bad performance than with an external antenna.

6.2.3 Sensors Read-Out Circuit

In this block, the Operational Ampli er LTC 2063 from Analog Devices was used to amplify
the output signals of the three sensors; Oxygen Sensor, ISFET pH Sensor, and RTD Pt100
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Table 6.1 COMPARISON TABLE FOR DIFFERENT RF MODULES FROM DIFFERENT
MANUFACTURERS.

for temperature Sensor.

For analogue to digital conversion, AD7794 from Analog Devices was used, which is a 6-
Channel, Low Noise, Low Power, 24-Bit ADC. We should note that the pH measurement
depends strongly on the temperature, so this AD7794 provide an accurate temperature com-
pensation via its di erential reference. In addition, this IC have its own integrated sensor
for measuring the ambient temperature. We should mention that we used just four channel
of this ADC, so there are still two channels available for other sensors. Also, in this block
ADUMb5401 was used which is a quad-channel digital isolator with an integrated dc-to-dc
converter. It provides the digital signal and power isolation between the microcontroller and
the AD7794 digital lines.

6.2.4 Control Unit

To manage and control the whole of the system, Microcontroller STM32F411 from ST-
Microelectronics was used. It's a very e cient Microcontroller with a Core Arm 32-bit
Cortex, Up to 512 Kbytes of Flash memory, and 128 Kbytes of SRAM. This CPU have 64
pins which is far enough for adding other prospective slave devices in the future.

6.3 PCB Design

The PCB design of this electronic system was done by Altium Software. The related schemat-
ics are presented in the Appendixes. Figure 6.2 and 6.3 present respectively the PCB board
and its 3D card.



Figure 6.2 PCB board of the designed electronic system

Figure 6.3 3D card of the designed electronic system
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CHAPTER 7 CONCLUSION

We presented an integrable portable 3D uorescence microscopy based on multi-exponential
tting and the optical interference phenomenon. The proposed device was designed in a
way that it doesn't require a charge-coupled device (CCD) chip or CMOS camera for detec-
tion, which resolve the temporal and spatial limitation. High speed photodiode such as Si
Avalanche Photodiode is the only detection system needed to pick up the emitted uorescent
photons and construct the full sensing image. Therefore, this device is competitively higher
in terms of commercialization price and in terms of portability. The experimental measure-
ments validate the two main axes of this novel method; The interference phenomenon and
the non-change of uorescence lifetime during di erent steps of the measurement procedure.
We reported a novel LED driver circuit to achieve a high speed fall time excitation, as a major
challenging point for making a wearable devices. Furthermore, an embedded on-chip valves
controller was presented to make our instrument more suitable for micro uidic handling and
Organs-On-Chip platforms.

The fabricated instrument features an ease of user manipulation and can be easily interfaced
with a remote PC for real-time acquisition and data processing, while being inside a cell
culture incubator or again integrated with organs on chip platforms. This present elabo-
rated sensing technique may open new perspectives towards novel generation of low cost and
wearable 3D imaging and sensing.
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