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ABSTRACT

Organ-on-a-chip devices can offer a human cell-based model to improve the drug development
process. The geometry and composition of materials of the chip make it difficult to image ongo-
ing biological processes, because light is aberrated by the sample. Light cannot form a focus,
which results in a poor image quality.

In this research, model-based wavefront shaping is investigated as amethod to improve the
focus inside two lung-on-a-chip samples. A two-photon microscope is used to obtain a stack of
images of the interface that causes aberrations. These images are used to reconstruct a digital
model of the refractive index distribution of the sample. This digital refractive index model is
used to perform a virtual phase conjugation experiment. We simulate the propagation of light
from a virtual point source through the refractive index model of the sample to find the aberrated
field. If the phase conjugate of the aberrated field is propagated back through the sample, the
light forms a focus at the position of the virtual point source due to the time-reversal nature of
light.

By making a simulation of the virtual phase conjugation experiment, we calculated a theo-
retical maximum increase in intensity of 3.2x. In a proof of concept experiment using a PDMS
sample, we achieved a 1.8x increase of intensity in a bulk of fluorescein inside the sample.
Based on these results, we proceeded with a sample containing a collagen matrix in which ep-
ithelial cells can be grown. We managed to reconstruct a refractive index distribution without
labelling, using the second-harmonic properties of collagen. The simulations predict a 169x
increase in intensity for this sample when used in an experiment. Due to time constraints, this
has not been experimentally confirmed yet.
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1 INTRODUCTION

The development of a new drug is a timely and costly process, and most drugs that enter the
clinical trials never make it to the marketplace. Conventional drug testing often relies on cell
culture models, which cannot express tissue-specific functions [1]. Organ-on-a-chip devices
can provide a human cell-based model of an organ, which replicates the response on a drug
more accurately than conventional cell cultures [2] or animals.

However, the geometry and composition of materials of the chips make it difficult to image
ongoing biological processes. When light travels through the chip, refraction and aberrations
due to the geometry of the sample prevent the light from forming a focus. In order to image the
chip, the researcher has to terminate the experiment to disassemble the chip for imaging. This
makes it impossible to gather real-time information on biological processes.

In this thesis, we investigate the use of optical wavefront shaping for imaging inside organ-
on-a-chip devices. Wavefront shaping is a technique where the phase of the incoming light
beam is modulated to counteract scattering, so a focus can be created in a scattering medium,
as illustrated in Fig. 1.1. A smaller focus means that smaller features can be resolved, and
therefore results in a higher imaging resolution. Conventional methods of wavefront shaping
often rely on the feedback signal directly at the focus location [3] or from a guide star to find
the correction wavefront [4]. Inserting a guide star in a sample is not always feasible and the
correction wavefront is only applicable to a small region outside the guide star due to the optical
memory effect [5]. Therefore, the applications of feedback-based wavefront shaping are limited.

Figure 1.1: Principle of wavefront shaping. a) A spherical wavefront is incident on a scattering
medium. Light is scattered and does not converge inside the medium. b) By adjusting the phase
of the incident wavefront, a focus is made inside the scattering medium. Image reproduced from
[6].
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In 2020, a new type of wavefront shaping was introduced, called model-based wavefront
shaping microscopy [7]. This method numerically computes the optimal wavefront to correct
for aberrations introduced by the sample. The concept of model-based wavefront shaping is
illustrated in Fig. 1.2. A two-photon microscope (TPM) is used to obtain a stack of images of
the surface of the sample where light is scattered. This stack of images is used to reconstruct a
refractive index model of the surface of the sample. The surface of the sample was visualized
using fluorescein dye. In the second step, the refractive index model of the sample is used to
calculate the wavefront correction. This is done by performing a virtual optical phase conjuga-
tion experiment. Optical phase conjugation, also known as time reversal, means that for any
solution to an equation that contains time-reversal symmetry, there exists a solution with the
reversed time that is also a solution to that equation [8]. The propagation of light is described
by the electromagnetic wave equation, which contains time-reversal symmetry because they
are derived from the Maxwell equations. The solution to forming a focus inside an aberrating
sample can be found by reversing the wave resulting from a point source in the sample. For a
monochromatic field, time reversal is equivalent to a sign reversal of the phase, which is known
as the phase conjugate. In the third step, we take the phase conjugate of the calculated aber-
rated field and place it on a spatial light modulator (SLM). As the conjugated field propagates
through the sample, it forms a sharp focus at the location where the virtual point source was
placed in the model.

Model-based wavefront shaping has already outperformed conventional wavefront shaping
by a factor of two in imaging depth and resulted in a 21-fold increase in intensity at the deepest
optimized point [7].

Figure 1.2: The three steps of model-based wavefront shaping: 1) two-photon excitation mi-
croscopy (TPM) is used to reconstruct a digital model of the refractive index distribution of the
sample from the image data. 2) The refractive index distribution model is used to compute the
wavefront to form a focus at a desired location in the sample. 3) The computed wavefront is
phase conjugated and constructed by a spatial light modulator to compensate the aberration of
light and to form a focus inside the medium. Image reproduced from [7].

This research explores the application of model-based wavefront shaping for improving
imaging inside lung-on-a-chip devices. For the first time ever, a 3D-model of the refractive
index distribution of the sample is used instead of a 2D interface. In state-of-the-art research,
the scattering surface of the sample was imaged using fluorescein dye to visualize the surface.
In this research, the aberrated surface is imaged within the sample without use of additional
staining, by making use of the second harmonic properties of collagen. A TPM is used to obtain
a stack of images of the aberrating surface inside the sample. From this stack of images, a
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refractive index distribution of the boundary is reconstructed using a priori knowledge about
the materials in the sample. The layer thicknesses of the different refractive index materials
of the sample are measured using the TPM. The reconstructed refractive index distribution of
the boundary and the measured layer thicknesses are combined to construct a digital refractive
index model of the sample.

The samples used during this research are culturing devices to grow artificial lung tissue,
provided by the Applied Microfluidics for BioEngineering Research (AMBER) group at the Uni-
versity of Twente. These chips are designed to investigate the uptake of nanometer-sized plastic
particles by lung epithelial cells. A simplified illustration of the sample is presented in Fig. 1.3a.

(a) (b) (c)

Figure 1.3: (a) Schematic drawing of the geometry of the chip. The epithelial cells are grown
on the inside of a hollow tube of collagen. Image provided by AMBER group. (b) Illustration of
a cross-section of the PDMS sample (c) Illustration of a cross-section of the collagen sample.
Epithelial cells are indicated by the yellow ring around the tube.

The structure of the chip is made of polydimethylsiloxane (PDMS), with a central reservoir
filled with collagen. Through the length of a chip lies a hollow cylinder with a diameter of 250 µm,
which for the remainder of this report will be referred to as “the tube”. In the central reservoir of
the chip, epithelial lung cells are grown on the inside of the tube, indicated with the yellow ring
in Fig.1.3c.

During this research we imaged two regions of the chip:
1. The part of the chip where the tube is surrounded by only PDMS. This part of the chip will

be referred to as the “PDMS sample”, cross-section illustrated in Fig.1.3b.

2. The part where the tube is situated in the central reservoir of the sample. The tube is
surrounded by collagen with a layer of PDMS below it. The inside of the hollow tube is
covered with epithelial cells with FITC stained nanoplastics. This part of the chip will be
referred to as the “collagen sample”, cross-section illustrated in Fig.1.3c.
In Chapter 2 we explain the theory behind modeling the light propagation through the sam-

ple. After that, we discuss the modeling steps we perform to calculate the correction wavefront.
We performed a simulation of the phase conjugation experiment to calculate the theoretical en-
hancement of model-based wavefront shaping for the samples. We simulate the focus before
and after using wavefront shaping and compare the results based on the maximum intensity
in the focus and the width of the focus. Chapter 3 presents the experimental setup and the
measurement procedure used during the experiment. In Chapter 4 we present the results of
the experiment for both the PDMS sample and the collagen sample. In Chapter 5 we form our
conclusions and present recommendations for further research.
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2 THEORY

In this chapter we explain how the light propagation is modeled through the samples. The digital
refractive index model of the sample is divided into simulation volumes. Section 2.1 explains the
beam propagation method that is used to calculate the propagation of light through a simulation
volume. Section 2.2 is divided into two subsections. Subsection 2.2.1 explains the steps to
calculate the correction wavefront for a virtual point source located in the center of the tube in
the PDMS sample. Subsection 2.2.2 explains the modeling steps for the propagation of light of
a virtual point source located at the bottom of the tube in the collagen sample.

2.1 Beam propagation method

The digital refractive index model of the sample is divided into simulation volumes for ease of
modelling. To simulate light propagation through each simulation volume of thickness dx, we
use a beam propagation method [9], based on the angular spectrum method [10]. Consider
the field E(x, y, z) of a monochromatic light source, which propagates through a medium of
refractive index n over a distance dx in the positive z direction as illustrated in Fig. 2.1. The
goal is to calculate the field E(x, y, z + dx) after propagating a total distance dx through the
simulation volume. To do this, we Fourier transform the field E(x, y, z) to analyze the field
as a superposition of plane waves, E(kx, ky, kz). The distance dx is split up into a number of
infinitesimally thin phase plates with spacing b to approximate the 3D distribution of the medium
the field travels through. The propagation over a distance b is modelled as a multiplication with
the term exp(ikzb) with kz =

√
(⟨n⟩k0)2 − k2x − k2y where ⟨n⟩ is the average refractive index

of the slice. The result after propagating a distance b is the field E(kx, ky, kz + b). We use the
inverse Fourier transform to transform back to the spatial domain to get E(x, y, z+b), taking into
account the phase shifts the waves encounter upon propagation. This procedure is repeated
until the total distance dx of the simulation volume is traveled.

Figure 2.1: Illustration of the beam propagation method. Image inspired by [11].
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2.2 Modeling light propagation through the samples

This section explains how the beam propagation method is applied to model light propagation
through the sample. To keep the calculation manageable, we only consider aberrations intro-
duced by the sample and neglect aberrations caused by the optical components in the setup.
Since the samples have a different composition of materials, their refractive index models are
each divided into a number of simulation volumes fitting to their design. This section is there-
fore split into subsection 2.2.1 and 2.2.2 to separately discuss the modeling of light propagation
through the PDMS sample and the collagen sample respectively.

2.2.1 PDMS sample

Figure 2.2 illustrates a cross-section of the PDMS sample, where a virtual point source is placed
in the center of the tube. The propagation of light from the point source towards the outside of
the sample is drawn with blue lines. To model the light propagation through the sample, the
model is divided into five simulation volumes.

Figure 2.2: Illustration of the cross-section of the PDMS sample. Modeling the light propagation
towards the surface of the sample is divided into five simulation volumes, indicated by the black
rectangular regions.

1. We analytically generate a spherical wavefront from a point source a distance d1 from
plane P1. The field E1(x, y) at plane P1 has the form:

E1(x, y) = E0 exp
(
i
2πnwater

λ

[√
d1

2 + x2 + y2 − |d1|
])

, (2.1)
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where nwater is the refractive index of water, λ is the wavelength of the light, d1 is the dis-
tance from the point source to plane P1, x and y are the spatial coordinates of the electric
field. The maximum angle of light emerging from the point source is set to correspond
with the numerical aperture of the microscope objective.

2. The beam propagation method is used to propagate the field E1(x, y) through the recon-
structed refractive index distribution of the upper part of the tube. The procedure of the
reconstruction is explained in Section 4.1. The refractive index distribution with a thickness
of 50 µm is divided into 150 equally-spaced infinitely thin phase plates to approximate the
3D distribution of the sample. The electric field after propagation, E2(x, y), is located at
plane P2.

3. We assume the field E2(x, y) propagates over a distance d3 through PDMS without scat-
tering. After propagation, the field E3(x, y) is found at plane P3.

4. The PDMS-water interface of the top of the sample is assumed to be flat. Therefore, the
PDMS-water interface is modeled as a 15 µm layer of PDMS and a 15 µm layer of water,
making the total thickness of this simulation volume 30 µm. The resulting computed field
E4(x, y) is located at plane P4.

5. The last step to calculating the correction wavefront is to propagate the aberrated field
E4(x, y) to the plane of the SLM. To propagate the field to the SLM, we would have to
simulate the light propagation through the optical components of the setup to the position
of the SLM. This process greatly increases the computation time, so instead we propagate
the field back to the image plane of the microscope objective. If we assume that the
microscope objective is a perfect lens, then the field in the focal plane and the field at the
pupil plane are a Fourier pair. This way, once we have propagated the field to the image
plane, we can use a Fourier transformation to put the field on the SLM.
To compare the foci made with and without using a correction, the foci must be at the
same position in the sample. We propagate the field E4(x, y) over a distance

dSLM = d1 + d2 +
nPDMS

nwater
(d3 +

d4
2
) +

d4
2

(2.2)

to the image plane of the microscope objective to get ESLM (x, y). Because the micro-
scope objective is designed to be water immersed, we multiply the thickness of each sim-
ulation volume with their refractive index relative to water. The field ESLM (x, y) is Fourier
transformed to obtain ESLM (kx, ky) which is put at the SLM to enhance the focus inside
the sample.
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2.2.2 Collagen sample

Figure 2.3 is an illustration of a cross-section of the collagen sample, where the tube is sur-
rounded by collagen with a layer of PDMS above it. In this sample, the walls of the tube contain
epithelial lung cells with FITC stained 100 nm nanoplastics. The virtual point source is placed
on the bottom of the tube, to enhance the focus at the position of the stained nanoplastics. To
model the light propagation through the sample, the model is divided into six simulation volumes.
Since many modeling steps are the same for both samples, only the differences with respect to
modeling steps for the PDMS sample are discussed.

Figure 2.3: Illustration of the cross-section of the tube in collagen. A virtual point source is
placed at the bottom of the tube. To model the light propagation though the sample, the model
is divided into six simulation volumes.

1. The first step is the same as for the PDMS sample, the only difference being the distance
d1. Since the point source is placed at the bottom of the tube, this distance is larger than
in the case of the PDMS sample.

2. Because the distance d1 is larger than for the PDMS sample, the size of E1(x, y) is larger
as well. This means that the reconstructed refractive index distribution must include more
of the curvature of the tube to propagate E1(x, y) through it. The refractive index distribu-
tion has a thickness of 150 µm and is divided into 350 equally-spaced infinitely thin phase
plates. The reconstruction of the refractive index distribution is explained in Section 4.2.
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3. We model the propagation of E2(x, y) over a distance d3 through collagen. We assume
the collagen to be a non-scattering medium.

4. The field E3(x, y) propagates over a distance d4 through PDMS without light aberration.
The computed field is found at plane P4.

5. The PDMS-water interface of the top of the sample is modeled the same as for the PDMS
sample. The resulting computed field E5(x, y) is located at plane P5.

6. The last step to calculating the correction wavefront is to propagate the phase conjugate
of the aberrated field E5(x, y) to the plane of the SLM. The field E5(x, y) is propagated
over a distance

dSLM = d1 + d2 +
nPDMS

nwater
(d3 +

d5
2
) +

ncollagen

nwater
d4 +

d5
2

(2.3)

to the image plane of the microscope objective to get ESLM (x, y). The field ESLM (x, y) is
Fourier transformed to obtain ESLM (kx, ky) which is put at the SLM to enhance the focus
inside the sample.

2.3 Simulation of the virtual phase conjugation experiment

In the previous section we explained the method used to find the correcting wavefront. In this
section, we want to predict how much the focus should improve. To do so, we performed a
simulation of the virtual phase conjugation experiment for the PDMS sample and the collagen
sample. To quantify how well wavefront shaping works, we compare the width of the focus and
the maximum intensity in the focus for three situations:

• The ideal situation, without aberrations

• With aberrations introduced by the sample

• Correcting for the aberrations introduced by the sample using wavefront shaping

2.3.1 Quantifying the simulated enhancement of the focus

The enhancement is quantified by inspecting the width of the focus, which is defined as the
FWHM of the intensity distribution at a cross-section through the point with the maximum inten-
sity. The FWHM of the intensity distributions is used to determine the lateral resolution of the
system based on the Rayleigh criterion [12] [13] illustrated in Fig. 2.4. The Rayleigh criterion
states that two points of equal intensity can be just resolved when the maximum of the first point
falls on the minimum of the second point, as illustrated in Fig. 2.4b. If two points are closer to
each other than the FWHM of the cross-section of the focus, the two points cannot be resolved,
see Fig.2.4a.
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(a) (b)

Figure 2.4: (a) Two points that are closer together than the FWHM of the focus cannot be
resolved (b) Two points are just resolved when the peaks are separated by a distance ∆dmin.
This minimum distance ∆dmin between the two peaks equals the FWHM of the cross-section of
the focus.

The quality of the focus is expressed by the “Strehl ratio”, which is defined as the ratio of
the maximum intensity of the actual point spread function to the perfect point spread function of
a diffraction limited system [14]. The Strehl ratio is a number between 0 and 1 and measures
how close the imaging system is to the diffraction limit. A system without any aberration has a
Strehl ratio of 1, but an optical system with a Strehl ratio greater than 0.8 is generally considered
diffraction-limited for practical purposes [14]. For the perfect point spread function, we simulated
the converging beam of the microscope objective in water, since this is the smallest attainable
focus.

For both samples, we calculated two Strehl ratios:

• Strehl ratio of the system before applying the correction: The ratio between the max-
imum intensity of the focus made with a converging spherical wavefront to a perfect point
spread function

Sbefore =
Ibefore
Iperfect

(2.4)

This ratio is expected to be low, because light is aberrated by the sample and the focus
will be distorted.

• Strehl ratio of the system after applying the correction: The ratio between the maxi-
mum intensity of the focus made with the correction wavefront to a perfect point spread
function

Safter =
Iafter
Iperfect

(2.5)

It is expected that Safter has a higher value than Sbefore, because we use the correction
wavefront to correct for the aberrations induced by the sample. By comparing Sbefore to Safter,
we determine how much the intensity in the focus has improved.
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2.3.2 PDMS sample

Simulating spherical wavefront through the PDMS sample

We first simulate the focus made without applying a correction. The spherical wavefront has
an opening angle corresponding to the opening angle of the microscope objective. The recon-
structed refractive index distribution of the tube used in this simulation is shown in Fig. 4.3b.
We improve the focus at a depth of 892 µm below the surface of the sample. The dashed box
in Fig. 2.5 indicates the region in the sample that is investigated.

Figure 2.5: Illustration of the cross-section of the PDMS sample. The dashed box indicates the
region in the sample shown in Fig. 2.6.
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(a) (b)

Figure 2.6: Cross-section of simulating the propagation of a spherical wavefront through the
PDMS sample to form a focus in the center of the tube. The circle of least confusion is found
at 892 µm below the surface of the sample (a) yz plane (b) xz plane.

Figure 2.6 shows cross-sections of the focus made by simulating the propagation of the
spherical wavefront through the PDMS sample. When we compare Fig. 2.6a and 2.6b, it can be
noticed that the position of the focus is different for both planes. This effect is called astigmatism,
which is caused by the cylindrical shape of the tube. The foci for the yz and xz planes are found
at 895 µm and 889 µm below the surface, respectively. The highest intensity is found at the
smallest cross-section of the beam, which is called the circle of least confusion. The circle
of least confusion is found at a depth of 892 µm below the top surface of the sample. This
system has a lateral resolution of 1.85 µm based on the FWHM of the green solid curve shown
in Fig.2.10. The Strehl ratio of the system before applying wavefront shaping is calculated to
be Sbefore = 0.49.
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Simulating virtual phase conjugation experiment through the PDMS sample

We follow the modeling steps described in subsection 2.2.1 to calculate the aberrated field
E4(x, y). The virtual point source is placed at the depth where we found circle of least confusion,
892 µm below the surface of the sample. We model the light propagation through the sample
towards plane P4 to find the phase of the correction wavefront, shown in Fig. 2.7.

Figure 2.7: The calculated correction wavefront to focus light in the center of the tube of the
PDMS sample. The size of the circle corresponds to the pupil of an objective with NA = 0.8.

To simulate the focus using the correction wavefront, we take the phase conjugate of the
aberrated field E4(x, y) and propagate it back through the sample. Figure 2.8 shows a cross-
section of the focusing beam, as a result of propagating the correction wavefront through the
PDMS sample.

(a) (b)

Figure 2.8: Result of simulating the focus made with the calculated correction wavefront through
the PDMS sample. Cross-section of the beam propagating through the PDMS sample to form
a focus at 892 µm below the surface of the sample (a) yz plane (b) xz plane.
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When we compare figure 2.6 and 2.8, we notice an improvement of the maximum intensity
in the focus. In Fig. 2.6 we defined the circle of least confusion at 892 µm, because astigmatism
caused light to focus at 895 µm and 889 µm inside the sample. In Fig. 2.8, we see that the light
is focused at 892 µm for both imaging planes. This means that the correction wavefront has
corrected for astigmatism caused by the tube. For the imaging system with wavefront shaping,
we calculate a lateral resolution of 1.33 µm using the FWHM of the red dashed curve in Fig.
2.10. For the system with wavefront shaping we calculate a Strehl ratio of Safter = 0.92.

(a) (b)

Figure 2.9: Simulation of the cross-section of (a) the circle of least confusionmade by a spherical
wavefront (b) the focus made by correction wavefront. The focus made with the correction
wavefront is smaller, more circular and has a higher maximum intensity than the circle of least
confusion made without wavefront shaping.

Figure 2.9 shows the cross-sections of (a) the focus made by the converging spherical
wavefront (b) the focus made by the correction wavefront. We can see that the focus made
by the correction wavefront is smaller than the circle of least confusion made by the spherical
wavefront. Also, the maximum intensity of the focus has increased compared to the circle of
least confusion. To quantify the enhancement, we compare the Strehl ratios Sbefore and Safter
and compare the resolution of the imaging systems.
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Figure 2.10: Normalized intensity in a cross-section through the focus before and after applying
the correction wavefront. The Strehl ratios are calculated relative to an unaberrated system,
which is the simulation of the focus of the microscope objective in water.

Figure 2.10 shows the normalized intensity as a function of distance through the simulated
foci. The focus of the microscope in water has the highest intensity because there is no aberra-
tion caused by a sample. The focus without correction has a lower intensity and a larger spot
size, because light is aberrated by the sample. It is also slightly off-center, because the structure
is not perfectly cylindrical and the tube is not exactly in the center.

One might expect that the focus made with the correction wavefront should result in the
exact same focus of an unaberrated system, because we back propagate the phase conjugate
of the scattered field. However, absorbing boundaries are added in the simulation to prevent the
field fromwrapping around the edges due to the use of a fast Fourier transform. Therefore, some
information about the aberration is lost and the wavefront cannot compensate for all aberrations.

The circle of least confusion made by the spherical wavefront has a lateral resolution of
1.85 µm, while the focus made with the correction wavefront has a lateral resolution of 1.33 µm.
The unaberrated system has a lateral resolution of 1.25 µm. Model-based wavefront shaping
has improved the lateral resolution of the system by 1.4x. Using the maximum intensities in Fig.
2.10 in Eq. 2.4 and Eq. 2.5, we calculated Sbefore = 0.49 for the setup without correction and
Safter = 0.92 for the system with correction, respectively. When the correction is applied, the
system can be considered diffraction-limited. According to this simulation, model-based wave-
front shaping can offer a 1.8x improvement of the Strehl ratio for the PDMS sample. Because
in the experiment we use a TPM, the amount of enhancement we can expect is squared of the
enhancement in the simulation [15]. This means that the maximum intensity in the experiment
can theoretically become 1.82 = 3.2x higher using wavefront shaping.
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2.3.3 Collagen sample

Simulating spherical wavefront through the collagen sample

We begin by simulating the focus at the bottom of the tube made with a spherical wavefront, see
Fig. 2.11. The spherical wavefront has an opening angle corresponding to the microscope ob-
jective. The refractive index distribution of the tube used in this simulation is shown in Fig. 4.7b.
We follow the reverse order of the propagation steps described in subsection 2.2.2, starting at
plane P5 and propagating through the tube to form a focus at the bottom of the tube.

Figure 2.11: Illustration of the cross-section of the collagen sample. The dashed box indicates
the region of the beam shown in Fig. 2.12.
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(a) (b)

Figure 2.12: Result of simulating the focusmade with a spherical wavefront through the collagen
sample. The beam becomes heavily distorted due to the sample. The circle of least confusion
is found at 1085 µm below the surface of the sample (a) yz plane (b) xz plane.

Figure 2.12 shows cross-sections of the focus made by simulating the propagation of the
spherical wavefront through the collagen sample. We can see that the focus is heavily aberrated
by the sample, because the light is not focused into a spot. Both imaging planes have a different
position of their focus, caused by astigmatism from the cylindrical shape of the tube. The circle
of least confusion is found at a depth of 1085 µm below the top surface of the sample. We
calculate a lateral resolution of 6.27 µm based on the FWHM of the green solid curve in Fig.
2.16. The Strehl ratio of this system is calculated using Eq.2.4 and is found to be Sbefore = 0.06.
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Simulating virtual phase conjugation experiment through the collagen sample

We follow the modeling steps described in subsection 2.2.2 sample to calculate the aberrated
field E5(x, y). The virtual point source is placed at 1085 µm below the surface, the depth where
we found the circle of least confusion when using the spherical wavefront. We model the light
propagation through the sample towards plane P5 to find the phase of the correction wavefront,
shown in Fig. 2.13.

Figure 2.13: The calculated wavefront correction to focus light in the center of the tube of the
PDMS sample. The size of the circle corresponds to the pupil of an objective with NA = 0.8.

We take the phase conjugate of the aberrated field E4(x, y) and propagate it back through
the sample to find the focus made with the correction wavefront. Figure 2.14 shows a cross-
section of the focusing beam, as a result of propagating the correction wavefront through the
collagen sample.
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(a) (b)

Figure 2.14: Result of simulating the focus made with the calculated wavefront correction
through the collagen sample. The correction wavefront forms a focus at 1085µm below the
surface (a) yz plane (b) xz plane

When we compare figure 2.12 and 2.14, we can clearly see an improvement of the maxi-
mum intensity in the focus. The light is no longer distorted but forms a single focus, meaning
that the correction wavefront corrected for the aberrations and astigmatism caused by the tube.
For the system after applying wavefront shaping, we calculate a lateral resolution of 1.34 µm
based on the FWHM of the red dashed curve in Fig. 2.16 and a Strehl ratio of Safter = 0.81
using Eq. 2.5.

(a) (b)

Figure 2.15: Cross-section of (a) the circle of least confusion made by a spherical wavefront
(b) the focus made by correction wavefront. The focus made with the correction wavefront is
smaller, more circular and has a higher maximum intensity than the focus made without wave-
front shaping.
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Figure 2.15 shows the cross-sections of (a) the circle of least confusion made by the con-
verging spherical wavefront (b) the focus made by the correction wavefront. The spot size of
the focus made by the correction wavefront is smaller and has a higher intensity than the cross-
section of the circle of least confusion of the converging spherical wavefront. To quantify the
improvement, we compare the Strehl ratios Sbefore and Safter and the lateral resolutions of the
systems.

Figure 2.16: Normalized intensity in a cross-section through the focus before and after applying
the correction wavefront. The Strehl ratios are calculated relative to an unaberrated system,
which is the simulation of the focus of the microscope objective in water.

Figure 2.16 shows the intensity as function of distance through the simulated foci. The
intensities are normalized to the intensity of the unaberrated system. We measured the FWHM
of the three curves to find the lateral resolution for each system. The focus without correction has
a lateral resolution of 6.27 µm, while the focus with the correction has a lateral resolution of 1.34
µm and the unaberrated system has a lateral resolution of 1.25 µm. Model-based wavefront
shaping has improved the lateral resolution of the system 4.5x. Using the maximum intensities
in Fig. 2.16 in Eq. 2.4 and 2.5, we calculate Sbefore = 0.06 for the setup without correction
and Safter = 0.81 for the system with correction, respectively. This means a significant 13x
improvement of the Strehl ratio. In the experimental setup using the TPM, this translates to a
132 = 169x higher maximum intensity.
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3 EXPERIMENTAL

3.1 Setup

The experimental setup used for model-based wavefront shaping is a two-photon fluorescence
excitation microscope (TPM), illustrated in Fig. 3.1. A pulsed titanium-sapphire laser (Spectra-
Physics, Mai Tai) is used as a light source for two-photon excitation at wavelengths of 804, 850
and 855 nm. A combination of a half-wave plate (HWP) and a polarizing beam splitter (PBS)
control the power and the polarization of the light. The laser beam is expanded 10x and sent
to two galvo mirrors (GM, Thorlabs, GVS111) which scan the beam in two lateral directions x
and y. A spatial light modulator (SLM, LC, Meadowlark Optics, 1920×1152 pixels) is used to
modulate the phase of the light and is conjugated to the pupil plane of the objective lens (Nikon,
CFI75 LWD 16x/NA 0.8). The objective is mounted to a piezo scanning stage (PI, PD72Z2x/4x)
for depth scanning. A photomultiplier tube (PMT, Hamamatsu, H10770(P)A-40/-50) is used to
collect the fluorescent and second-harmonic signals from the sample. To filter out unwanted
signals, a dichroic mirror (DM, Semrock, FF685-Di02-25×36) and a short pass transmission
filter (SPF, Semrock, FF01-680/SP-25, FF01-520/44-25, FF01-427/10-25) are used depending
on the wavelength that is emitted. The sample is placed on a 3D stage to easily navigate through
the sample, and to measure the thicknesses of the materials in the sample.

Figure 3.1: Experimental setup for two-photon fluorescence excitation microscopy. HWP, half-
wave plate, PBS, polarizing beam splitter, M, mirror, GM, galvo mirror, L, lens, BS, 50/50 beam
splitter, BD, beam dump, SLM, spatial light modulator, DM, dichroic mirror. Image reproduced
from [7].
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3.2 Sample preparation

The lung-on-a-chip samples were provided by the Applied Microfluidics for BioEngineering Re-
search (AMBER) group following the fabrication protocols included in Appendix B - D. The sam-
ples consist of polydimethylsiloxane (PDMS), collagen I (Corning, high concentration, rat tail
- 0.02 N in acetic acid) and 16-HBE14o human bronchial epithelial cells. A 300 µm diameter
nylon monofilament is inserted in the holes of a 3D-printed mold. A 1:10 ratio of PDMS molding
and Sylgard 184 curing agent is poured and degassed on the mold. Excess PDMS is removed
before curing it. The nylon monofilament is removed before the PDMS cast is taken out of the
mold. A 250 µm diameter stainless steel filament is partially placed in the outlet of the PDMS
cast. The chips are kept on ice before injecting the collagen with the cell culture in the central
reservoir. The steel filaments are moved into the central reservoir to the vertical inlets, which
creates a hollow tube. The samples are incubated before removing the steel filaments and
immersing it in phosphate buffered saline (PBS).

3.3 Measurement procedure

The sample is placed on a 76x26x1 mm microscope slide. For the PDMS sample, fluorescein
dye (Sigma-Aldrich) is injected in the tube to act as a contrast agent. For the collagen sample,
we use the second harmonic properties of collagen to differentiate between the inside and out-
side the tube. Since additional staining is unnecessary, we inject demi-water into the tube. The
sample is placed in the TPM. A drop of fluorescein dye is placed on the top of the sample to
visualize the PDMS-water interface. The first step is to obtain a 3D image of the upper half of
the tube. For the PDMS sample, the wavelength of the laser is set at 804 nm corresponding to
the excitation wavelength for which the emission of fluorescein is the highest. We used a Sem-
rock FF01-680/SP-25 filter to prevent the laser light from reaching the PMT. For the collagen
sample, the excitation wavelength is set to 855 nm, and we use a Semrock FF01-427/10-25
filter to receive only the second harmonic signal from the collagen. We obtain a stack of images
of the upper part of the tube. This 3D image is used to reconstruct a digital refractive index
distribution of the upper part of the tube. The procedure of the reconstruction is explained in
Section 4.1 and 4.2 for the PDMS sample and collagen sample, respectively. To model the
light propagation through the samples, it is necessary to know the thickness of each simulation
volume. For the PDMS sample, we need to measure only the thickness d3 of the PDMS layer,
see Fig. 2.2. For the collagen sample, we need to measure the thickness d3 of the collagen
layer and d4 of the PDMS layer, see Fig. 2.3.

Figure 3.2 illustrates the general concept of measuring the thickness of a simulation volume.
The thickness of the volume is measured by moving the sample stage until the bottom plane of
the simulation volume Pz1 is in focus, see Fig. 3.2a. We write down the coordinates displayed
on the sample stage and move the sample stage until the top plane of the simulation volume Pz2
is in focus, as illustrated in Fig. 3.2b. The coordinates on the sample stage are written down and
subtracted to find the distance d′ between the two surfaces. Because the microscope objective
is designed to be water-immersed, the measured distance d′ is shorter than the actual distance
d by a factor n2

n1
. This effect is due to refraction at the Pz2 interface, as illustrated in Fig.3.2a.

The distance used in the light propagation model is the distance d = n2
n1
d′ in Fig.2.2 and 2.3.
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(a) (b)

Figure 3.2: General concept of measuring the simulation volume thicknesses (a) The sample
stage is moved until plane Pz1 is in focus. (b) The sample stage is moved until plane Pz2
is in focus. Due to refraction the measured distance d′ is shorter than the actual distance d.
Therefore, d′ is multiplied by a factor n2

n1
to get the geometrical distance d.

For the PDMS sample, we measure the thickness of the simulation volume for PDMS from
plane P2 to P3, see Fig. 2.2. The top interface of the sample is in focus when we receive the
bright signal from the fluorescein. For the collagen sample, we first measure the thickness d3
of the collagen layer, by measuring the distance between plane P2 and P3, see Fig. 2.3. The
collagen-PDMS interface is visualized by the transition from high signal of collagen to no signal
from PDMS. After that, we measure the thickness d4 of the PDMS volume from plane P3 to P4.
To visualize the top interface, the excitation wavelength is changed to 804 nm for fluorescein and
the filter is switched to the Semrock FF01-680/SP-25 filter. With the distances measured, the
digital refractive index distribution of the sample is reconstructed and the wavefront correction
can be calculated, see Section 2.2 for the calculation steps.

When the correction wavefront is calculated, we apply the correction on the SLM and move
the microscope objective to the location of the virtual point source. For the PDMS sample, the
center of the tube is imaged without correction and with correction to determine the enhance-
ment of the focus. For the collagen sample, the bottom of the tube is imaged without correction
and with correction to determine the enhancement of the focus.
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4 EXPERIMENTAL RESULTS

In Section 2.3 we calculated the theoretical increase of the maximum intensity based on a
simulation of the experiment. This chapter presents and discusses the results of the phase
conjugation experiment using the experimental setup and measurement procedure described
in Chapter 3. The results of the PDMS sample and collagen sample are separately discussed
in Section 4.1 and 4.2 respectively. The results of the experiment are compared to the results
of the simulation.

4.1 Experimental results: PDMS sample

For the PDMS sample, the fluorescein in the tube generates a uniform signal when we excite
it with the laser light. In this experiment, we aim to improve the focus in the middle of the tube,
892 µm below the surface of the sample. Because light is focused in a bulk of fluorescein,
we expect to receive a uniform signal from the fluorescein throughout the tube. After applying
the correction, we expect to receive a higher intensity in one area of the sample and a lower
intensity in other areas, because of the improved focus. According to the simulations, we can
expect a maximum increase of 3.2x the intensity. The imaging region is indicated by the black
rectangular dashed box in Fig. 4.1. First we image this region using conventional TPM imaging,
to measure the signal strength of the fluorescein without correction.

Figure 4.1: Schematic cross-section of the PDMS sample to illustrate where the light is focused.
The region in the tube where the focus is optimized is indicated by the black dashed box.
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Figure 4.2 shows a 2D cross-section of a stack of images acquired at the focus created
with conventional TPM. The stack of images consists of 60 frames of 512x512 pixels with a
spacing of 1 µm to acquire a volume of 160x160x60 µm3. The signal in Fig. 4.2 is coming from
the fluorescein in the tube.

Figure 4.2: Cross-section of the focus made with conventional TPM imaging.

To calculate the correction wavefront, we need the refractive index distribution of the upper
part of the tube as input for our model of the sample. We used the TPM to image the upper part
of the PDMS-water interface of the tube. The tube is filled with fluorescein dye to distinguish the
inside of the tube from the surrounding PDMS. We obtained a stack of 50 frames of 512x512
pixels with a spacing of 1 µm to acquire a volume of 200x200x50 µm3. Figure 4.3a shows a
2D cross-section of the middle frame from the stack of TPM images. The bright semicircular
shape is the high intensity from the fluorescein in the tube, the low intensity area is the lack of
fluorescent signal coming from PDMS. The quality of the image could be improved by lowering
the gain and increasing the laser power to increase SNR. A median filter of 9x9x9 voxels is ap-
plied to filter noise from the image. By inspecting the filtered image, a threshold value is chosen
which is used to assign the appropriate refractive index to each part. Intensity values above the
threshold correspond to a refractive index of water, while intensity values below the threshold
value correspond to a refractive index of PDMS. To further smooth the refractive index distribu-
tion, a smooth filter of 15x15x15 voxels is used. The reconstructed refractive index distribution
of the PDMS sample is shown in Fig. 4.3b. This is the same refractive index distribution that
we used in the simulation in Subsection 2.3.2.
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(a)

(b)

Figure 4.3: (a) 2D cross-section of the acquired TPM images of the water-PDMS interface of
the upper half of the tube. (b) Reconstructed refractive index distribution using the TPM images.

We use the reconstructed refractive index distribution of Fig. 4.3b in the refractive index
model of the PDMS sample to calculate the correction wavefront. The correction wavefront to
focus light in the center of the tube is shown in Fig. 4.4. The wavefront is oval-shaped to correct
for the aberrations introduced by the cylindrical shape of the tube.

Figure 4.4: The correction wavefront used in the experiment. The size of the circle corresponds
to the pupil of an objective with NA = 0.8.

The final step in the experiment is to put the calculated correction wavefront on the SLM to
modulate the light. We applied the correction wavefront to the SLM and imaged the same region
in the tube, as indicated by the black dashed box in Fig. 4.1. Figure 4.5 shows the intensity of
the fluorescein after applying the correction wavefront. An increase of the intensity can be seen
over the entire 60 µm stack. The increased intensity is a result of a better focus, because more
light is exciting the fluorescein in that area. Because light is more focused in one area, other
parts of the sample receive less light and thus appear darker.
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Figure 4.5: Intensity of the bulk fluorescein at the center of the tube after applying correction.
The intensity at the focus has increased due to wavefront shaping.

Figure 4.6 shows the fluorescein signal as a function of depth before and after applying
the correction wavefront. During the experiment, the gain of the PMT is kept constant. We
notice that the intensity after correction is consistently higher than the signal before applying
the correction. The intensity of the signal after correction is about 1.3x higher than the signal
before applying the correction. From the simulations, we calculated that the Strehl ratio became
1.8x higher when applying the correction. Because we are using a TPM during the experiment,
the amount of enhancement that we can expect is squared of that from the simulation [15]. This
means that the intensity in the experiment can theoretically become 1.82 = 3.2x higher than the
intensity before the correction.

We also notice that the intensities of both signals decrease as the imaging depth increases.
Although we are not sure why the intensities decrease, it is suspected that it is caused by
absorption of light by the fluorescein.

Figure 4.6: Two-photon fluorescein signal as function of depth. The blue line is the signal before
applying the correction. The red line is the signal after applying the calculated correction.

The increase of 1.3x the intensity shows that model-based wavefront shaping can be used
to increase the intensity in the center of the tube. Because the PDMS sample cannot be used
to grow cells inside the wall of the tube, it is not an interesting sample from a biological point
of view. We therefore decided to proceed with the collagen sample, since this sample can be
used to investigate the uptake of nanometer-sized plastic particles.
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4.2 Experimental results: collagen sample

For the collagen sample, we cannot use fluorescein to visualize the tube, because it diffuses
through the collagenmatrix when it is injected in the tube. Therefore, wemake use of the second
harmonic properties of collagen to image the tube without additional staining. Although second
harmonic generation is a forward directed process, the signal received in reflection was suffi-
cient to visualize the tube [16]. We measured the excitation spectrum of collagen in reflection,
which showed the highest intensity for a wavelength of 855 nm. Because in second harmonic
generation, the emitted wavelength is half of the incident wavelength, a 427/10 nm filter is used
appropriate to the SHG signal of collagen. The approach for reconstructing the refractive index
distribution in collagen is the same as for PDMS. We obtained a stack of 140 frames with a spac-
ing of 1 µm to acquire a volume of 340x340x140 µm3. Figure 4.7a shows a 2D cross-section of
the middle frame from the stack of TPM images. A median filter of 21x21x21 voxels is applied
to filter noise from the image. Since the high intensity is due to the second harmonic signal from
the collagen and the low intensity due to the lack of signal from the water inside the tube, values
above and below the threshold value are assigned the refractive index of collagen (1.43) [17]
or water (1.33) respectively. To further smooth the refractive index distribution, a smooth filter
of 19x19x19 voxels is used. The reconstructed refractive index distribution of the upper half of
the tube is shown in Fig. 4.7b. This is the same refractive index distribution that we used in the
simulation of the collagen sample in Subsection 2.3.3.

(a)

(b)

Figure 4.7: (a) 2D cross-section of the acquired TPM images of the water-collagen interface of
the upper half of the tube. (b) Reconstructed refractive index distribution using the TPM images.
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We calculated the correction wavefront and found the wavefront presented in Fig. 4.8. In
the simulation, we saw that the Strehl ratio improved 13x when using this correction. Because
the intensity in the experiment is squared of the intensity in the simulation [15], the intensity
in the experiment can theoretically become 169x higher using model-based wavefront shap-
ing. Unfortunately the calculated wavefront could not be tested because at the time the TPM
microscope was moving to a different laboratory space.

Figure 4.8: The calculated SLM pattern to focus light at the bottom of the tube. The size of the
circle corresponds to the pupil of an objective with NA = 0.8
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5 CONCLUSION AND RECOMMENDATIONS

With this research we showed for the first time that model-based wavefront shaping can be used
to improve the focus inside a large 3D structure such as a lung-on-a-chip device. We used two
samples, the PDMS sample and the collagen sample. For both samples, we reconstructed a 3D
refractive index distribution of the sample using a stack of images obtained with the TPM. For
the collagen sample, we managed to image the aberrating surface inside the sample without
using additional staining, by utilizing the second harmonic properties of collagen. We calculated
the theoretical enhancement by performing a simulation of the experiment. The results are
quantified using the Strehl ratio and the FWHM of the intensity in the cross-section of the focus.

For the PDMS sample, we found a theoretical improvement of 1.8x for the Strehl ratio and
a 1.4x increased lateral resolution when using model-based wavefront shaping. Since we used
a two-photon microscope for the experiment, the intensity in the experiment is squared of the
intensity in the simulation, which means that we could expect a 3.2x higher intensity at most
during the experiment. Experimentally, we found an increase of about 1.3x the intensity in a
bulk of fluorescein in the tube of the PDMS sample. For the collagen sample, we simulated a
13x increase of the maximum intensity in the focus when using model-based wavefront shaping.
This translates to a 169x higher intensity when using the two-photon microscope during the ex-
periment. Unfortunately, the calculated wavefront could not be tested experimentally, because
the two-photon microscope was moved to a laboratory suited for live-cell imaging.

A point of improvement would be to find a way to automate the choosing of the threshold
value when reconstructing the refractive index distribution of the tube. So far, the threshold
value is manually chosen, which is less robust and slows down the experiment. Edge detection
could be used to find the interface between the tube and the surrounding material, after which
the refractive indices can be assigned.

With the experimental setup moved to the Live Cell Imaging Facility, the next step is to use
the calculated correction wavefront for the collagen sample in an experiment. If we can improve
the focus at the bottom of the tube, the next step would be to image cells at the bottom of the
tube. If we can successfully image cells, model-based wavefront shaping can very well become
the solution to finally being able to perform real-time live cell imaging in organ-on-a-chip devices
and could mean that soon animal testing could become a relic of the past.
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A PROTOCOL: IMAGING LUNG-ON-A-CHIP WITH TPM

by Merle van Gorsel

Equipment:

• lung-on-a-chip sample

• 76 x 26 x 1 mm microscope slide

• fluorescein solution

• pipette

• tissue papers to clean up

• Optical filters:
427/10 nm for collagen type 1
520/44 nm filter for labeled nanospheres in tube
680 nm rejects the laser light

Matlab code used: Folder: git \loc
In order of appearance:

1. Scanimage.m

2. PrepareTPMimage_OoC.m

3. Refractive_indexmap_collagen.m

4. Model_WFS_Simulation_collagen.m

5. in folder: git\setup\setup.m

6. WFScomparison_OoC.m

This imaging protocol is an extension to the measurement protocol of the 2 photon micro-
scope last modified by Abhilash Thendiyammal. For completeness the parts of that measure-
ment protocol that are needed are included here as well.
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Let’s get started:

Figure A.1: Knob to
change the gain of the
PMT

Close the door and push the green button left of the door to be able
to start the laser.
Log into the lab pc and open the Mai Tai software. Choose COM4.
Choose the wavelength (855 nm for collagen) that you want to use
and write it down. You can turn on the laser, but keep the shutter
closed.

Make sure the PMT is off and the gain is set to zero. You can
check if the PMT is off by opening the lid and feel with your hand if the
ventilator is on. If the ventilator is off, so is the PMT. The gain of the
PMT can be set to zero by rotating the knob of the PMT all the way to
the left (counterclockwise).
Select the appropriate filter for your experiment. There are 6 fil-
ters in the setup. A list of the filters currently in the setup is
adhered on the inside of the lid that closes off the box where
the filters are in. The datasheets of all filters are found in
“P:\TNW\BMPI\Projects\WAVEFRONTSHAPING\equipment\Two-Photon Microscope\Filters”.
check if the transmission camera is closed.

measure the power in the reference path

Figure A.2: Press the
green buttons to rotate
the halfwave plate.

Again make sure the door is closed and the PMT is turned off.
Make sure the calibrated photodiode is connected and turn it on.
Put on your safety glasses.
Open the shutter of the laser by pressing the shutter icon in the MaiTai
software for three seconds.
Turn off the light in the room.
You can adjust the power by electronically rotating the halfwave plate.
You do this by pressing the left or right green button. Do not touch the
halfwave plate by hand.

Once you have a laser power of about 1W, you write down the
laser power. The measured power is lower than the power passing
through the sample. To find out the power through the sample, look
up the table (formula) for this in git/tpm/setup/setup.m
When you’re done measuring the power, turn off the shutter by clicking on the shutter icon in
the MaiTai software. You can now take off your safety glasses and turn on the light if you want.
Open Matlab and run ‘scanimage.m’
( P:\TNW\BMPI\Projects\WAVEFRONTSHAPING\code\scanimage.git). The first pop-up is for
the location of settings. Usually, you use the default settings (load default setting), so just
press Continue, without changing the default location. While ScanImage is starting up, you can
prepare your sample for measurement.

Prepare the sample:

Take the sample and fluorescein out of the fridge. Carefully take one of the samples out of the
container (do not damage the collagen). You might need to use a small tool such as tweezers
or a coffee stirrer.
Using a pipette, inject some demi water into the channels using the inlet holes on either the
side or the top of the sample. Remove excess water from the top surface, otherwise it will not
adhere to the sample glass well enough.
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Carefully place the sample bottom side up on a sample glass. The bottom side is the side that
has a flat PDMS surface. Try to align the channels with either the long side or short side of the
chip, as long as it is not placed diagonally.
Place the sample glass with the sample in the holder of the microscope stage. Fix the sample
glass with two magnets at the ends of the sample glass.
Adjust the xy-position of the stage so that the objective is placed above the region of the sample
that you want to image.
If you press down on the Z stage controller, the Z stage moves up and vice versa. The Z
stage has a low/medium/high (L/M/H) speed. Set M (medium) to the Z stage (scan motor) by
pressing the speed bottom. Move the stage upward towards the objective until you are as close
as possible to the objective. Be careful not to hit the objective with the sample.
Carefully use the pipette to place a drop of fluorescein between the sample and the objective.

The measurement

Figure A.3: Read out
the power in the refer-
ence path and write it
down.

Press focus in ScanImage to start measuring.
Turn off the light in the room.
Change the white level in the IMAGE CONTROL screen of the Scan-
Image GUI to halfway, so that the noise from the gain becomes less.
Turn on the PMT (PMT is very sensitive to light). There is a light to
check whether the PMT is on, but you can also check it by opening
the box with the PMT in it and feel if the fan of the PMT is on. Increase
the gain of the PMT manually until you see in the IMAGE CONTROL
screen of the ScanImage GUI that you have passed the big lines in
the image (which means the gain is not high enough). Increase the
gain even more, almost to maximum. Note: If there is too much light,
you hear a click which means that the PMT turned off. If that happens, turn off the PMT and
lower the gain. Wait for a few (about 3) seconds until you hear a click again. Then you can turn
on the PMT again.
Put on your laser goggles. Open the shutter of the laser.

To find the tube, we need to receive the second harmonic signal of collagen type 1, so
select the 427/10 nm filter.
The focus of the objective is currently below the tube, so we must move the sample stage down
to find the tube.
Move out of the sample to find the tube by rotating the knob of the Z stage (use a low speed ‘L’).
You might need to adjust the XY position as well. To increase the refresh rate you can use 256
pixels per line.

Once you have found a nice smooth part of a tube, we need to choose a nanoparticle to
focus on.
The Z position of the objective in ‘MOTOR CONTROLS’ must be set as close to 0 as possible,
because we are later going to move it up to almost its maximum position.
Turn off the PMT before changing the filter to the 520/44 nm filter and change the wavelength
of the laser to 850 nm.
Turn on the PMT.
Choose a particle that you want to focus on and make sure it is in the middle of your screen.
You might need to adjust XY positions of the stage or in ScanImage by pressing the blue arrows
in the MAIN CONTROLS. If you used ScanImage to position the particle in the middle, write
down the ‘Shift’ and ‘Shift Slow’ values. If for some reason you need to close ScanImage,
those values are reset to zero and you are no longer focusing on the particle.
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Write down the coordinate displayed on the z-stage and do not change it. At the end of
the experiment you need to get back to this position to test your calculated wavefront.

Grabbing the stack of images of the tube:

Turn off the PMT before changing the filter back to 427/10 nm and the wavelength to 855 nm.
Turn on the PMT again.
Move out of the sample using the microscope objective in ScanImage until you are halfway in
the tube (the tube is at its thickest). Write down the coordinate displayed in ScanImage.
This will be your starting point of making the refractive index map.
Move the objective upwards until you are just above the tube. Write down the coordinate
displayed in ScanImage.

Subtract the two coordinates of ScanImage that you just wrote down to get the thickness
of n_sample. Divide this number by 5 to get the number of slices you take (for example, 140
μm / 5 = 28 slices).
Use ScanImage to move the microscope objective back to the coordinate corresponding to
halfway of the tube.
In the ‘’MOTOR CONTROLS’’ window of ScanImage, fill in the number of slices ‘# Slices’ and
the ‘Step/Slice’ is then 5.
Check the box of ‘Return Home’.
Set ‘Pixels/Line’ to 512 and ‘Zoom’ to 1.
Lower the gain of the PMT until you can barely see the difference between the inside and out-
side of the tube.
In the ‘MAIN CONTROLS’, stop focusing and click the box left of ‘Save’. Change the directory in
which you want to save your image. In ‘Basename’ change the filename. The filename should
at least contain the number of pixels/line, # slices, step/slice, zoom value.
Press ‘GRAB’ in the ‘MAIN CONTROLS’ to grab your stack of images. Wait for ScanImage to
finish taking your images.

Making the refractive index map:

Open git\loc\PrepareTPMimage.m in Matlab.
make sure the width = 600, zoom = 1 and resZ = 5 in the code.
Press Run
A window will pop up where you can select and open the data you just saved.
Once Matlab is done a window will pop up for you to save a file called ‘TPM_3D_tube.m’. Save
this in the folder of your measurement.

Look at the figures and inspect if the entire upper half of the tube is clearly visible and in the
middle of the frame. If not, go back to ‘Grabbing the stack of images of the tube:’ and readjust
some parameters accordingly (depth, gain, laser power).
Open git\loc\Collagen\Refractive_indexmap_collagen.m (we will run this code section by sec-
tion)
Make sure f_depth is the right value and run the ‘%% Parameters’ section.
Load the TPM_3D_tube.mat file by running the next section.
Run all sections up until the ‘%% Median filter’ section. Look at the figure and judge whether
the image is smooth enough. If not, adjust the values in the square brackets and run again.
Choose a threshold value so that everything inside the tube gets assigned a refractive index of
water and everything outside gets assigned the refractive index of collagen. If your initial pick
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is not right, adjust the value and try again.
Run the next section with the smooth filter to further smooth the refractive index map. Adjust
the convolution kernel if necessary.
Run the last two sections to see the TPM_3D_tube image alongside the refractive index distri-
bution. Save this image. Also look at the volshow to see if there are any irregularities. If there
are any, run the code again and adjust the threshold value and/or smooth filter order.
Finally, Save n_sample.mat in the folder of your measurement. Write down the threshold
value, median filter and smooth filter order just in case.

Measuring the thickness of the collagen layer:

Move the Z-stage upwards until you see the transition between the collagen and PDMS.
Write down the coordinate displayed on the Z-stage.
From the coordinate you just measured, subtract the z-coordinate you wrote down previously.
Divide this number by 10 (one step by the z-stage equals 10 micrometers) to get the distance
in micrometers. From this number, subtract the thickness of the refractive index map. This
distance is the thickness of the collagen layer.

Measuring the thickness of the PDMS layer:

Change the wavelength to 804 nm and the filter to filter 680 nm (rejects all laser light).
Move the Z-stage down until you see the interface between the PDMS layer (dark) and the flu-
orescein (bright).
Move the Z-stage op until you are 1.5 units (15 micrometers) below this interface.
Write down the coordinate displayed on the Z-stage.
Subtract the value corresponding to the PDMS-collagen interface from the z-coordinate corre-
sponding to the PDMS-fluorescein interface and divide this number by 10 to get the thickness
of the PDMS layer.
You can now turn off the PMT, close the shutter of the laser, turn on the light in the room and
take off your glasses (always turn off PMT before turning on the light and only take off your
glasses if the shutter is closed).

Calculating the correction wavefront:

Open git\loc\Collagen\Model_WFS_Simulation_collagen.m
In section ‘%% Parameters to update:’, fill in the f_depth, d_pdms, d_collagen and d_layer cor-
responding to the layer thicknesses that you measured.
In the next section, opt.lambda is the excitation wavelength of the labeled nanospheres (850
nm).
Press ‘Run’. A window will pop up where you can load ‘n_sample.mat’, your refractive index
distribution.
When Matlab is finished calculating, it will show a figure of the phase of the correction wavefront.
Save this figure.
Save SLMCorrection.mat
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Comparing flat wavefront and correction wavefront:

run git/tpm/setup/setup.m to control the SLM.
Open git\loc\WFScomparison.m. Running either section of this code send a flat wavefront or
the correction wavefront (SLMCorrection.mat).
Change the wavelength of the MaiTai to 850 nm and the filter to 520/44 nm.
Use the Z-stage to move to the coordinate you wrote down where you saw the particle.
Move the microscope objective down to its initial position as well, using ScanImage.
Put on your laser goggles
turn off the light in the room
turn down the gain of the PMT a bit before turning it on
Open the shutter of the laser
Press ‘Focus’ in ScanImage
If you now run either section of the WFScomparison.m code, you should hopefully see an im-
provement when you send in the correction wavefront compared to the flat wavefront.
You can use the Z-stage to move around to see how the intensity looks around the point where
the enhanced focus should be.
Grab a stack of images of the situation where you send in a flat wavefront and when you send
the correction wavefront.

Wrapping up the experiment:

Once you have saved the data that you want, turn off the PMT.
Turn on the laser power meter and use the half-wave plate to lower the laser power to about 10
mW, so that another user does accidentally damage their sample.
Turn off the laser power meter and close the shutter.
Take off your laser goggles and turn on the light in the room.
Lower the Z-stage and use an optics wiper to clean the objective from any fluorescein.
Use a tissue to absorb the fluorescein on top of the chip before removing the chip from the
holder.
Put the chip in its container (with water) and put it away in the fridge. Clean up the appliances
used and log out of the lab computer.
When you leave the compartment, press the green button next to the door to let people know
the laser is no longer in operation.

And that’s it, you’re done :)
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B FABRICATIONOFMICROFLUIDICCHIPS FORTHE LUNG-
ON-CHIP PROJECT

39



40



41



C COLLAGEN HYDROGEL PREPARATION
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D PROTOCOL: POLYDOPAMINE COATING
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