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Abstract

Organs-on-chip are microfluidic devices that recapitulate the micro-environment of bi-
ological tissues. They offer a platform to study the organ’s physiology, in health and
disease, and enable highly controlled experiments for therapeutics, drugs, as well as
more basic biological studies. This technology can replace animal testing, which is
clearly a cruel, unethical, and ineffective way to carry out experiments. It has been
established that results from animal tests are unreliable due to the differences between
them and the human body. Additionally, organ-on-chip platforms are cost-effective and
easily customizable. This work focuses on the development of a “Gut-on-a-chip”. Gas-
trointestinal (GI) cancer makes up 26% of the new cancer cases worldwide. GI cancer is
one of the biggest challenges that the modern world has to face and its early detection
and treatment are among the priorities of the cancer research community. Through
this work, we built the hardware related to a gut-on-a-chip device. Specifically, we
designed and fabricated the microfluidic device using soft lithography and 3D printing,
as well as the pneumatic and fluidic controls to actuate the device. The mechanical

actuation was measured using optical microscopy and image processing.
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Chapter 1

Introduction

This project, started having in our minds the struggles and the pain that patients of
cancer and their families go through. Gut cancer is one of the most common type
of cancer consisting of 26% of the new cancer cases and 35% of deaths worldwide.
Colorectal cancer, as one of the many gut cancers, is the third most common type of
cancer and lately it affects more and more younger people. This alarming increase of
the fatalities, has gain the attention of the research community, since there is an urgent
need for a better tools for earlier detection and treatment.

Till now, experiments for new drugs and therapeutics were carried out using animal
tests that more times that not, they led to failure during the next step of clinical trials,
with a lot of waste of money, resources and a valuable time. Animal tests, cannot
provide accurate and reliable results, since beyond the few similarities between the
organisms there is no other animal that resembles the human body. Besides, using
animals for experiments, many times cause them stress and harm which is cruel and
unethical. The animal experiments should be immediately banned and replaced with
new cruelty free platforms that offer reliable and faster results and the ability to carry
out personalized experiments.

Organ-on-chip, is a new upcoming technology that utilizes the microfluidic devices
and their properties to emulate an organ and it’s environment. On these devices, organ-
related cells are seeded and nutrients are provided through medium that flows thought
the device’s channels. An other important aspect of this platform is the ability to
emulate a mechanical stimuli that can simulate the organ’s mechanical characteristics.
Organ-on-chip, is a flexible platform that can be used for drug and therapeutic tests

for more precise and personalized results, is cost-effective and can be easily developed.



With that been said, the gut-on-a-chip platform has been developed by researchers
and it can enable the further investigation of the gut and it’s pathophysiological condi-
tions. For that reason, on this project, we wanted to develop the platform that can be
further used for gut-related experiments. Specifically, we had designed and developed
the gut-on-a-chip device and enabled the mechanical actuation of the system. The
three main components of this system is the microfluidic device, the fluid flow and the
actuation mechanism.

In the next chapters, we have described briefly about the gut physiology and the
concept of organs-on-chip and then proceeded to explain the method we followed and
the way we analyzed our data using microscopy and image processing. Specifically, at
the chapter 2 we are looking into the details of gut physiology, the epidemiology of gut
cancer and the increasing numbers of early-onset colorectal cancer. Following by the
explanation of the gut-on-a-chip concept and the current research on the field. Closing,
we have reviewed other organ-on-chip applications.

At the chapter 3, the method we have followed to design and develop the microfluidic
device is described in detail. While we also explain, how we have set up the actuation
mechanism to simulate the peristaltic-like motion of the gut. Then, the final process
to place the components together is described and we present the completed set-up.

Chapter 4, consists of the image analysis and validation method we have followed
in order to measure the percentage of expansion of the central channel caused by the
mechanical actuation.

On the last chapter, chapter 5 we recap our work and the importance on this project
on the endeavors to develop new diagnostic and drug testing tools. Likewise, we express
our thoughts and suggestions on what we could done differently and how this project

can evolve.



Chapter 2

Literature Review

2.1  Gut physiology

The gastrointestinal (GI) tract, also referred to as the gut, in combination with other
accessory organs, form the digestive system, as shown in Fig. 2.1. The digestive system
is responsible for breaking the food down, in smaller molecules that can be absorbed
and then used by the cells. This process can be split into the following functions:
ingestion, digestion, absorption and defecation, different compartments of the GI tract

are responsible to carry them out [1].

The Digestive System

Liver

] - Stomach
Gallblad__der '

Pancreas

arge intestine

Figure 2.1: Schematic diagram of the digestive system. Image from

the article [2]



More specifically, the GI tract consists of the oral cavity, pharynx,esophagus, stom-
ach, small intestine, large intestine and anus. The accessory organs include the teeth,
tongue, salivary glands, liver, gallbladder, and pancreas [3].

The walls of the gastrointestinal tract despite the separation in different compart-
ments consist of four tissue layers, starting from lumen: the mucosa, submucosa, mus-

cularis, and serosa as shown in the Fig. 2.2.

Serosa
Muscularis

Sub-mucosa
Mucosa

Lumen

Figure 2.2: GI tract tissue structure. Image from [4]
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Figure 2.3: GI tract overview. Schematic from [5]

The innermost layer of the mucosa is covered by the epithelium, which directly
interacts with the ingested food. The surface of the epithelial cells is increased by the
large folds called villi (Fig. 2.3) and invaginations called crypts that can also include
glands that secrete mucus or other substances to lubricate the solid food for a better
flow and absorption through the tract [1]

The muscularis tissue, consists mainly of smooth muscles of circular and longitudi-
nal layers that regulate the movement of food through the lumen of the GI tract. The

circular muscles contract and relax involuntarily in a process called peristalsis which is
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illustrated in Fig. 2.4, which begins from the pharynx and ends at the anus. Peristalsis
assists the propulsion and the absorption of food in a faster manner. Likewise, the for-
ward and backward motion of the longitudinal muscles called segmental contractions

(Fig. 2.5) aim to mix and assist the absorption of the food. [1,3,6].

PERISTALSIS

Area of
contraction

\, _Food bolus

Area of
relaxation

.,

Figure 2.4: Peristaltic motion assist to the faster propagation of

the food through the GI tract. Image from [7]

SEGMENTATION

Contraction Bolus

Figure 2.5: Segmental contractions through GI tract lead to seg-

mentation and mixing of food. Image from [§]

Another important characteristic is the presence of microorganisms forming the
‘microbiota’ in the human gut (Fig.2.6). The microbes and the human have a symbiotic
relationship, the first help with the digestion of different substances and the second

offers a hosting environment. More precisely, it is estimated that the gut microbiota
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is consisted from 10 bacterial cells [9]. The microbiota is a vital part of the gut
and assist in the maintenance of homeostasis, absorption of nutrients, regulating the
epithelial mucosal barrier and shielding the organism from pathogens. Alterations in

the gut microbiome composition can induce pathogenesis [10, 11].

Gut microbiota

Healthy gut
microorganisms

Esophagus H

Stomach /\

Large intestine

Small intestine

L3 Cleveland Clinic ©2023

Figure 2.6: Gut microbiota reside in gut of the human body and
play a vital role in the proper function of the gut. Image adapted
from [12]

2.2  Gut cancer

Gastrointestinal cancer constitutes one of the most common cases of cancers represent-
ing a quarter of new cases from all the cancer types. Based on the data from 2018,
there were approximately 4.8 million new cases and 3.4 million deaths of GI cancers
globally. That translates into 26% of new incidents and 35% of deaths that have been
reported from cancer as a leading cause [13].

More specifically, colorectal cancer with 1.8 million new cases comprises the most

common cancer of GI tract, followed by cancer of the stomach with 1.0 million cases,



the liver with 840,000 cases, the esophagus with 570,000 cases, and the pancreas with
460,000 additional cases, as they appear in the Fig. 2.7.

Incidence Mortality
Colorectum 9.2%
Colorectum 10.2%
Stomach I 8.2%
73.7% Stomach 5.7% 64.6%
Other cancers Other cancers
Liver 8.2%
Liver 4.7%
Esophagus 5.3%
Esophagus 3.2% phag
Pancreas 2.5% Pancreas 4.5%
Number of Gl cancer cases: 4.8 million Number of Gl cancer deaths: 3.4 million

Figure 2.7: The percentages in incidence and mortality of GI tract

most common cancers. Image from [13]

In fact, the cancers of the GI tract have some common risk factors but there is a
heterogeneity in their epidemiological profile due to the cellular and tissue differences
that correspond to the specific organs’ micro-environment and functionalities [13,14].

Cancer has been predominantly associated with aging and since the lifespan of the
population has increased, the number of cancer incidents has consequently increased
as well. However, current evidence suggests that the prevalence of risk factors has
affected the number of incidents and their geographical and temporal appearance,
the data are shown in Fig. 2.8 by regions. Particularly, this seems to be a result of
socioeconomic changes that are happening globally including the shifts in diet, the
increased consumption of processed foods, and the combination of habits that lead to
obesity. These factors possibly can lead to various chronic non-communicable condi-
tions (NCDs) and GI cancer [15-21]. Also, common risk factors for most GI cancers
include alcohol consumption, smoking, and infections that increase the possibility of
developing cancer [13,22].

Apart from that, the socioeconomic status of people prevents access to healthcare
and basic services like vaccination, preventative exams, and diagnostics. Thus, vari-
ations through different areas are expected and justified due to health inequality, in

addition to the genetic and geographical factors [23].
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Figure 2.8: Geographic and temporal variations in the incidences
and mortality of the different types of GI cancers. In Asia, there
were higher rates of liver, esophageal, and stomach cancer whereas
in Europe and North America, the main burden was colorectal and

pancreatic cancer. Image from [13]

The fact that the population is more susceptible to multiple risk factors shifts the
age of diagnosis; younger people are been diagnosed with common cancer types that
previously appeared in older people. This phenomenon is described as an early-onset
(EO) cancer (Fig. 2.9) and is defined as the cancer that occurs in adults in the age
between 18-49 [13,24].

Global Cancer Observatory ( GLOBOCAN) listed the types of cancer with rising
incidences including six GI tract-related cancers (colorectum, extrahepatic bile duct,
gallbladder, liver, pancreas, and stomach cancer). The research community globally
has set as a higher priority the investigation of EO’s cancer leading causes which are
not clear. GI tract-related cancer, especially early-onset colorectal cancer (EO-CRC),

stirs up concerns and the following discussion will focus on colorectal malignancies.
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Figure 2.9: Overview of the risk factors for developing cancer in
the gastrointestinal system. Age and other mutagenic causes can
lead to colorectal, gastric, liver, pancreatic, or esophageal cancer.

Image from [25]

2.2.1 Colorectal cancer

Colorectal cancer (CRC) refers to the different types of cancers that appear in the
large intestine and they are broadly divided into colon, rectal, and anal cancers. As
mentioned above, CRC is the third most common cancer globally [26] and the number
of incidents is increasing at an alarming rate, especially in the EO cancer cases. So-
cioeconomic alterations are directly correlated with the rise of incidence and the risk

factors are re-evaluated (Fig. 2.10).

/ v \
CANCER
Risk factors - 'r({‘w . Devf:l;zrr:ent
2t 2|
/

Figure 2.10: Colorectal cancer is the broad term for the cancers that

appear in the large intestine. Colorectal cancer’s is a multifactorial
disease, making it even more difficult to understand the causes and

find out the treatment. Source [27]

The incidence of CRC varies across the world with the causes not being totally clear,



more specifically Australia/New Zealand have the highest rate of incidents while South-
Central Asia has the lowest. There is a correlation between the high development index
(HDI) and the number of incidents of CRC, since countries with high HDI display three
times higher rates in comparison with countries having low and medium HDI (2.11).
At the same time rising of incidents is detected in countries with low HDI as well, since
the combination of healthcare inaccessibility and the occurrences of other risk factors
is an issue [13,14]. The fact that the increase of cases in previously low-incidence
regions can be attributed to what we mentioned above, the lifestyle shifts that resulted
in higher intake of processed and animal-source foods, especially red meat, the absence
of physical activity, and obesity. Likewise, the early exposure to other risk factors
led to an emergence of EO-CRC [28-30]. Specifically, the anal cancer has been direct
linked with the infection from the human papillomavirus type 16 [31]. Lastly, other
lifestyle-related risk factors for CRC are alcohol and smoking [32].

>26.8
16.8-26.8
104 -16.8
6.1-104
<61

[ Nodata [ Not applicable

The boundaries and names shown and the designations used on this map do not imply the expression of any opinion whatsoeve Data source: Globocan 2018 World Health
on the part of the World Health Organization concerning the legal status of any country, territory, city or area or of its authorities, Map production: CSU Organization
or concerning the delimitation of its frontiers or boundaries. Dotted and dashed lines on maps represent approximate border lines World Health Organization

for which there may not yet be full agreement. © WHO 2018. All rights reserved

Figure 2.11: Geographical allocation of age-standardized CRC incidents per
100,000 person-year in 2018. Image from [13]
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Figure 2.12: Diagram of the risk factors for CRC. Source [27]

Also, the appearance of CRC has been closely related to other environmental and
biological factors like the medical history of the family. Statistical evidence has shown
that approximately 28% of people with EO-CRC, had a family history with the corre-
sponding kind of cancer [33]. CRC factors are recapped in the diagram Fig. 2.12.

Early detection is a key factor for CRC survival, since the prospects of cure are
generally good [34]. Through stool-based tests and endoscopic methods, the precursor
lesions can be detected and removed during the endoscopy. [35]. In recent years coun-
tries have introduced population-based screening campaigns and the impact soon will
be shown in the cancer’s stage distribution as well as in the mortality rates [36]. In
addition, an important determinant of CRC mortality is the adoption of the best prac-
tices to deal with and treat CRC cancer. Considerable advances have been noted in
the field of therapeutics and surgical operations reducing the mortality rates. Despite

this reduction in mortality rates, the number of CRC incidents in the older population

is expected to double by 2035 worldwide due to the increase in life expectancy [37].

2.3 Gut on a chip Concept

In order to deal with the challenges mentioned above, researchers are constantly aiming
to improve the detection and prognostic tools, therapeutics, and testing platforms.
An upcoming technology called organ-on-chip enables the imitation of an organ

environment in a controlled microfluidic device. The microfluidic device is a very
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small elastomeric platform with channels, inside which fluid flow can circulate. For
the purposes of an organ-on-chip application, a cell culture is established inside the
channels and a nutrient flow is enabled to keep the cells viable. Many times additional
parameters are crucial for replicating the micro-environment inside a specific organ,
like the lung or gut, requiring breathing or peristaltic motion, respectively. Thus, the
addition of more channels in the device enables the application of controlled vacuum
that replicates the desired motion. For each organ, the organ specific characteristics
are taken into consideration to re-create the environment as faithfully as possible.

In 2010 the first application of lung-on-a-chip was officially published and soon after
that the first gut-on-chip application was reported by Kim et al. [38] in 2012. This
study presented the first model that supported the culture of Caco-2 cells with living
microbiota. In the following sections (Sections 2.3.1, 2.3.2, 2.3.4), we will proceed to

give a more detailed description of this pioneering work.

2.3.1 Device fabrication

In this early paper [38], the gut-on-a-chip microfluidic device was fabricated with the
use of a flexible polymer called polydimethylsiloxane (PDMS) and consisted of two
PDMS layers placed together with a porous membrane in between.

By using soft lithography, the micro-channels were cast on the PDMS layers with
the use of a mold with the microchannels design. The PDMS was prepared by using
15:1 of base to curing agent. Respectively, the porous membrane was micro-fabricated
by using a silicon wafer with circular post arrays. The membrane was 30 pm thick and
had circular porous with 10 pm diameter.

After that, the membrane and the upper layer were exposed to the plasma treatment
by the corona treater. Then the membrane was placed on top of the upper layer and
like that, they were placed in the incubator for a night at 80°C. The bonded upper
layer membrane and the lower layer were exposed to the plasma treatment and then
placed together in reverse alignment and left to cure overnight at 80°C.

When the whole setup was fully bonded, blunt needles connected with tubes were
placed in the device as shown in Fig. 2.13.b. The tubes in the central micro-channel
were placed to control the culture medium flowing through the device. Respectively
the tubes in the side chambers were used for the vacuum application controlled by a

computer, that emulates the peristaltic motions of the gut, shown in the schematic of
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Fig. 2.13.d.
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Figure 2.13: Representation of the gut-on-a-chip application source [38].
(a) The microfluidic device for the gut-on-a-chip application presenting the
central channel with the porous membrane gut epithelial cells. In both of
the sides and the vacuum chambers in both of the sides. (b) Completed gut-
on-a-chip device with the tubes attached for enabling fluid flow and vacuum
introduction. Blue and red dyes are visible passing through the central chan-
nel. (c) Section showing both of the channels and the membrane between.
(d) Representation of the difference in the shape of the cells with and without
mechanical strain. In the contrast images(bottom) the red and blue outlines
specify the shape of the epithelial cells when the expansion of the channel was
30% following the direction of the arrows. The white circles are the porous of
the membrane. (e) The diagram quantifies the the strain in both of the porous
membrane and the cells, open circles and close circles respectively in response

to the vacuum application.

2.3.2 Cell culture

Following the assembly of the device the cultured of the cells was the next step. The hu-
man intestinal epithelial cells Caco-2 ( Caco-2BBE human colorectal carcinoma line28)
were prepared to be cultured in the device. Likewise, the device was prepared to ac-

commodate the cells by ethanol sterilization, and exposure to ultraviolet light and
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ozone.

Micro-channels were injected with an extracellular matrix (ECM) containing colla-
gen and Matrigel and then a culture medium was perfused through the device. Then,
Caco-2 cells were plated and successfully attached onto the upper surface of the porous
membrane within half an hour. Cell adhesion was observed within an hour at which
a fluid flow on the upper channel was activated to assist with the development of a
monolayer. After a day, the fluid flow was enabled in both channels with a constant
flow rate at 30 uLL h—1.

To emulate the peristaltic motion of the intestine, a FX5K Tension instrument was
used to control the periodic application of a vacuum pressure to the vacuum chambers.
The application of vacuum and the cyclic movement caused by it simulates the defor-
mation of the cells in the intestine. A mean epithelial cell strain with 10% expansion
and 0.15Hz frequency was successfully emulated during the peristaltic motion of the

device.

2.3.3 Study findings

A study to evaluate the differences between the cells in a static Transwell device and a
gut-on-a-chip with or without mechanical strain was carried out. It was reported that
the growth of epithelial cells took only 3 days but regularly in the Transwell device cell
growth takes 3 weeks.

Afterward, further studies with phase contrast and immunofluorescence microscopy
showed confluent polygonal epithelial monolayers with well-formed tight junctions. The
use of confocal fluorescence microscopy showed that the cells in Transwell were flat and
had a squamous form counter to the ones in the microfluidic device with a polarized
form and size 6-fold taller.

Fluid flow tests were carried out to evaluate the importance of the rate and the
effects on the cells. Thus, fluid flow at 30 pL h™! leads to columnar shaped cells that
emulate the healthy epithelial cells and accelerates the cell differentiation within 3 days.
In contrast, mechanical motion didn’t cause any change in the resulting cells.

In addition, a spontaneous formation of intestinal villi by Caco-2 cells was first
reported in this study. After the cells were cultured in the device for longer periods with
fluid flow and mechanical strain exhibited a physiological morphology of an intestinal

villus as shown in the Fig 2.14. Also, the marker mucin 2 was observed in the apical
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surfaces of the villus mimicking the natural deposition.

Figure 2.14: ((a)Phase contrast images of the Caco-2 cells were
taken during the 58, 123 and 170 hours of culture and the villi
formation was visible. Flow and cyclic strain were applied.(b) The
confocal fluorescence image at 170 hours, indicates the formation
of villi. Where with green stain are the epithelial cells, with blue
stain the nucleous of the basal cells and with magenta the mucus.

Source [38]

2.3.4 Host-microflora co-culture

The possibility for microbial flora to survive in the device with the Caco-2 cells was
studied with the co-culture of the Lactobacillus rhamnosus GG( LGG) in the upper
surface of the Caco-2 cells. A continuous flow, 40 uL. h—1 and cyclic strain 10%, 0.15 Hz,
were applied for 96 hours and resulted in the formation of LGG microcolonies. Staining
with calcein-AM and ethidium homodimer-1 confirmed that 95% of the LGG cells
remained viable. When LGG is cultured alone, it expresses -galactosidase activity,
that epithelial cells do not express, the activity of p-galactosidase in the device was
high justifying the existence of LGG cells. LGG cells that were highly adherent into
the epithelial cells remained there and the other ones washed out due to the continuous
flow causing no unwanted cultures. After the addition of microbes, the epithelial cells

maintained their normal barrier functions, which were even enhanced later, consistent
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with the research claims.

2.4  Current Gut on Chip Systems

Kim et al. [38] application is consider the “prototype” for future research in the topic,
but other similar approaches have been reported since. In general, based on the ap-
plication and the study goals, the microfluidic device can differ (Fig 2.15). More
specifically, the cells that are used into the microfluidic device can be divided into four
categories: the primary cells, the Caco-2 cells, pluripotent stem cells and the adult
stem cells. Likewise, the microfluidics can be categorized into mono-environment and
multi-environment devices, where the first has more simplified structure and focusing
on culturing either endothelial cells or microbiota, while the multi-environment devices
are multi-layer structures that support more complex applications [39], like the ones
emulate diseases or infections (Fig 2.16, Fig 2.17) .

Further studies have enhanced the knowledge around the intestinal morphology
and the microbiota that inhabit it. Aerobic and anaerobic human gut microbiota were
co-cultured with epithelial cells in the microfluidic device for a prolonged period. The
physiological oxygen gradient was controlled and assessed instantaneously and it was
possible to maintain the steep oxygen gradient similar to the intestinal on. These
environmental characteristics led to the increase of the intestinal barrier function and
to the maintenance of microbial diversity [40].

In another gut-on-a-chip application the role of physical stimulus on the intestinal
morphogenesis was investigated, by incorporating mechanical deformation and fluid
flow. In the system both Caco-2 and intestinal primary epithelial cells were cultured
and formed 3D villi-like morphology that matches the expected 3D epithelial morphol-
ogy that computational simulations described. This platform is a useful tool for stem

cell biology [41].
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Figure 2.15: Representative applications of gut-on-a-chip, Image from [39]. a) A sim-
ple device with microchannels used for culturing intestinal cells. Image source [42] b) A
schematic of a minigut device that consist of one channel and supports contractions that
mimic the ones of the colonic walls, using membrane deformations along the channel.
Image from [43]. ¢) Device type called HMI (host-microbiota interaction) which consist
of two compartments separated by a porous membranes with a mucus layer. In one com-
partment reside the microbial communities and in the other the entorocytes. Schematic
from [44] d) HuMiX (human-microbial crosstalk) that extends the HMI function and in-
corporates the basal side of epithelial cells as well. From [45] e) The application from Kim
et al. [38] that was mention above. In the luminal channel are placed both the entero-
cytes and the microbiota. f) In this device, a 3D villi collagen scaffold was added. Image
from [46] g) This device’s luminal and vascular channels have convoluted shape. From [47].

h) In that device there is on luminal central channel with two vascular channels.

In an intestine-on-a-chip application epithelial cells from healthy regions of intesti-
nal biopsies where cultured. The primary epithelial cells were expanded and dissociated
forming 3D organoids that mimic the human duodenum in vivo as it was confirmed
by a transciptomic analysis. The platform can be a useful tool for further studies of

intestine’s physiology, infections/diseases and therapeutics [48].
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Figure 2.16: Applications that model infections of the gut. Image from [39] a)An applica-
tion that incorporates HeLa cells with E.coli, in order to simulate the bacterial infection
EHEC. Schematic representation of the device (top) and the top view of the device with
the EHEC bacteria in red the commensal bacteri in green and the intestinal cells in gray
before mixing [49]. b) In another application they studied the damage induced by EHEC
infection in human colonic cells in comparison with the mouse that seems more tolerant
to infections. The effects of EHEC were studied in the presence of murine (Mmm ) and
human (Hmm) metabolites. It was found that the presence of Hmm with EHEC leads to
a dissolution of the villi in contrast to Mmm [50]. ¢) The Shigella infection was replicated
in another application, and as shown in the top picture, with red is the epithelium and
with green are the spots infected with Shigella-WT-GFP. In the bottom images is visible
the dissolution of the villi by Shigella-WT-GFP green [51].d) Replication of the SARS-
CoV-2 infection in the chip to study the effects in the intestine.As seen in the images the

virus causes villi destruction [52].

In a subsequent work by Kim et al. [53], the gut-on-a-chip platform was used for
reproduction of the intestinal inflammation by bacterial overgrowth as shown in the
Fig. 2.17.a . The model can be used for pathophysiological study and analysis of several

diseases that appear in the gut like ileus and the inflammatory bowl disease.
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The use of Gut-on-chip system has been extended for a study of the coxsackievirus
B1 (CVBL1) by replicating and producing the infectious virus in vitro. This virus is
related to other health problems like myocarditis, liver and pancreas infection and can
lead to severe health issues in newborns [54]. In the application of Villenave et al. [55],
the successful use of the model for enterovirus tests was successfully demonstrated.

A Gut-on-chip model was used for testing gamma radiation and its effects to the
cells, to replace the murine models [56]. It has been proven that ionizing gamma radi-
ation for therapeutic purposes can lead to different intestinal injuries like hemorrhage,

sepsis and subsequently to death [57].

a +TNF-q, +IL-8, d
Control +|L-1B, +IL-6 L Epithelium + CRC Tumor Cels

gD % e

II. Fibroblasts + Epithelium + CRC
Tumor Cells

bottom

channel

top HCT116
channel !
bottom

channel i

ymL IFNy

>
3
1
2
£
-]

H B

_H 4 H

H B H

imL IFNy
£ 100ng/mL IFNy

Figure 2.17: Modeling of diseases in the gut-on-a-chip devices. Image from
[39]. a) Simulation of inflammatory bowel disease (IBD), with the use of pro-
inflammatory cytokines that cause villus injury [53]. b) In an application of
colon-on-a-chip, they were studied the effects of barrier disruption. The red
staining represents the epithelial cells that are positive to the DAPI( 4 ,6-
diamidino-2-phenylindole ), IFNy (interferon-y) a pro-inflammatory cytokine
decreases the epithelial layer confluency after 48 hours treatment with different
concentrations [58]. ¢) In another application of IBD study the epithelium was
subjected to the effects of cytokite cocktail containing IL-18, TNF-a, and IFN-
y for eleven days. As shown in the picture the epithelial cells started moving
invading the ECM [59]. d) A colorectal cancer was emulated in the microchip
environment. The CRC lines HCT116 and HT29 were used and as shown in
the figures, both tumors invaded the bottom channel with HTC116 apparently

more invasive [60].
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2.5 Other organs on chip

The research around the concept of organs-on-chip OOC is continuous and new findings
are published often. Thus, in this review we present some of the initial studies and

basic concepts for different OOC and how the science has exploited their capabilities.

2.5.1 Liver on a chip

Liver is a vital organ with high metabolic activity, since it’s responsible for metabolizing
nutrients, detoxifying blood and producing molecules important for digestion. Due
to their high activity, hepatic tissues are highly regenerative and complex hepatic
lobules are formed in the liver that contribute to the multicellular communication and
completion of hepatic functions [61]. A platform mimicking the liver is highly needed,
since many drug trials fail due to liver toxicity [62].

In the first liver platform Kane et al. [63] cultured 3T3-J2 fibroblasts and rat liver
cells where the hepatocytes could carry on the metabolism process and synthesize
albumin. Lee et al. [64] introduced a chip that mimicked the liver sinusoid structure
by placing endothelial cells and hepatocytes into a microchannel with a culture medium
circulating through the system. Transport phenomena were observed in the sinusoid
area by the endothelial cells which enabled the exchange of substances. Likewise, in
the work of Delalat et al, [65] where screenings where carried out to evaluate new
drug toxicity. An integration of a sensor with the liver-on-chip has also been be seen
[66] which could track the glucose and lactate concentrations. The data from the
metabolic activity could give insights about response to the mitochondrial dysfunction.
Kamei et al. [67] used a microfluidic platform for maturing hepatocyte-like cells that
differentiated from human pluripotent stem cells(hPSCs).

The effort to construct 3D structures in the platform was also studied. Lee et al. [68]
developed a platform that accommodated monocultures and cocultures of hepatocytes
and hepatic stellate cells which formed 3D structures. Then they were able to investi-
gate the interactions between these cells with or without flow, that could managed by
an osmotic pump. Hepatic lobule structures where firstly grew by Ho et al. [69] using
dielectrophoresis (DEP) to pattern the cells into the microfluidic platform. Different
techniques were derived to improve the physiological conditions and lead to a better
recapitulation of the liver 3D model [70], [71], [72]. Likewise, to evaluate the cytotox-

icity in other cells but also identify biomakers that might be produced during toxic
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Figure 2.18: On the left side is the liver-on-chip platform integrated
with a sensor. On the right side is a schematic representation from
the beginning of cell seeding, the administration of the alcohol and
the effects of it. The study found that alcohol causes the hepatic
cells to secrete TGF-f molecules, that are transferred, to the near
by stellate cells causing them to produce more TGF-f. Image from

[75].

In order to recapitulate different reactions and injuries of the liver multiple ap-
plications were developed. Omne of these platforms,could be used as tool to identify
substances that caused systematic skin reaction [76] based on the different metabolic
derivatives. A hepatitis B virus was also replicated and investigated [77] in a microflu-
idic platform. Injuries and other effects caused by alcohol were investigated through

metabolomics, proteomicss, genomics and epigenomics [75] (Fig 2.18).

2.5.2 Lungs on a chip

In the respiratory system the exchange of gases between the blood and the air takes
place; this process is regulated by lung’s alveoli. Breathing is accomplished through the
mechanical motion that happens periodically and is difficult to be replicated in vitro.
Thus, lung-on-a-chip offers the ability to replicate the motion and the physiology of a
real lung. The device can enhance the search to investigate further the lungs and the

related diseases, but also act as a platform to test drugs.
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Figure 2.19: Schematic representation of the lung-on-a-chip device
and the parts consisting it. A)The platforms mimics the alveolar-
capillary barrier with the use of porous membrane and the breath-
ing motion by applying vacuum at the vacuum chambers. B) The
contraction of the diaphragm during inhalation leads to the reduc-
tion of the intrapleural pressure - Pip and to the distension of the
alveolar-capillary interface. C) The placement of the PDMS layers.
D) The two side chambers are created by the selective etching of
the membrane layers. E)Lung-on-a-chip microfluidic device. Image

from [78].

Huh et al. [78] developed the first biomimetic microsystem of lung-on-a-chip (Fig. 2.19)
which reconstitute the critical part of a lung the alveolar-capillary interface. This model
actually was mimicking the breath by recapitulating the important characteristics of
the lung, including the structure, the functionality and the mechanical properties of
it. They used soft lithography to reproduce the chip’s channels of both of the PDMS
layers. In the upper PDMS layer there were cultured alveolar epithelial cells and in
the bottom, human pulmonary microvascular endothelial cells that were separated by
a porous membrane (10 pm) that acts like an interface between the two. A lateral vac-
uum was applied to simulate the expansion and contraction of the human lungs during
breathing and it was found that it indeed affected the experimental data. Through this
system they were able to test the processes and responses to infections and nanoparti-
cles.

Stucki et al. [79] reported a system that mimics the lung parenchyma that includes
the alveolar barrier. The main objective in this work was to grow the bronchial epithe-
lial and endothelial cells under a cyclic motion that mimics the respiratory one and

study how this motion affects the epithelial barrier permeability. In addition to that,
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through this study they observed an improvement in the cell cultured in comparison
to the static ones.

Humayun et al. [80] incorporate a hydrogel micro-layer in the lung-on-a-chip device
and then cultured airway epithelial and smooth muscle cells to study if they are suitable
model. The combination of collagen Type-1 and Martigel showed better results to the
cell adhesion in the device and the group was able to use it as a tool to evaluate chronic
lung diseases. In a different application Yang et al. [81] used a poly(lactic-co-glycolic
acid) electrospinning nanofiber membrane as a chip matrix for cell scaffolds into the
lung-on-a-chip device. In that way enables the device to be used as a tool for tissue
engineering but also as tool for tumor precision therapy.

Jain et al. [82] set up a therapeutic model for intravascular thrombosis that appears
in the lung alveolus. The importance of that project lies to the fact that, they are able
to test different drugs like the antagonist to protease-activated receptor-1 indicating
that it can be used as a platform to develop and test antithrombotic drugs. In the
work of Si et al. [83] they investigate the possibility to replicate the physiology and
the pathophysiology of a human lung by developing a lung-airway platform. In the
chip were cultured human lung airway epithelial cells and pulmonary microvascular
endothelial cells. They studied seven anti-viral therapeutics and demonstrated that
the platform can reliably be used to replicate the respiratory diseases.

Umbilical vessel damage by catheters was successfully studied for the first [84], by
developing a lung assist device during respiratory failure in a preterm infants. This de-
vice improves the gas exchange on the placenta by increasing the diameter of channels
in the umbilical arteries and veins and consequently increasing the blood flow. The im-
portance of that project lies in the fact that umbilical vasodilation trials are not ethical.
In a similar application [85] a microfluidic lung assist device, acts as artificial placenta
type oxygenator using a double-sided gas delivery that improves the oxygen uptake.
The double-sided single oxygenator unit (dsSOUs) had increased oxygen uptake up to
343% in comparison to the single-sided SOU (ssSOU).

Benam et al. [86] have developed an “airway-on-a-chip” studying the airways after a
chronic asthma and obstructive pulmonary disease and the responses after therapeutics.
They also tested the responses of the model to the therapy. The SARS-CoV-2 in 2019
and the unexpected consequences in human health has highlighted the need for a
platform to carry out test fast and reliably. In this review [87] were suggested some

possible uses of a lung-on-a-chip platform for replicating respiratory diseases and test
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drugs.

2.5.3 Kidney on a chip

The kidney is an organ with a sophisticated structure comprising of several types of
cells. These cells are distinct into glomerular cells, proximal tubule cells, a loop of Henle
cells, thick ascending limb cells, distal tubule cells, collecting duct cells, interstitial
kidney cells, and renal endothelial cells [88] . The organ carries on, the filtration of
blood by removing the waste and extra fluid from the blood, also helps to keep the
balance of different substances in the blood. In the kidney’s nephrons take place the
process of filtration and re-absorption. Thus, in case of kidney toxicity the issue of
losing the renal filtration is major. Finally, the most common impact of a drug is the
toxicity of kidney. [89]

Jang et al. [90] was one of the firsts that developed a multi-layered system of a
kidney. In that system they added collecting duct cells from mouse to study the filtra-
tion process of the kidney. Through this platform the polarity of the inner medullary
collecting duct was improved in response to the hormone stimulation. In a similar
work, the first model developed for kidney toxicity on primary kidney proximal tubu-
lar epithelial cells was developed [91]. The device emulated the fluid perfusion of the
human kidney proximal tubule and they were able to study the kidney functions like
the absorption of glucose the transportation of albumin and the activity of alkaline

phosphatase(ALP).
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Figure 2.20: Replication of the glomerular capillary wall in a
kidney-on-a-chip application. a) Glomerular capillary wall, with
podocytes and endothelial cells separated by glomerular basement
membrane (GBM). b) Kidney-on-a-chip device. ¢) The porous
membrane functionalized by laminin protein is acting as the GBM.
In order to replicate the stretching and relaxation motion observed
in living glomeruli a mechanical strain is applied using vacuum.
d)The device connected with two reservoirs with cell culture me-
dia. e) Multiple devices. f) Vacuum system regulated by a program.

g) Complete set-up. Image from [92].

In the study by Wilmer et al. [93] the main aspect was to develop kidney-on-a-chip
platform were the characteristics of kidney could be replicated in order to improve
the prediction of drug-induced kidney injury (DIKI). Zhou et al. [94] developed a

glomerulus-on-a-chip device where they replicated the interface between the podocytes
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and endothelial cells in the glomerulus. A key aspect of the system was to apply a
fluid low and mechanical forces, with that they pointed out that shear stress and hy-
drodynamic pressure leads to cellular cytoskeletal rearrangement and cellular damage.

Musah et al. [95] developed a kidney-glomerulus-on-a-chip where human induced
pluripotent stem (hiPS) cells were cultured and differentiated into podocytes. Since the
glomerulus has a critical function for blood filtration, podocytes have a key role, that
of the permeability regulation. Thus, they created glomerular basement-membrane
collage to replicate the tissue-tissue interaction with the glomerular endothelial cells.
They were able to replicate the adriamicyn-induced albuminuria and podocyte injury.
In another platform they generated human islet organoids from human induced pluripo-
tent stem cells [96]. This presents a new way of engineering organs from stem cells
and enables the regenerative medicine. In another application [92] (Fig. 2.20) it was
described a method to reproduce pluripotent stem cell-derived podocytes in order to
replicate the function and structure of human glomerular on a chip. With the use of
the chip they were able to study further the kidney and its diseases but also the nephro-
toxicity, therapeutics and regenerative medicines. A three-layer microfluidic platform
for kidney diseases caused by virus was developed [97]. The platform mimicked the
distal-tubule through which they studied the renal dysfunction in the regulation of

electrolyte after virus infection.

2.5.4 Heart on a chip

Heart is one of the most vital organs as it is responsible for the circulation of blood
through the body, and cardiovascular diseases are the number one cause of death.
Microfluidic-based models of the heart enable further studies in its function and heart
related diseases [98].

In one of the first studies around the topic Grosberg et al. [99] developed muscle
membranes from a PDMS film and neonatal rat cardiac myocytes cultured on in. Their
aim was to measure and analyze the contractile capacity of the myocytes by taking
advantage of the membrane curl during contractions. Thereafter, Zhang et al. [100]
managed to produced self-assembled myocardial sheets by utilizing hydrogels. In an-
other study [101] micro-organ tissue chips were developed my using a 3D bioprinter.
The endothelial cells were produced by the printer and cardiomyocytes were seeded in

order to form a vascular network.
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The heart-on-a-chip device was introduced by Zhang et al. [102] for detecting the
contractions and effects in cardiomyocytes from drugs. The platform was used for
preclinical assessments of drugs. Marsano et al. [103] fabricated a heart-on-a-chip
microfluidic device that mimicked the physiological and mechanical characteristics of
cardiomyocytes(CMs) and could support the beating of them. The mechanical and
electrical stimuli that was applied resulted to a better cell coupling. Several concen-
trations of isoprenaline were tested proving that the device can be used for drug and
toxicological tests. Thus, the platform enabled the direct visualization and quantitative
analysis that was not possible to the traditional models.

The ability to generate heart tissues from differentiated pluripotent stem cells in a
chip, was enabled by the study of Schneider et al. [104]. The platform could preserve
myocardial cells for extended period of times without them losing their functional
characteristics. Spatiotemporal pulsation dynamics could be visualized through the
platform. Similarly, Tzatzalos et al. [105] in the study describes the importance of
human induced pluripotent stem cell-derived cardiomyocytes (hiPSC-CMs) in the drug
research for cardiomyocytes related diseases. Cardiotoxicity is one of the main factors
for drug failure during trials and there is a necessity for reliable test platforms.

In a different application [106], gelatin was used as an extracellular matrix with
titanium oxide and silver nanoparticles for the development of mussel-inspired 3D de-
vice. The aim of that chip was to test the contractility of myocardial cells after the
exposure to nanoparticles that cause toxicity by affecting the calcium signals. Kamei
et al. [107] focus was to recapitulate the side effects of doxorubicin (DXR) anti-cancer
drug, in an Integrated Heart/Cancer on a Chip (iHCC). The human heart cells (hCMs)
and liver cancer cells(HepsG2) were cultured in the device, leading to the production of
the toxic doxorubicinol (DXRol) by HepsG2 after metabolizing the drug doxorubicin.
The circulation of DXRol in the device caused the toxicity to the heart cells.

2.5.5 DBrain on a chip

Brain is consider the most vital organ in the human body since it orchestrates and
manages the rest of the body by signals through the nervous system. The fact that the
human brain in terms of genetics and functionality is pretty different from the other
animals sets limitations to our understanding of it. Animal tests provide only the basic

information, but there is a need to find out more about the degenerative diseases and
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be able to test the therapeutics.

In one of the first applications [108], in the field on brain-on-chip, a microfluidic
device was created to replicate the axonal transport process. The platform enabled the
growth of an axon and axonal mitochondria. In the study of Kunze et al. [109], the
platform supported the growth of neural layers into 3D structures. The layers were
developed by mixtures of agarose-alginate and then cortical neurons were integrated
into the system. B27 supplements enabled the formation of concentration gradients in
the system. Park et al. [110] presented a microfluidic device (Fig. 2.21) in which sealed
microgrooves divide the soma part of the neuron from the axon. This arrangement
aimed to physically guide the growth direction of axons. An image processing algorithm
was developed that could quantifies the growth of axons. They also investigated the

effects of different bio-molecules in the axonal growth.

NF { MAP2 B

A

: TR
i
; A
= = 2 B

Soma compartment

Axon
compartment

Sealed
microgrooves

Axon compartment

'BEEZBRE

200 pm

Sealed
microgrooyes

Growth direction: =y

c Axon
compartments
'

Sealed
microgrooves

Figure 2.21: a) Schematic representation of how the sealed microgrooves where placed
to compartmentalize the dendrites from the axon. NF- green dye is the axon and with
MAP2- red dye is the dendrites. b) The sealed microgrooves are guiding the growth
of axons in the axon compartment. The inset image shows the growth morphology of
the axons without the help of the guiding microgrooves, that leads to difficulties in
the analysis of the axons. c¢)Schematic representation of the device, with visible the
compartmentalization of the somata and the axons. In the zoomed in image are shown

the DAPI stained neurons. Image from [110].
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In an another brain-on-a-chip model by Kilic et al. [111], the growth of neuro-
spheroids was investigated under different environmental factors. By changing the
fluid flow, neural networks were created and the occurrence of neural differentiation
was observed. The dynamic environment seems to be favorable for neurospheroid’s de-
velopment. Amyloid- effects and treatment with and without flow were also studied.
A multi-regional brain-on-a-chip [112] was fabricated in order to investigate differ-
ent diseases. It was found that the firing activity between the neuronal network was
decreased in specific brain regions. The effects of the drug phencyclidine were also
reviewed.

Mimani et al. [113] developed a brain tumor-on-a-chip model to study the magnetic
hyperthermia, a cancer treatment that aims to protect the cells near the cancer area
by generating heat locally. Gliobastoma was cultured on the microfluidic and magnetic
hyperthermia therapy was carried out for 30 minutes leading to 100% decrease of the

cell viability.

2.5.6 Human on a chip

Human-on-a-chip is the integration of two or multiple organs into one platform with the
need of continuous circulation of media and interactions between the different tissues.
Human-on-chip which is also referred as a “multi-organ-on-a-chip” [114] can be used for
complex studies like drug testing, cytotoxicity [115] with a promise to replace animal
tests.

The challenges that need to be addressed for the successful development of that
platforms is the production of media suitable for all the tissue types that will not lead
to toxic reactions, the proper scaling of organs, the vascularization of tissues and the
integration of the immune components. Likewise, the sourcing of pluripotent stem cells
(iPSCs) and different biological cell’s cycles like the circadian need to be taken into
account.

In addition to that, there are some technical challenges that need to be considered
in the integration of the multiple organs like the maintenance of sterility in the system
and the formation of bubbles during the circulation. Optimizing the physiological
parameters of the different tissues and organs like the flow rate, the ideal oxygenation
and nutrients level.

In a review [116] the critical parameters of human physiology have been established
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along with the limitations based on parametric equations. This review focused on the
design of a physiologically based pharmacokinetic (PBPK) and pharmacodynamics
(PD) model for drug development. In a multi-organ-on-a-chip model [117] different
cells types were cultured simultaneously and were connected by a channel, acting like
a bionic blood vessel.

An approach that will eventually lead to a whole human-on-a-chip, is to incorporate
few organs each time. Such as the pairs, liver-fibroblast, gut-liver and liver-pancreas.
Also the fact that organs communicate through secretion of chemical factors and vesi-
cles should be considered during the integration [118].

The study of metabolism and effects of drugs has enabled the liver-kidney model [119].
In which HepG2/C3A cells were co-cultured with kidney cells to investigate the metabolic
changes after drug delivery. In another model of liver-kidney chip by Choucha-Snouber
et al. [120] the anticancer agent Ifosfamide was administrated in order to investigate the
toxic effects. The results compared with the ones from mono-cultured chip highlighted
the importance of multi-organ platforms.

The first interaction of liver and intestine in a microfluidic was presented by Van et
al. [121]. The study focused on the interactions between the tissue slices from the two
organs in response to metabolization of drugs. The interaction of intestinal and liver
slices were demonstrated on this paper by the successful regulation of primary bile acid
in the chip. In another application that emulates the liver-intestine-on-a-chip Bricks
et al. [122] cultured HepG2 C3A and intestinal Caco-2 TCT7 cell lines to investigate
the absorption and metabolization of drugs from intestine and liver respectively. The
study highlights the importance of intestine in the utilization of oral medications but
also the improvement of the experiment’s results compared to the ones from the petri
dishes.

Maschmeyer et al. presented an application of liver-intestine and liver-skin co-
culture models [123] that emulate the toxicity caused by the drug Troglitazone. This
anti-diabetic drug was withdrawn from the market since it led to hepatotoxicity.

Vunjak-Novakovic et al. [124] integrated liver, heart and vascular system into one
microfluidic. The blood and the corresponding organ cells were cultured into the device
which was used as a platform for studying the human physiology in real time.

A four-organ-chip model by Maschemeyer et al. [125] was developed to study the
absorption, distribution, metabolism and excretion (ADME) through the co-cultured of

intestine, liver, skin and kidney. The platform emulated successfully the physiological
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path of a drug delivery in the human body with the discrete physiological functions of
each organ. The metabolization from the liver into the metabolization and absorption
from the small intestine to the excretion through the kidney with high cell viability the

platform offers the ability to evaluate the pharmatokinetics and pharmacodynamics.

(@)  Human body Microfluidic plate

Organs Multi-organ models
+ +
Blood circulation system Microfluidic networks
Circulation of blood Circulation of medium
( by heart ) ( by pneumatic pressure )
Air vent e
filter I T
a Pneumatic:
Elastomeric

- pressure line

Figure 2.22: The multi-throughput multi-organ-on-a-chip system. Image adapted from
[126]. a) This is the idea of how the human body can be replicated into a microfluidic
system. b) Detailed view of the device components, with 4x4 culture chambers. c)
The schematic representation of how the pneumatic pressure is circulatic the medium

through the platform
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Satoh et al. [126] developed a pneumatic pressure-driven system that supports si-
multaneous multiple cultures with multi-inputs (Fig. 2.22). This multi-organ-on-a-chip
platform offers flexible design and development of different microfluidic networks, with
the ability to handle the liquid flow using the pipette interface. A liver-cancer model
was replicated in order to investigate the effects of the anticancer drug capecitabine
(CAP) which inhibited the multiplication of the HCT-116 cancer cells. Likewise, in
another four-organ model of intestine, liver, cancer and connective tissues the effects
5-FU, CAP and tegafur were evaluated.

The research in the field of human-on-chip is ongoing and new techniques are pre-
sented to improve the microfluidics, the control over the cells and the culture condi-

tions [127-130].
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Chapter 3

Design and Fabrication

As we have mention in the literature review (Section 2.3), the gut-on-a-chip model
constitutes by the microfluidic device that accommodates the gut’s cells, the vacuum
that enables the emulation of the peristaltic-like motion and a fluid flow system that
delivers nutrients and other substances to the cells. In this chapter, we described the
process we followed in order to develop and validate the actuation and the control
system for the gut-on-a-chip device. The paper from Kim et al. [38] described in the

Section 2.3, sparked our interest in the field and acted as the guidance to our efforts.

3.1 System overview

The gut-on-a-chip system is formed by three components, the microfluidic device, the
actuation mechanism and the fluid flow mechanism. In order for cells to be cultured
into the device, it needs to be placed inside an incubator for maintaining the cells
viability as shown in the Fig. 3.1 that represents a completely functional system.

The microfluidic device is the platform where the gut epithelial cells are cultured
and supplied with nutrients that flow through its channel. For the purposes of this
project, the device is a two layer structure, with a semipermeable porous membrane
between the two layers. The membrane act as the interface for the cells seeding and
also enables the exchange of substances (nutrients and waste) between the cells and

their environment.
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Incubator with the microfluidic device

Liquid flow mechanism

Actuation mechanism

Figure 3.1: This image, shows the gut-on-a-chip full set up. The microfluidic device
with the cell culture should be placed in the incubator for the cell preservation. The
device is connected with the liquid flow and actuation mechanism, where the first
provides the nutrients to the cells while it removes the waste and the second enables

the peristaltic-like movement.

This device has one central channel and two vacuum chambers on either side. The
two side chambers accommodate the application of the vacuum. More specifically,
by applying vacuum in the side chambers, the walls of the central channel are pulled
and therefore both the channel and the membrane are expanded. When the vacuum
application is terminated the walls return to their initial state. The alternation between
vacuum and no-vacuum, in predetermined intervals, resembles the peristaltic motion of
the GI walls. As mention in the literature review, the peristaltic motion is an important
aspect for the growth and shape of the gut cells.

Lastly, the liquid flow mechanism is responsible for providing and controlling the
medium that pass through the central channel of the device. In this microfluidic device,
there are two inlets and two outlets and the medium chosen each time is selected based
on the requirements of each project and experiment. The schematic Fig. 3.2 shows the

device and the flow of mediums through it.
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f/

Vacuum chambers

Flow-in '

Figure 3.2: a. The microfluidic device representation with the liquid and gas tubes. b.

Representation of the liquid/vacuum flow inside the microfluidic device.

3.2 Design

The two layers of the microfluidic device have exactly the same structure and they are
produced using the polymer Polydimethylsiloxane (PDMS). The structure consists of
one central channel and two vacuum chambers on either side of it, as shown in the

Fig. 3.3.

Figure 3.3: The inset image shows the design that is fabricated on the PMDS. We can
see that the design consist of the central channel with the two vacuum chambers on

each side.

In order to replicate the design on the PDMS, we carried out the soft lithography
technique using a mold (the soft lithography technique is described in details at the
Section 3.4). The mold was also designed and produced using the 3D printing. For
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that purposed we used a 3D design tool called Tinkercad that provides the interface
to create 3D objects and visualize how they will look like when printed. Thus, we
designed the structure for a single layer and duplicated it on a slab creating four pairs

as shown in the Fig. 3.4.

= - —f- i

L4 4
A

Figure 3.4: A representation of the slab with the designs.

A representation of the single layer design with measurements is shown in Fig. 3.5.
The design was finalized based on what it was commonly described in the literature
review but also what our team discovered to work best during our trials with different
characteristics. Some of those where, the ratio between the silicon base and the curing
agent of the PDMS, the distance between the central channel and the vacuum chambers

but also the shape of the central channel.

0.85mm
hand

4.85mm

Figure 3.5: Detailed representation of the design’s dimensions.
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3.3 3D printing

In order to proceed with the printing of the designed slab, we first exported from
Tinkercad the design to an OBJ (.obj) file. This is the expected input format on the
Chitubox software that was used next. Chitubox is a software tool that helped us
pre-process and evaluated the 3D mold before actually printing it. This tool provides
useful information about the design and the printing process (e.g. the printing time,
the option to ’slice’ the design and see the layers in each slice and many more). Then,
we exported the design in ’photon’ file from Chitubox and transfered it on the 3D
printer Fig. 3.6.

Before printing, there are some steps to follow that assure the successful completion
of the printing process. First, we checked that the head of the printer was fully cleaned
without any resin remaining and that it was properly aligned in a straight position
parallel to the base. After, we poor the resin inside the base making sure to not filling
it up to the top that might lead to overflow during the process. Then, we could select
the imported design and start printing. The process can take up to some hours, at

each moment we were able to see the printing status on the printer’s screen.

Head

Base

Figure 3.6: The ANYCUBIC 3D printer that we used for printing the mold.

After the printing was completed, the mold was carefully removed from the head

with a spatula. Then, we used the Washing and Curing machine to clean and cure

37



any resin remaining from the mold. First we placed the mold into the basket of the
machine shown in Fig.3.7.a for washing. The process was repeated until we considered
that the mold was fully cleaned. Then we removed the basket and placed the mold
with the side containing the designs, upward and we set off the curing process for six
minutes (Fig.3.7.b). The purpose of this process is to cure or differently "dry” any
resin remaining from the product using UV (ultraviolet light).

The mold as shown in the Fig.3.8, could be used for the next step of the process.

ANYCURIC

Figure 3.7: ANYCUBIC Wash and Cure machine, based on the selected option it can
wash or cure the the 3D object that was printed. There are different duration times
2,4 and 6 minutes for both processes. (a) The image shows the machine with the
essential tools for washing the mold. The plastic container has isopropanol that is
spinned during the washing by the propeller in the bottom. This helps to remove the
remaining resin off the mold. (b) The machine during the curing process. The curing
process is important in order for the object to solidify. Since the resin is UV reactive

the hood of the machine designed to block it and helps the solidification process.
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Figure 3.8: The mold that was designed and produced for the purposes of this project.

It has eight structures that create four devices.

3.4 Soft Lithography

The mold that was designed and printed, it was used to fabricate the PDMS by soft
lithography. Soft lithography technique is a process of fabricating - replicating a struc-
ture by embossing an elastomer on a mold. The detailed process of preparing the
PDMS and developing the device’s PDMS layers is explained in the appendix A. After

we had prepared the layers of each device we could proceed with the device assemble.

3.5 Device assembly

After finishing with the process of soft lithography we can eventually assemble the

device. The device is assembled in the same way as the Fig. 3.9 shows.
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PDMS upper layer

\ Porous membrane

PDMS bottom layer

Glass slide

Figure 3.9: Representation of how each component of the device is placed.

The two PDMS layers were attached together and the porous membrane was placed
between them. The whole device was placed on the glass slide for better manipulation.
The detailed process is described at the appendix B. The completed device is shown
in the Fig. 3.10.

Figure 3.10: Fully developed devices. a)In the image a completed device is shown with
the central channel stained by blue and red dye. b)The device under the microscope

connected with the actuation mechanism though pipette tips and tubes.
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3.6 Actuation

Another important aspect of the gut-on-a-chip device, is the peristaltic-like motion
that simulates the movement of the gut. In order to achieve this mechanical actuation,
we had set up a system consisting of an Arduino microcontroller board, a relay, an

electronic valve and a vacuum pump (Fig. 3.11).

Incubator with the microfluidic device

Liquid flow mechanism

Figure 3.11: The actuation system that enables the peristaltic-like motion. The vacuum
pump is responsible for producing the vacuum and the arduino together with the relay

and the electronic valve are responsible for the vacuum control.

3.6.1 Microcontroller board

In order for the system to emulate the peristaltic movement of the gut, a controlled
vacuum was applied through the vacuum chambers. As mentioned above, during the
vacuum application the walls of the central channel are pulled leading to the expansion
of the channel. When the vacuum is terminated the channel returns to its initial relaxed
state. The expansion and contraction of the central channel looks like the movement
of the gut’s walls. The vacuum “pulses” are controlled by the Arduino board that
communicates with the rest of the components to attain these alternations. Arduino is
a microcontroller board that has an embedded Atmel ATmega microcontroller. This
board makes the use of the microcontroller a lot easier, since it provides a lot of
adds-on like the input and output pins and the Arduino IDE for programming the
microcontroller. In the case of this system, we developed a script that sends a signal

to the electronic valve through a relay. This signal is basically a switch on signal that
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causes the valve to start operating. When a valve is operating, it allows the application
of a vacuum on the microfluidic device that lasts six seconds; until Arduino sends
another signal, that switches of the valve for a minute. This process is repeated in a

loop, while the system is operating. The code can be found in the appendix C.

3.6.2 Pneumatic control

Regarding the production of the vacuum, we used a small vacuum pump (BTC-II
Series mini pump), that generates vacuum continuously with vacuum range 0 - 20 in
Hg (580mmHg). Since, we didn’t want the vacuum to be continuously applied on the
device, we attached the outlet of the vacuum pump to the inlet on the electronic valve
called Clippard 3-way valve. By using a valve, we could switch on/off the valve and in
that way the application of the vacuum.

The valve’s outlet tube was connected through smaller tubes on the vacuum cham-
bers of the microfluidic device. Additionally, electronic connection between the Ar-
duino and the valve was mediated by a relay. A relay is able to control devices that
operate on high voltages, in contrary with Arduino that can directly control devices
with working voltage 5V. Thus, the relay receives the signals from Arduino and then
transfers them to the electronic valve. The pneumatic control is summarized at the

Fig. 3.12.

Vacuum
pump

Electronic Arduino
valve o s .

¢\ Continuous vacuum Switch on/off signals g g
S I

|

Vacuum application when valve is switched on

4_»

s

Figure 3.12: Simplified representation of the communication between the different parts

that enable the pneumatic control.
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3.7  System assembly

Gut on a chip
microfluidic device

Actuation mechanism

!

Figure 3.13: The completed set-up for the gut-on-a-chip system ready for use.

Finally, the last step of the process was to put everything together, preparing the
device for use. First, we placed the tubes on the device for both the fluid flow and the
actuation mechanism. The tube’s diameters between the different components differ
so we adjusted everything using adapters and glue for stabilization and prevention of
leakages. For the vacuum, we joined the outlet of the electrical valve with the vacuum
chambers of the device. Also for the fluid flow, joined the tubes from the Alladin
pumps to the inlets and outlets of the device.

After everything we described was in place, the system was ready for use. The
illustration in Fig. 3.13 shows completed set-up, with the device ready to be seeded
with cells. In the Fig. 3.14 the actual, actuation mechanism we have set up and the
connections between the components are shown. The device can also be seen connected
with the actuation mechanism through the tubes and pipettes tips on the vacuum

chambers.
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Figure 3.14: The pneumatic actuation of the system connected with the microfluidic
device. The pneumatic actuation as described consist of the vacuum pump producting
the continuous vacuum, the electronic valve that controls the flow of air and inter-
changably the application of the vacuum on the device, the relay that mediated the
comminication between the valve and the arduino board and finally the arduino that

manages the the frequency and duration of vacuum application.

For the purposes of testing and evaluate the percentage of the peristaltic-like move-
ment of the device, we have used a microscope and a software tool to capture videos
during the activation of the pneumatic mechanism. As shown in the Fig. 3.15, we took

videos of the central channel that were used during the image analysis.
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Figure 3.15: The video acquisition was carried out by the use of an optical microsopy
connected to a camera, which was also connected with a software installed on the com-
puter, that enables the image/video capture and manipulation. In order to calculate
the expansion of the channel during the pneumatic actuation, we used image processing
techiques. For this purpose, we took multiple videos during the pneumatic actuation,
these videos were used as an input to the image processing script. The set up for the
video acquisition is shown in the image, on the display we can see the device’s central

channel.
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Chapter 4

Validation via Image Analysis

Image Analysis is an important aspect of that project that provided helpful insights
about the movement of device’s central channel during vacuum application. The idea
was to develop a script that could calculate the central’s channel expansion by mea-
suring its initial width and the expanded one caused by the vacuum application and
then find the percentage of the expansion. For the purposes of image analysis we have
written a script in Matlab, that offers a lot of useful tools for image processing and

analysis.

4.1 Background

4.1.1 Gaussian smoothing filter

Gaussian is a smoothing low pass filter that reduces noise and details by reducing the
high frequencies of an image. The Gaussian smoothing operator is a 2D convolution
operator (Fig. 4.1) that uses a kernel that is used to calculate the new value of each
pixel of an image. The kernel is calculated based on the Gaussian distribution given
by the formula 4.1 . Gaussian filter is consider isotropic since it has the same standard
deviation in both dimensions. The standard deviation determines the width of the

distribution.

1 2
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46



I
i
()

/
AR
AN
I
AN
R

Figure 4.1: Gaussian isotropic distribution, with mean (0,0) and 0=1. Image from [131]

The values of that distribution are used to create the convolution matrix/kernel
Fig. 4.2. Then the convolution matrix is applied in the image, for each pixel a new
value is calculate by the weighted average of the adjacent pixels. This distribution
gives more weight on the central pixels and less to the neighboring ones based on their
distance from the original pixel. An example of the gaussian smoothing filter is shown

in Fig. 4.3

o|lol1|2]|1]|0]o0
t a7 |aln 0|3 |13 |2|13|3]o0

12 |1 4 16|26 |18 4 1|13 |50 |97 |59 131
me |2 | 4|2 V273 | 7 | o6 |41 |28 | 7 11003 | 5 | 25 | o7 | 150 |07 | 22 | 2
121 4 16|26 |16 4 1 |13 |59 | o7 |59 |13 1

1 4 > 4 1 0 3 13 | 22 | 13 3 0
ofo|1|2|1|0o]o0

original sigma =3

Figure 4.3: The cameraman is an image used excessively for image processing. Here is

the original image and an example of Gaussian smoothed image with sigma value of 3.

The higher standard deviation value we have, a higher degree of smoothing will

take place. The value of sigma should be evaluated based on the application and the
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image we need to smooth.

4.1.2 Sobel Edge Detection

Edge detection is a technique used in image processing to find edges and discontinuities
in images. Is a handful tactic, when we want to focus in a specific feature of the image
instead of the rest of the details. Edges are consider the points of the image that sharp
brightness differences exist. The most common Edge detection algorithms are Sobel,
Canny, Prewitt, Roberts.

The Sobel edge detection filter uses two different 3x3 kernels Fig. 4.4 to estimate
the gradients in x-direction and y-direction. The image is processed in each direction
separately, by convoluting the image with each mask. Then a new image is created

from the summation of the Gx and Gy images.

X — Direction _I(ernel Y- Direction _Kernel
-1 0 1 : -1 -2 -1
-2 0 2 l 0 0 0
-1 0 1 1 2 1

Figure 4.4: The two kernels in the X and Y direction.

Since in the kernels there are both negative and positive numbers the results of the
Gx and Gy images they will contain negative and positives numbers as well, thus the
combination of gradients is given by the equation in 4.3. An example of the result of

sobel algorithm is shown in Fig. 4.5.

G= G+ G; (4.3)
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original Sobel edge detection

Figure 4.5: Sobel edge detection example.

4.2 Methodology

The script takes as an input, a video which must present the device’s main channel
during the peristaltic motion. Then the video is broken into frames where each frame
is processed separately.

Firstly, each frame is transformed into a gray-scale image so it can be used by the
Gaussian smoothing filter. The Gaussian smoothing filter as described above is used
to smooth out details and noise. Since the videos where taken under the microscope
and there was motion in the device, there are many artifacts and noise in each image
that interfere with the edge detection and consequently with the identification of the
channel. By applying the Gaussian smoothing filter we eliminate useless information
from the image and we can see that the edges are constituted mainly by the channel’s
walls. Also, by changing the sigma parameter of Gaussian filter we have identified
significant differences in the final results of edge detection. The smoothed image is
then converted to black and white image and it is used as an input to the Sobel edge
detection filter.

The function that implements the Sobel filter other than the resulted image, returns
two matrices, the horizontal (Gy) and vertical (Gx) gradients as well. The vertical
gradient offers useful information about the positioning of edges and we consider that
the columns with higher gradient contain the channel’s wall. Then we found the column
with higher gradient on the first part of the image considering it as the first wall and

then doing the same on the second part of the image to find the second wall.By these
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means, we can calculate the distance between the two columns by selecting two parallel
points on each column.

After finding the width of the channel in each frame of the video we compare the
initial with of the channel with the largest width that was calculated. This result

constitutes the percentage of the channel’s expansion during the vacuum application.

4.3 Results

4.3.1 Manual Measurements

In order to validate the peristaltic-like motion of the channel, we have carried out many
experiments with different devices of different characteristics but also different vacuum
values. The movement in the central channel was successfully emulated and captured
in the videos through microscope. The maximum expansion of the central channel was
2.1% and it was measured during our experiments with vacuum value of 23inHg (Inch
of mercury). In the Fig. 4.6 a representative application is shown, with the channel in

the relaxed and expanded state.

Initial state Expanded state

Figure 4.6: Manual measurement of the central’s channel width both in relax and

expanded state. This resulting to an expansion of a percentage 2.1%.

Based on what we have mentioned in the literature review, the expected mechanical
deformation of the Caco-2 cells is 10%. Based on each specific application and the needs
of different cells the deformation percentage might differs. On this case, the mechanical

deformation of the Caco-2 cells can be investigated further in another project, since
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we have accomplished the deformation in the channel’s level. It is important to note
that, that the resulted strain - the amount of deformation as a response to a specific
stress might differs between different materials. That been said, the amount of strain
in the Caco-2 cells it might be different from that of the central channel with the same

amount of vacuum.

4.3.2 Measurements using image analysis

The next step to the process was to test our script using the same data and evaluate
its effectiveness. Each frame from the video undergoes the same processing in order to

calculate the result, this process is shown step by step in the Fig. 4.7

Original Grayscale Smoothed

..

Binary Edges

Figure 4.7: The processing that every frame is going through in order to calculate the

distance. The initial image is converted to grayscale and then is smoothed with the
Gaussian smoothing filter. The smoothed image is transform to binary by using Otsu’s
threshold method. The final step is to find the edges of the image that will indicate

the channel’s walls.
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Standard deviation experimentation

The sigma ( ¢) which is the Standard Deviation of the Gaussian Smoothing filter is the
variable parameter that affects how effectively the Sobel filter will work and identify
the correct edges. In our tests we have experimented with different sigma values to
evaluate which works best in our case. The results of the different experiments are

shown in the Fig. 4.8. The channel’s edges were identified more accurately with o =
15.

Figure 4.8: In this experiments we can clearly see that while the sigma value is in-

creasing the detection of edges is more accurate and the wall’s of the central channel
are defined clearly. Around 15 and above we see that by increasing the sigma we don’t

have particular changes in the final result.

In order to decide the preferred value for o, we needed the completed results pro-
duced by the script. Thus, we run our script that calculates the percentage of change
of the channel when a vacuum is applied and compare it to the width of the channel
we calculated manually.

In more detail the script exports useful data regarding the channel’s width during
the video. These data are, the number of the frame that was found having the smallest
width and this width likewise the number of the frame with the largest width calculated
and this width. In addition to that the calculated difference and the percentage of
expansion are also exported. In the Table. 4.1 there are some of the information
mentioned above.

On that table the same video that we calculated manually was used as an input to
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Sigma | Smallest channel’s width | Largest channel’s width | Expansion %
35 1008 1016 0.79
20 1007 1018 1.09
15 1007 1016 0.89
10 1011 1018 0.69
5 733 737 0.55
1 733 739 0.82

Table 4.1: Example results of a testing we carried out with a video of the channel. In

the video the channel was relaxed and then we applied vacuum.

the script. On these data there aren’t specific patterns following the change of sigma.
But, we can see that when the 0=15, the results are closer to what we have calculated
manually. As we can seen in the resulted images in Fig. 4.8, when 0 <=10, many image
artifacts are considered edges and might affect the final results during the identification
of the two walls. In order set an upper bound to the value of sigma we also wanted
to check when the smoothing is way to much that again might lead to wrong results.
In that case we wanted to check the specific frames that the smallest/largest channel’s
width were found and inspect which was the image’s columns with the higher gradient,
since the columns with the higher gradient in our code are consider the walls of the
channel. We consider that when the ¢ >35 the smoothing leads to lost of details that

again lead to wrong identification of the walls channels, leading to wrong results.
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Chapter 5

Conclusion

The prospects of organ-on-chip platforms to replace the currently used methods for ex-
perimentation and tests of drugs and therapeutics are widely recognized in the research
community. Likewise, the system we have successfully developed can be used as a tool
for any gut-related research, since is flexible enough to support different types of cells,
bacteria and medium substances to either investigate healthy or pathogenic conditions.
Clearly, some of the characteristics can be altered to support different concepts, but
the tool can help the further investigation of the gut and more importantly enable us
to further progress the research for new drugs and therapeutics of gut cancer and other
diseases.

This multidisciplinary project, has offered us a lot of knowledge in multiple tools
that will be undoubtedly very useful in the future and the next steps in our career.
Beginning with the ability to design and print items using 3D design tools and the
3D printer. Likewise, it gave us the chance to learn the soft lithography technique to
replicate structures in elastomer using a mold; a method that can be used is many
different fields and it provided the foundation to learn other similar techniques. The
process of bringing together different components to enable the mechanical actuation,
brought new insights about unknown, till then components and how they work; in
combination with the knowledge of vacuum production and the vacuum characteristics.
The need to evaluate the motion of the channel, has led us to learn how to use the
microscope and acquire videos and photos of the device. In addition to that, for the
purposes of image analysis, we have research the edge detection algorithms and decided
to use Matlab that facilitates the coding, with the Image Processing Toolbox. Last

but not least, this project presupposes an understanding in gut physiology in order to
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emulate its environment and have a deeper understanding on what we really wanted
to develop.

Undoubtedly, there are things on the project we could do different in order to have
better overall results. One of this is the use of a different vacuum pump with ability to
produce higher values of vacuum (which is actually below -20inHg). This might result
to higher expansion of the central channel. In combination with that, we could test
devices developed with different percentage of silicon elastomer base to curing agent.
Instead of 10:1, we could test higher ratio of elastomer (ex. 12:1), that would result
to more elastic devices, thus, less vacuum. In addition to that, we could make some
alterations to the code for image analysis for more precise results. Specifically, we
could change the way the channel’s walls are identified by taking into consideration
the changes of gradient in the whole frame in order to conclude which is the column
containing the wall.

Since the concept of organs-on-chip is still in the very beginning at the research
level, there are many pathways someone can follow to investigate further their use
or experiment with drugs and treatments. Specifically, this system can be used to
be seeded with cells and bacteria in order to complete the gut-on-a-chip concept as
described in the work of Kim et al. [38]. It is crucial to test that cells can grow
and remain viable in the device and also to evaluate the composition of the provided
medium and its flow rate. In addition to these, the actuation set up should be tested
and it’s variables to be adjusted to provide the 10% expansion to the cells in order
for them to obtain the expected shape and gradually to recreate a villi like structure.
Finally, when the gut-on-a-chip system is completed it can be used for any gut-related
experimentation and drug tests. With the hope, that these devices will eventually
replace the animal tests and they can be a reliable and personalized tool for gut illnesses

and especially gut cancer.
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Appendix A

Soft Lithography

A.1 Method and Equipment

o Sylgard 184 Silicone Elastomer Kit PDMS (Contains the silicon elastomer base
and the silicon elastomer curing agent)

o High Precision Balance
o Weighing Boat

o Pipette Tips

e Pipette

o Desiccator

e Vacuum Pump

« Mold

o Oven

o Tinfoil

e Resin

« Blade

A.2 Procedure

1. Place the weighing boat up to the high precision balance.

2. Use the pipette to transfer the Silicon elastomer base into the weighting boat.
3. Calculate 27ml of base.

4. Use the pipette to transfer 2.7ml of curing agent into the weighting boat.

5. Write down the total grams of the PDMS,

6. Use a pipette tip to mix well the base and the curing agent in a way that more
bubbles will be created.
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10.

11.

12.

13.
14.
15.
16.
17.
18.
19.
20.
21.

Place the weighting boat into the desiccator.
Place the tube connected with the vacuum pump on the desiccator’s input.
Close the desiccator’s valve.

Switch on the vacuum pump and open little by little the desiccator’s valve till it
is fully open.

Wait till the bubbles disappear from the PDMS.

While waiting for the PDMS in the desiccator, fold the tinfoil so it can support
the mold with the PDMS.

When no bubbles are visible, close the valve of the desiccator.

Switch off the vacuum pump.

Open little by little the valve again so the atmospheric air can pass through.
Pour carefully the PDMS into the mold.

Remove any air bubbles with the pipette.

Place the mold with the PDMS in the oven and set the temperature to 50°C
Remove the PDMS from the oven after a day or more.

Use a blade to remove the PDMS from the mold.

Cut off each design.
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Appendix B

Device Assembly

During the device assemble we put every part of the device together and made sure
that everything was well attached. In order to have stronger bonding between the
different parts we used the plasma surface treatment technique.

Plasma is considered the fourth state of the matter, and it is actually an ionized
gas that consist from ions and electrons. During the plasma treatment the ionized gas
modifies the properties of the material’s surface. The plasma breaks the bonds in the
material’s surface making the attachment and bonding with other molecules easier. It
is important to note that plasma is an efficient way to modify the properties of the
surface without altering the materials characteristics in a larger scale.

B.1 Procedure

1. Create holes in the vacuum chamber in the bottom end of the "T” in both of the
layer.

2. Create holes in both of the ends of the central channels in each layer

3. Place into the plasma surface treatment machine for 3 minute,the PDMS’s bot-
tom layer upside down (with the channels looking downwards) and the glass
slide.

4. Then place into the glass slide the PDMS layer with the channel looking upwards.

5. Next, cut the porous membrane thin enough to cover the central channel into a
rectangle shape.

6. Place the membrane and the PDMS-glass slide into plasma for another 3 minutes.

7. Then, place the treated side of the membrane on the central channel of the
PDMS-glass slide.

8. Place into the plasma for 3 minutes the membrane-PDMS-glass slide and the
PDMS top layer(with the channels looking upward).

9. Then, put the PDMS top layer on the top of the membrane-PDMS-glass slide
and make sure the channels are aligned.

10. Lastly, place the device in the oven for a day, for everything to bond properly.
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Appendix C

Arduino script

/*% This is the code for the Gut on a Chip project xx/

void setup () {
//runs once
pinMode (4, OUTPUT);
pinMode (LED_BUILTIN, OUTPUT);
Serial .begin (9600);
}

void loop () {
//runs repeatedly
//sent a pulse to vacuum controler & switch on the led
digitalWrite (4, HIGH);
digital Write (LED_BUILTIN, HIGH);
delay (6000);
//zero signal , switch off the led
digitalWrite (4, LOW);
digitalWrite (LED BUILTIN, LOW);
delay (60000);
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Appendix D

Image Analysis script

global imgsColumns imgsRows v sigma k;
global smallestdist largestdist smallestframe largestframe folderNam

dispInfo ();

[file ,path]= uigetfile (”.avi .mpd”, "Select a video:");

if file==
disp ("You must select a file to proceed. Run the program again!”);
return ;

end

filename = fullfile (path, file);
%set sigma

sigma=input (”Give value for sigma:”);
%load and read the video
video = VideoReader (filename );
numofframes= video .NumFrames;
framesDistance= zeros (2, numofframes);
firstframe=read (video, 1);
findDimensions (firstframe );

%create video with the edges
dateTime= datetime ("now”, ’Format’,  dd-MM-yyyy HH:mm:ss ’);
dateTimestr= string (dateTime );
folderName= video .Name+” results”;
if ~exist (folderName , ’dir’);
mkdir (folderName );
end
filename= folderName+"/egdes_sigma="+sigma+” "+ dateTimestr+".avi”
v = VideoWriter (filename );
open(v);

% find distances for each frame
smallestdist =10000000; % random number
largestdist =0;

smallestframe =0;

largestframe =0;
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header=["frame” ”"1st wall col” ”"2nd wall col” ”distance ”];

writematrix ( header, folderName+”walls_sigma="+sigma+".xlsx ”);
initialFrame = read(video, 1);
results=zeros (numofframes, 4);
for k = 1 : numofframes
frame = read(video, k);
dist=findDistance (frame);
end
modev= mode(results ());
for r=1:numofframes
modeDiff= (abs(results(r,2)—modev(2))*100)/modev (2);

if (modeDiff >10)
results (r,2)="x";
results (r,3)="x";
results (r,4)="x"7;
else
if (results(r,4)<smallestdist)
smallestdist=results (r,4);
smallestframe= r;

end
if results(r,4)>largestdist
largestdist=results (r,4);
largestframe= r;
end

end

end

disp ("smallestframe "+smallestframe );

disp ("largestframe” +largestframe );
smallestImageFrame= read (video, smallestframe);

imwrite (smallestImageFrame , ”"smallestFrame.png”);
largestIlmageFrame= read(video, largestframe );
imwrite (largestlmageFrame , ”largestFrame.png”);

close(v); % closing the video
calculatePercentage (video.Name);

function calculatePercentage (videoName)

global sigma smallestdist largestdist smallestframe largestframe
excelName=videoName +” results.xlsx”;

difference= largestdist — smallestdist ;
percentageChange= round ((( difference*100)/smallestdist), 2);
values= [sigma smallestdist smallestframe largestdist largestfran

if ~exist (excelName, ’file 7)
header=["Sigma” ”Smallest dist” "Frame s/d” 7Largest dist”
writematrix ( header, excelName);
writematrix ( values , excelName’, ’WriteMode’, append’);
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else
T = readtable (excelName );
[rows, columns]=size (T);
latestrow=rows+2;
range= "A"+latestrow +7:F’+latestrow ;
writematrix ( values , excelName, 'WriteMode’, ’append’);

end
end

function findDimensions (img)
global imgsColumns imgsRows;
[rows, columns, depth]= size (img);
imgsRows= rows;
imgsColumns=columns ;

end

function distance=findDistance (img)
global imgsColumns imgsRows v sigma k folderName results temp;
grayscale= im2gray (img);
smoothlmage = imgaussfilt (grayscale ,sigma);
bw= imbinarize (smoothlmage);
[BW1, threshOut ,Gx,Gy] = edge (bw, sobel ");
if (k==1)
imwrite (BW1, 7edges SIGMA="+sigma+".png”);
end
frame= im2double (BW1);
writeVideo (v, frame);

% will iterate the half image to find the first wall
% the column that has the largest gradient is the one that contai:
% the wall
selectedColumn=1;
sumOfSelectedCol=0;
temp = [imgsColumns /2];
for c¢=1: (imgsColumns/2)—1

columnSum=0;

for r=1: imgsRows—1

columnSum=columnSum+ abs (Gx(r,c));

end

temp (¢)=columnSum ;
end
max=0;
maxPosition=0;
newSelection=false ;
for s=1: length (temp)

%check the value

if (temp (s)>max)
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if (maxPosition~=0)
if (s>1 && maxPosition<length (temp)&& maxPosition >1)

if ( (temp(s)+temp(s—1)+temp(s+1)) > max+ temp(mas
newSelection=true;
else
newSelection=false ;
end
elseif (s==1)
if (maxPosition<length (temp) && temp (s)+temp(s+1)>
newSelection=true;
elseif (temp (s)>max)
newSelection=true;
else
newSelection=false;
end
end
else
newSelection=true;
end
end

if (newSelection)
max=temp (s );
maxPosition=s;
end

newSelection=false ;
end

sumOfSelectedCol= max;
selectedColumn= maxPosition;

% find the second wall in the second half of the image
secondSelectedColumn=1;

secondSumOfSelectedCol=0;
for c¢=(imgsColumns/2): imgsColumns—1
columnSum=0;
for r=1: imgsRows—1
columnSum=columnSum+ abs (Gx(r,c));
end

if columnSum>secondSumOfSelectedCol
secondSumOfSelectedCol= columnSum

secondSelectedColumn= c;
end

end

% selection of the vertical half of the image, into the two colum
% in order for the points to be paraller to find them distance

distance =secondSelectedColumn—selectedColumn ;

temp=[k selectedColumn secondSelectedColumn distance |;
writematrix ( temp, folderName+"walls sigma="+sigma+".xlsx”, *Write
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results (k,1)=k;

results (k,2)=selectedColumn ;
results (k,3)= secondSelectedColumn ;
results (k,4)= distance;

end
function displInfo ()
disp (" Program requirements:”);

disp ("The selected video should show the channel in vertical arrar

end
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