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Abstract

Purpose:
This thesis aimed to create a polydimethylsiloxane (PDMS) microfluidic chip
utilizing low-cost commercial 3D printers and to integrate human corneal epithelial

cells (HCEC) into the fabricated chip.

Methods:

The purpose of the first experimental chapter (Chapter 3) of this thesis was to
develop PDMS devices from 3D printed moulds of two commercially available 3D
printers: the Formlabs Form 3B+, which employs Stereolithography (SLA)
technology, and the AnyCubic D2 DLP, which utilizes Digital Light Processing (DLP)
technology. The fabrication of PDMS from 3D printed moulds can be achieved by
introducing three simple post-processing steps: heating, sanding, and nail polish
coating. A biomaterial coating was applied to the surfaces of the PDMS devices to

render their surfaces hydrophilic.

The second experimental chapter (Chapter 4) centred on incorporating HCEC

into the PDMS device fabricated using the method described in Chapter 3.

Results:
Both 3D printers could generate optically clear PDMS devices with smaller
channel dimensions of 100 ym, with faster print times and higher accuracy for the DLP

3D printer. Heating the 3D printed moulds produced fully cured PDMS chips with



perfect channel edges. The sanding and nail polish coating of the mould produced
optically transparent and smooth PDMS devices. Coating the PDMS surface with

polydopamine (PDA) improved its surface wettability from 110° to 75°.

On the PDA and collagen-coated device, HCEC exhibited significantly better
growth than on the untreated PDMS device. HCEC cultured on these PDA/collagen-
coated PDMS devices demonstrated 80% cell viability compared to conventional

tissue culture plates.
Conclusion:

This study demonstrated that SLA and DLP printers can be used to produce
PDMS microfluidic chips quickly and affordably. Notably, the DLP printer offered better
accuracy and faster printing time than the SLA printer. The fabricated PDMS chips

were transparent and capable of incorporating HCEC.
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1 Introduction

1.1 Challenges in the development of effective treatments for ocular diseases

1.1.1 Impact of vision loss and the need for effective treatment

“The eyes are the windows to your soul,” said William Shakespeare, one of the
greatest writers of the 16! century.! The eye is one of the most crucial organs of the
human body that allows us to perceive the world around us.? The light enters through
the cornea, the transparent portion at the front of the eye, and is focused by the
crystalline lens onto the retinal photoreceptors. These photoreceptor cells transform
light signals into electrical impulses that reach the brain via the optic nerve, which are
then interpreted as three-dimensional (3D) images.® The visual perception process
requires anatomical integrity and physiological interconnection between the brain,
eyes, and their related structures. The disruption of any of these components in the
visual pathway can lead to vision loss and, potentially, even blindness.?

The eye is also closely connected to the entire human body. Systemic diseases,
including hypertension, diabetes, and autoimmune diseases, are linked to the onset
of eye-related diseases.? The complete loss of vision or vision deterioration impacts
the quality of life in areas of independence, mobility, mental cognition, education,
employment, and social life.# Furthermore, the economic burden associated with
vision loss is significant.® According to the 2013 study commissioned by Prevent
Blindness, the total tangible and hidden expenses associated with vision loss in the
United States were estimated to be $138 billion in 2013 and estimated to expand up
to $717 billion by the year 2050.46

The World Health Organization (WHO) characterized the occurrence of low

vision and complete absence of vision according to visual acuity (VA) (Table 1.1).7:8



Visual acuity is the measure of the ability to differentiate the finest features of a high
contrast target at a standardized distance and lighting conditions.® Snellen is the most
commonly used VA chart, denoted as the fraction of test distance to the tiniest line
correctly read.? According to the Canadian Council of the Blind, as of 2021, 1.2 million
Canadians (3.2% of the total population) have significant vision loss or blindness.'° By
2050, it is projected that globally, 474 million will be visually impaired, and 61 million
will be affected by complete vision loss.'" 40% of irreversible visual impairments were
caused by cataracts and visual pathway diseases.'”> Age-related macular
degeneration, glaucoma, and diabetic retinopathy were the subsequent leading
causes of blindness.” Research with innovative approaches and utilization of new
technologies such as gene therapy and stem cell therapy are crucial in advancing
global eye health, providing effective treatment, and mitigating irreversible vision

disorders.?

Table 1.1 — WHO classification for visual impairment based on visual acuity (VA)

Category Types of vision Visual acuity (VA)

Snellen (in meters) Snellen (in feet)

Normal 0 - Normal vision 6/7.5 or better 20/25 or better
VL 0 - Near normal vision ~ 6/9 - 6/18 20/30 - 20/60
Low vision 1 - Moderate low vision 6/21 - 6/48 20/70 - 20/160

2 - Severe low vision 6/60 - 3/60 20/200 - 20/400

3 - Profound vision loss 6/150 - 6/300 20/500 - 20/1000
Blindness 4 - Near total blindness < 6/300 < 20/1000

5 - Total blindness No light perception No light perception®

7,13




1.1.2 Stages of ocular drug development process: From preclinical

development to clinical trials and regulatory approval

Developing new ocular drugs and medical devices is a demanding process that
takes 12 to 15 years on average and exceeds $1 billion in expenditure per drug.'#-16
For a new ocular drug to enter the market, it must pass through various stages, starting
from preclinical development to clinical trial phases, followed by regulatory clearance
through agencies such as Health Canada and the Food and Drug Administration

(FDA) and, finally, successful aftermarket surveillance (Figure 1.1)."7

1.1.2.1 Drug discovery and preclinical development

The drug discovery process aims to identify a highly safe and effective drug for
treating a targeted disease. Additionally, it must have the highest potential for market
launch to ensure appropriate financial return.’® It is estimated that only 1 in every 5000
drugs evaluated in the drug discovery phase enters the market.'® The drug discovery
process involves numerous phases, including target identification and validation, high
throughput screening (HTS), hit identification, assay development, lead generation,
and optimization, followed by preclinical testing (Table 1.2).16. 19-21

The target identification process begins with a detailed comprehension of
biological and physiological mechanisms, pathways involved in the disease, as well
as potential hereditary and environmental risk factors that might lead to the disease
condition.'® 22 The potential drug target should uphold clinical and commercial
standards, be safe, and effective.'® 2> Using advanced methodologies and scientific
technology, the drug discovery process entails the identification of potential
therapeutic targets. Once the ideal therapeutic target has been determined, it can be
validated to ensure the repeatability of its functional activity in treating the specific
disease condition.?®> 24 Subsequently, the potential lead candidate can be identified

3



and optimized to ensure that it is most likely to succeed in clinical trials. The selected
drug candidate is characterized for its toxicity, structure, size, and improvement of the
disease targeted.?® This leads to the essential crucial next step of preclinical testing,
where the safety and effectiveness of a drug are examined in animal models. It
involves two main areas of study: pharmacology and toxicology. Pharmacology
focuses on the pharmacokinetics (study of how the body interacts with the
administered drug) and pharmacodynamics (understanding the biochemical and
physiological effect of the drug on the body) parameters of the substance. In contrast,
toxicology studies the toxicological effects of the drug in-vivo. The preclinical trials
must be approved by regulatory authorities, ensuring they can be conducted safely

and ethically, and only drugs that are safe and effective are finally approved.'® 1824

1.1.2.2 Investigational New Drug (IND) application:

Once the desired drug candidate has been demonstrated to be safe and
effective in preclinical studies, an application is submitted to the regulatory bodies for
the initiation of human trials by the drug developers or industrial sponsors.?® 25 The
FDA in the United States and Health Canada in Canada are the regulatory bodies that
authorize the testing of preclinically validated therapeutics in human clinical trials.?
The IND application requires information on pharmacology and toxicology study
results in animal models, detailed information on drug manufacturing procedures, and

information pertinent to clinical trial procedures and investigators involved.?®



Table 1.2 - Stages in drug discovery process from target identification to preclinical drug development.

Stages

Description

Target identification

Target validation

High throughput screening (HTS)

Hit identification

Assay development

Lead generation

Identifying potential therapeutic targets, typically through tools such as data mining, bioinformatics,

functional screening, and phenotypic analysis.

Validate the selected potential target for functional activity towards the specific disease.
Screening several thousands of compounds (chemical libraries) against the target (specific biological

molecule or pathway) to identify the potential hits with activity.

Hits identified through HTS can be validated for their potency, selectivity, and pharmacological properties. It
involves secondary screening, medicinal chemistry optimization, and structure-activity relationship studies.
Developing specific assays to evaluate the efficacy and activity of selected compounds. Cell-based assays
measure compound activity within cells, while biochemical assays measure the binding affinity between the

compound and target protein.

Compounds with the highest activity, selectivity, and safety among hits are identified as "leads."



The objective of this step is to preserve the beneficial properties of the lead compound while resolving its
deficiencies. The lead compound undergoes an iterative change to improve its efficacy, selectivity,

Lead optimization adsorption, distribution, metabolism, excretion, and toxicity (ADMET).

Preclinical studies Evaluating optimized lead compound for its safety and efficacy in cell cultures and animal models. ' 2427




1.1.2.3 Clinical trials

Clinical trials are scientific investigations undertaken on humans. Their primary
objective is to assess the safety and effectiveness of new medical therapies. These
trials aid scientists in determining whether novel treatments/therapies are successful
and safe compared to existing solutions. They can be classified into four phases, from
| to IV.%8 2° The preclinical studies are followed by First-in-Human (FIH) trials and
serve as a prelude for the beginning of human clinical trials.?® In FIH trials, a tiny group
of healthy volunteers or diseased subjects (10 to 15) are administered the drug in
escalating dosages to determine the maximum tolerated dose, and any adverse
effects are recorded.?* 26 The aim of a phase I clinical trial is to determine the drug’s
safety, dosage, pharmacodynamic and pharmacokinetic profile, and any potential side
effects in a small group of healthy volunteers (20 to 80).2% 3% In terms of investigations
involving intravitreal administration of an ocular drug, this involves phase 1a/2b, which
evaluates the safety and effectiveness of an ocular drug, first in healthy volunteers
(Phase 1a) and then in individuals with the targeted ocular condition (Phase 2b).% In
phase Il clinical trials, up to 300 individuals are evaluated for the efficacy and
additional safety of the drug. Here, the medication or treatment is generally considered
against a placebo with a follow-up period of 2 years, and a typical success rate of 33%
is reported.?®> %0 In phase Il clinical trials, a large group (300 to 3000) of diseased
individuals are tested to determine the drug’s efficacy for 1 - 4 years. In this stage, the
therapeutic medication or treatment will be compared with already established
therapies, any potential side effects will be observed, and the overall balance between
the benefits and risks of the treatment will be assessed.?'

After the successful completion of phase Il clinical trials, a New Drug

Application (NDA) is submitted to the relevant regulatory agency by the drug
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developers or industrial sponsors to approve the new drug or treatment and its release
into the market. This application includes all pertinent information about the drug,
including preclinical testing to phase Il clinical trials, insights about the drug’s
chemistry and manufacturing details, suggested packaging and labelling methods,
and patent information.?> The review process varies, and it might take up to a
maximum of 15 months. On approval, the drug enters phase IV, also termed post-
market surveillance, which involves several thousand volunteers with the diseased
condition. This phase aims to understand the drug's long-term safety and efficacy and
discover any unidentified side effects in the previous clinical studies.?* 3! The outcome
of this phase results in negotiation with the regulatory agencies and sponsors to
update the package labelling and train the health care professionals on how to employ

this medication to treat the disease.?*

Research & Development Preclinical Studies Clinical Trials Review & Approval
3-6 years 1 year 4-7 years 1-2 years
@) ~
‘ @ y -
-'® \ | R

A ’
o Target identification o In vitro studies e Phase |, I, lll trials « Safety & efficacy
e Compound screening e In vivo studies * Dosage & safety evaluation
¢ Lead identification « Toxicity testing monitoring o Approval & manufacture

o Post-release monitoring

Figure 1.1: Overview of the drug discovery process.
(Created with Biorender.com)



1.1.3 Ineffective preclinical testing and clinical trials failure

Preclinical testing aims to identify the drug candidate with the highest possibility
of becoming a commercially viable product while being remarkably safe and
efficacious. The preclinical studies are a crucial step, bridging the drug discovery
process and clinical trials.32 However, 90% of drug targets that succeed in preclinical
testing fail to pass clinical trials. One main reason is the unforeseen toxicity (33%) and
efficacy (43%) during the early stages of testing.33 34 Approximately one-fifth (20%) of
the entire expenditure on drug development is reserved for preclinical research, with

clinical trials accounting for four-fifths (80%) of the expenses.®?

Traditionally, pharmacokinetic studies performed by blood analysis are
inappropriate for ophthalmic drug research. The regulatory bodies encourage a range
of bioequivalence investigations, such as pharmacokinetic studies in aqueous
humour, clinical endpoint studies, microbial kill rate assay, and in vitro release
studies.®>%" In-vitro studies are considered more reliable for evaluating ocular
therapeutics in the early stages of testing. There have been attempts to develop
physiologically pertinent computational models. For instance, the Ocular
Compartmental Absorption and Transit (OCAT™) model could predict the
bioavailability of ocular drugs and tear film break-up time.3% 38 Additionally, instruments
such as the Franz diffusion cell are utilized for the in-vitro evaluation of ophthalmic
ointments and suspensions.3® This device consists of two segments separated via a
membrane. The membrane acts as a barrier, allowing the diffusion of drug formulation
from one end to the receptor fluid on the other side.3% 4% Though in silico modelling
and in-vitro studies could expedite preclinical drug screening, they cannot predict drug
behaviour in a complex physiological environment.#’ Hence, experimental evidence

from animal models is required.*'



Since 1964, using animal models such as live rabbits and dogs for eye-related
studies has been accepted by regulatory bodies.*? Furthermore, the in-vivo Draize test
is claimed to be the gold standard method for determining acute ocular toxicity. In this
method, 100 pL of the investigational agent is applied to one of the rabbit’s eyes and
observed for ocular discomfort after 72 hours.*® However, using animal models exhibit
variations in anatomical and physiological parameters, blink interval, and tear flow
dynamics when compared to the human eye.*? For instance, when compared with
humans, the rabbits’ epithelial layer (10 times) and Bowman’s layer (6 times) are
thicker (resulting in a higher pain threshold), and the rabbit has a very different tear
composition and structure to humans.** Additionally, utilizing animal models raises
severe ethical concerns. It must follow the 3R’s guideline of European Union (EU)
legislation, which is to ‘replace’ — explore other options, ‘reduce’ — minimize animals

used and ‘refine’ — minimize animal suffering.3®

To reduce the use of live animals in experimental studies, excised bovine or
porcine corneas are used for comprehensive analyses of corneal penetration
properties of therapeutic substances.*®4¢ The drug development process is hampered
by the limited throughput and high cost of ex-vivo and in-vivo animal models. These
models demand prolonged experimental durations and substantial financial
investments, impeding the streamlined assessment of novel drug candidates.
Consequently, this not only extends the timeline for drug development but also
imposes significant financial burdens on pharmaceutical enterprises.*” 48 Under the
FDA Modernization Act 2.0, the FDA no longer requires new therapeutics to be tested
on animal models. However, comparable data from alternative testing platforms is
desired.*® While this change marks a significant milestone in the transition away from

animal testing, it also highlights the need to develop and validate physiologically
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relevant in-vitro ocular models that could expedite the research and development
process. Furthermore, such a development should increase the success rate of

therapeutics entering the market while saving cost, time, and money.'?

1.1.4 Improved cytotoxicity testing models address the limitations in current

preclinical testing methods

The eye is an intricate organ with various protective barriers., including the
conjunctiva, cornea, blood-aqueous and blood-retinal barriers, and efficient
mechanisms like blinking and tear turnover that instantaneously remove therapeutics
from the ocular surface.®® This complex anatomy makes it very challenging to predict
the toxicity of ophthalmic therapeutics in preclinical studies.®! To better determine the
ocular toxicity and minimize the usage of animal models, the creation of sophisticated

in-vitro ocular models that are physiologically relevant is necessary.5% 53

There have been attempts to develop reconstructed human corneal epithelium-
like models consisting of epithelial, stroma, and endothelial cell layers, such as
EpiOcular™, Labcyte Cornea model, and MCTT HCE™, that are used to assess
ocular irritancy and offer a more realistic and accurate alternative to current
techniques.> Recently, Yu et al. developed a microfluidic chip using 3D printing,
where they created a physiologically relevant eye model by culturing human corneal
and conjunctival cells and introduced a controllable blink mechanism with tear flow
mimicking the “eye”.>® By controlling the blink rate, they introduced a dry eye state in
the model and tested it with the introduction of a lubricant protein called Lubricin.>®
The development of 3D human cornea-equivalent models has been facilitated by
rapidly advancing technologies, such as microfluidics and 3D printing.® However, the
general adoption of these models can be constrained by expensive and tedious

fabrication methodologies. The fabrication process can be challenging for other
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laboratories to replicate, which can limit the widespread adoption and use of these
models.>” Despite these challenges, the continued development of these models holds

great promise for the evaluation of drugs.%®

1.2 Overview of microfluidics

Microfluidics is the science and technology of fabricating devices that can be
used to manipulate fluids at a microscale level, with channel dimensions ranging from
tens to several hundred micrometres.?®¢" The movement of fluids at this microscale
level is governed by different physical factors compared to the macroscale level.®?
These principles include laminar flow, surface and interfacial tension, diffusion,

capillary forces, and surface area to volume ratio.53 64

Laminar flow: The resistance for fluid to flow is higher in microchannels when
compared to larger channels. This fluid behaviour is attributable to the fact that the
thickness of the fluid (viscous force) has a more significant impact on the flow than the
force driving it (inertial force).5® 64 Hence, the fluid flow is laminar (Reynold’s number
< 2000), which means the fluid travels smoothly or in a regular path that allows for

easy manipulation of fluids.%*

Surface and interfacial tension: Surface tension arises due to the interaction of a
liquid with air, while interfacial tension results due to the interaction of a liquid with

another liquid. This property is utilized in cell sorting applications.6? 63

Diffusion: Diffusion plays a vital role in separation processes in microfluidics. This
process involves the random movement of particles from a higher concentration to a
lower concentration. This process can be employed to create concentration gradients

as the diffusion time is shorter in a microchannel environment.3
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Capillary forces: The capillary action involves the movement of fluid in a porous
material or capillaries without the need for any external forces.®® The fluid movement
occurs due to surface tension and the wettability of capillaries.®® These forces are

more dominant than gravitational force and are employed in glucose monitoring kits.54

Surface area to volume ratio (SAV): Microfluidic devices possess microscale
channels, which result in higher surface area when compared to the volume, with
surface forces being predominant.®¢ For instance, a microfluidic chip with a channel
dimension of 1 mm length x 100 ym width x 100 ym height has a total volume of 10
nL. The surface area of the channel walls would be 0.4 mm?, while the volume would
be 10 nL or 0.01 mm?.%3 These characteristics can be utilized in digital microfluidic
technology, where microdroplets are generated and transported through surface
tension and substrate hydrophobicity, allowing for precise control and the potential to

create a lab-on-a-chip.6®

1.2.1 Origin of microfluidics

The origin of microfluidics was influenced by four core fields, namely molecular
biology, molecular analysis, biodefense, and microelectronics.®® Firstly, it began with
the miniaturization of chemical analytical methods, such as gas-phase
chromatography and capillary electrophoresis, in the 1970s.5% 67 Secondly, after the
end of the Cold War, the Defence Advanced Research Project Agency initiated the
development of microfluidic systems that could be deployed in fields to detect chemical
and biological threats in the 1990s.5° Thirdly, with the rapid growth in the field of
genomics in the late 1990s and early 2000s, microfluidics offered new innovative ways
to overcome the challenges in the field of molecular biology, such as higher sensitivity
and resolution for high-throughput DNA sequencing.®® Lastly, the fabrication

techniques of microelectronics, such as photolithography, were applied in microfluidics

13



to develop smaller lab-on-a-chip devices with efficient pumps and valves.>® These

advantages make the lab-on-a-chip devices an ideal platform for point-of-care

diagnostics, drug discovery, biotechnology, analytical chemistry, energy generation,

pharmaceuticals, and biomedicine.®”

1.2.2 Advantages of microfluidics

The advantages of microfluidics are as follows:

Enables high-throughput processing, which makes it possible to execute

several thousands of reactions simultaneously.®®

Replace cumbersome and expensive laboratory equipment necessary to

execute samples with a tiny, portable device.®®

Minimizes the utilization of huge volumes of expensive reagents and samples

used.2

Provides a platform for integrating numerous laboratory processes onto a
single chip, enabling enhanced diagnostics, personalized medicine, and

point-of-care testing.%°

1.2.3 Disadvantages of microfluidics

Microfluidic systems often require specialized knowledge and expertise in
design, fabrication, and operation, which can be a barrier for researchers and

industries without the necessary skills.”®

Microchannels in microfluidic devices are susceptible to clogging, which can

disrupt experiments.”"
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iii. Lack of standardization in microfluidic designs and fabrication methods can
make it challenging to compare results across different studies or

laboratories.”?

1.2.4 Types of microfluidics

A typical microfluidic system is composed of an inlet, outlet, microchannels,
mixing chamber, and valves to regulate fluid flow (Figure 1.2:A).”® Based on the device
configuration, microfluidics can be classified as droplet-based microfluidics, paper-

based microfluidics, digital microfluidics, and organ-on-a-chip microfluidics.

Droplet-based microfluidics: This involves forming several thousands of
uniform microdroplets by utilizing the property of two immiscible fluids, such as water
in oil droplets or oil in water droplets.” 7> Microdroplets are generated at the interface
of two immiscible phases. (Figure 1.2:B).”® Each microdroplet serves as a reservoir
that could be tailored for drug delivery, cell sorting, nanoparticle synthesis, and
genomic analysis. This has emerged as a powerful tool, enabling researchers to

perform complex assays with high accuracy and efficiency.” 74

Paper-based microfluidics: Paper is the most widely used material in paper-
based microfluidics.”® Cellulose and nitrocellulose-based porous materials are
generally used. Paper is relatively hydrophilic, and the hydrophobic barrier can be
created by techniques such as inkjet printing, wax printing, etching, and embossing.
This patterning of hydrophilic and hydrophobic barriers allows the movement of fluids
(reagents or samples) via capillary action (Figure 1.2:C).”® 77 This has gained much
attention recently due to its low cost, ease of fabrication, portability, and versatility.”*
7 It is primarily employed in point-of-care (POC) diagnostics in the detection of

pathogens, pollutants, pesticides, and nucleic acid based tests.”®
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Digital microfluidics: This entails handling discrete liquid droplets (microlitre
to picolitre) on a chip containing an array of electrodes (microelectronic chip) instead
of a microchannel with other regions coated with a hydrophobic material. The
individual droplet movements are controlled through electric fields instead of the
network of channels, microvalves, pumps, and mixers.”® It has applications in various
disciplines, including biology, chemistry, medicine, and chemical engineering, and is

widely utilized for genomic and proteomic analysis.”®

Organ-on-a-chip microfluidics: As the name suggests, organ-on-a-chip is a
micro-engineered 3D in-vitro tissue model that could mimic the physiological
conditions of human organ systems (Figure 1.2:D).8 It aids majorly in the
understanding of pathogenesis, organ-organ interactions, drug screening, and
toxicology testing in a highly controlled environment.”3 8% |t can serve as a link between
preclinical and clinical trials, reducing the cost, time and accelerating the drug

development process.”®

Based on the fluid flow incorporated into the aforementioned microfluidic

devices, they can be categorized as active and passive.®®

Active microfluidics: This requires an external power source for fluid
transport. These power sources include electroosmotic, peristaltic, and centrifugal or
magnetic pumps. It is quite challenging and expensive to incorporate these external
power sources into microfluidic chips due to the complexity involved in their

miniaturization.68. 81

Passive microfluidics: This employs fluid movement through inherent fluid

properties, such as capillary action or surface tension, without needing any external
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source. Since the fabrication process is simple and straightforward, requires less

expertise, low cost, and is compact, this method is frequently used.®8

A B
Glass slide
| Qil phase
Reagent inlet Mixing chamber
€ Microdroplets
Sensor Outlet
. Aqueous phase
Sample inlet |
Cc D

Lung-on-a-chip

Reagent region — Sample region

Epithelial cells
Hydrophobic barrier —1—— r~ 2 N

created using wax N e )
Hydrophilic channel

for movement of
sample via capillary
action

Endothelial cells

Output sensing —
region

Figure 1.2: A) Simple microfluidic chip design B) Droplet-based microfluidics C)
Paper-based microfluidics D) Organ-on-a-chip microfluidics.

(Created with Biorender.com)

1.2.5 Materials used for microfluidic fabrication

The materials used to fabricate microfluidic devices can be classified primarily

as inorganic and organic.

Inorganic materials are chemical compounds that do not primarily consist of
carbon-hydrogen bonds. The first series of microfluidic devices were manufactured
using inorganic materials such as silicon or glass. Glass is optically transparent, while
silicon is optically opaque.?? Si-glass microfluidic chips were developed initially for gas
chromatography. They were commonly used due to their compatibility with a wide

range of fluids, ability to generate highly precise microchannel features, and high
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thermal conductivity.®3 They are majorly used in lab-on-a-chip devices integrating
several components required to process an experiment in a single chip, especially for
point-of-care diagnostics. It is also utilized in biochemical analysis and biosensing for
DNA profiling, food safety testing, and environmental research.®* However, their
fabrication process is quite challenging, involving techniques such as photolithography
and direct laser writing, which are highly expensive, time-consuming, labour-intensive,
and use toxic chemicals.®? Additionally, silicon and glass are impermeable to gases,

making it challenging to perform cell studies for longer durations.8®

Organic materials are chemical compounds primarily composed of carbon,
hydrogen, and other elements such as oxygen, nitrogen, silicon, and sulphur. The
fabrication process is more time-efficient and cost-effective for organic materials than
inorganic materials. The organic materials used in microfluidic fabrication can be

classified as thermosets, thermoplastics, hydrogels, and elastomers.86

Thermosets are a class of polymers that undergo a permanent chemical
crosslinking reaction when exposed to heat or radiation, forming three-dimensional
structures. These materials cannot be melted or reshaped once cured. These
materials provide high stability at high temperatures and are resistant to most solvents,
making them ideal for applications requiring elevated performance.®” They include
materials such as SU-8 and polyimide, commonly used in lithography. Their material
properties allow the creation of high-resolution microchannel features. Nonetheless,
their application in microfluidics is limited by their high stiffness and high fabrication
cost. Additionally, it's challenging to modify the surface of thermosets once cured, and

bonding them can be difficult.8? 86

Thermoplastics differ from thermosets; they become soft when heated and
return to a solid state when cooled. This property allows them to be melted and
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reshaped multiple times. They become malleable at their glass transition temperature
(Tg) and can be manufactured using thermal moulding, producing thousands of
replicates rapidly and affordably.8® Moreover, the thermal moulding process is more
affordable in industries as it is produced in high volume and is not suitable for
prototyping. The emerging technologies, such as 3D printing and laser cutting, led to
a significant increase in the rapid prototyping of thermoplastics. Some thermoplastics
include polymethylmethacrylate (PMMA), polyethylene terephthalate, and
polystyrene.®? 8 These materials are used to create lab-on-a-chip devices for
applications like medical diagnostics and point-of-care testing due to their ease of
fabrication and transparency, enabling real-time observation of fluid behaviour.
Additionally, it is employed to design microfluidic pumps and valves for precise fluid
control in various microscale experiments. The bonding of thermoplastics with other
materials can be quite challenging, and often adhesive-based or thermal bonding is
employed.8 88 Despite their compatibility with a wide range of solvents, their
usefulness in cell studies is limited since they are barely permeable to gases such as

oxygen and nitrogen.8 89

Hydrogels are 3D networks of polymeric chains that span in aqueous media
and are highly porous with tunable pore sizes.?® These hydrogel-based microfluidic
systems are particularly valuable in cell biology and tissue engineering, where they
can mimic the physiological conditions of living tissues. They allow for precise control
of factors like pH, temperature, and chemical gradients, making them ideal for studying
cell behaviour, drug screening, and regenerative medicine applications.8? These
systems are also employed in biosensors, where hydrogels can detect biological
components, enhancing sensitivity and selectivity.®! The main disadvantage of

hydrogels in microfluidics is their potential mechanical and structural instability,
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especially in high-pressure microfluidic applications. Additionally, these hydrogels can
undergo degradation with time, affecting their long-term functionality in microfluidic

devices.??

Elastomers are a network of crosslinked polymer chains that can be elongated
or squeezed by an external force and regain their original shape on withdrawal of the
force.®? Polydimethylsiloxane (PDMS) is the most extensively used silicone-based
elastomer and a crucial component in microfluidics fabrication.®® ¢ PDMS offers
greater flexibility, biocompatibility, high optical transparency, gas permeability, water
impermeability, thermal stability, versatile chemistry functionalization, and easy
mouldability, making it ideal for biological applications.®>% The liquid PDMS
prepolymer and curing agent can be thermally cured in master moulds with nanometer
resolution, and its low surface tension enables easy removal from the moulds.% The
resulting PDMS can be bonded to another PDMS, polymeric materials (such as
polyethylene terephthalate, polycarbonate, polyvinylchloride, PMMA), or glass/silicon
substrates by reversible or irreversible bonding methods.?* %5 % PDMS being flexible
allows the integration of other components such as electrodes, sensors, and valves,
enabling the fabrication of multifunctional microfluidic devices. Moreover, the surface
of PDMS is hydrophobic and requires surface modification to incorporate cell culture.
Furthermore, the absorption of small hydrophobic molecules on its surface can limit

its applications in certain biological analyses.*

1.2.6 PDMS bonding strategies

PDMS can be easily attached to silicon/glass via surface activation techniques
such as oxygen plasma treatment and corona discharge treatment. These techniques
potentially alter the surface characteristics of silicon/glass and PDMS, enabling strong

bonding between them.®** PDMS can be bonded with thermoplastics by surface
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functionalization, referred to as chemical gluing. In addition, it can be reversibly

bonded by adhesives (Table 1.3).%

1.2.7 Soft lithography — the most common PDMS fabrication method

The term soft lithography can be split into soft + lithography. The term “soft”
refers to the flexible and elastic materials that can be fabricated using the soft
lithography technique. “Lithography” is a general term used in microfabrication to
create intricate surface patterns. Soft lithography is the modification of traditional
photolithography techniques. In photolithography, light creates tiny patterns on silicon
substrates for making rigid computer chips and other electronic devices. In the context
of soft lithography, the term implies a similar process of pattern transfer but with a

focus on using flexible materials as substrates.%0 101

The process begins with the creation of a master mould using traditional
photolithography. Here, a negative photoresist material is spin-coated over the silicon
wafer.%5 Photoresists are light-sensitive materials used to engrave patterns on silicon
substrates. They can be classified as positive and negative photoresists. On exposure
to UV light, positive photoresists become soluble while negative photoresists become
hardened. Typically, SU-8, a negative photoresist material, is spin-coated over silicon
wafers due to its thermal stability, excellent adhesion, sensitivity to UV light, and
biocompatibility.’® Then, UV light is projected through the photomask, a specialized
template that exposes only the region of photoresists to be hardened by UV light. The
part of photoresist material exposed to UV light can be hardened, and other regions
are dissolved away. The hardened material bearing the pattern results in the reverse
master mould."%® A liquid precursor, generally a PDMS prepolymer and curing agent
mixture (Sylgard 184 from Dow corning), is poured over the master mould, cured at

elevated temperatures, and peeled off to produce a PDMS stamp with the desired
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structures.®”- 9. 190 Additionally, this reusable PDMS stamp (which can be used > 50
times) can act as a template to cast different polymeric materials. The properties of
PDMS, such as low interfacial free energy (~21.6 dyn/cm) and inert surface, make
it ideal for casting different polymeric materials without adhesion.®” There are a few
constraints in using PDMS stamps, such as ~1% shrinkage on curing, and the
height/length aspect ratio cannot be too low or high as they might result in structural

defects due to PDMS softness.®”

Soft lithography encompasses other techniques, namely replica moulding,
microcontact printing, injection moulding, and hot embossing.?” In replica moulding,
an already existing master mould is utilized to cast UV or thermally curable
prepolymers that replicate the mould's shape and morphology.'%* A PDMS stamp or
mould is fabricated via soft lithography in microcontact printing. The surface of the
PDMS stamp is then inked with a polymeric material, which is often self-assembling
monolayers (SAM) (alkane thiolates on Au/Ag and alkyl siloxanes on hydroxyl-
terminated surfaces such as Si/SiO2). These SAMs can selectively stick to the
substrate when the stamp comes into contact with the surface, enabling the transfer
of the desired pattern to the substrate.®” In injection moulding, thermoplastic
prepolymers are extruded from the funnel-shaped container and directed into a heated
barrel. Subsequently, they are propelled under pressure into the heated mould cavity.
The temperature is maintained below the glass transition point, resulting in the
solidification of mould.' Hot embossing, similar to injection moulding, utilizes
pressure and heat to shape the mould and transfer the pattern directly to polymeric

substrates instead of injecting the material into a cavity.'%*

These methods generate high-resolution replicas (< 100 nm), which enables

rapid fabrication compared to photolithography, precision patterning, and versatile
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material selection.®”> 1% However, mass manufacturing is restricted by the need for
expensive equipment, it is a labour-intensive and time-consuming process, requires a
semi-clean room fabrication, resulting in increased cost, and it is limited to two-
dimensional (2D) structures.'%* These challenges could be overcome by exploiting 3D

printing for microfluidic fabrication.5®
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Table 1.3 - Comparison of PDMS bonding techniques

Bonding techniques

Description

Bonding strength  Advantages

Disadvantages

Oxygen plasma treatment

Corona discharge treatment

In a plasma chamber, the
surface of PDMS is oxidized
by replacing the terminal
methyl groups (—CH3) with
repeating units of silanol

groups (—O-Si(CH3)2-)

The tip of the corona treater
device generates high
potential that ionizes the
surrounding air, creating a
localized plasma that

activates the PDMS surface

Strong covalent Uniform and

bonding and can consistent activation
withstand pressure  of PDMS surface
between 180 kPa

and 715 kPa

Relatively less bond Inexpensive, portable

strength when device, easy to use
compared with
oxygen plasma

treatment (227 -

380 kPa )

24

High-end expensive equipment
should be bonded immediately
after plasma treatment as they
regain hydrophobicity in ambient
conditions due to the reorientation
of polar groups and require clean
room fabrication

The device is operated manually
and mainly depends on the
sample and treatment height,
speed, and time, which results in
inconsistent activation of the

PDMS surface



Chemical based gluing

Adhesive based gluing

Organosilanes such as 184 kPa
APTES ((3-aminopropyl)

triethoxysilane) are used as

a chemical glue to

functionalize the PDMS

surface by reaction between

the silanol group of PDMS

and the amine group of

APTES

PDMS can be bonded by Bond strength is
the application of silicone or weaker when
epoxy-based adhesives compared to

chemical gluing

No requirement for
specialized
equipment or

expertise

No requirement for
specialized
equipment or

expertise

Some adhesives comprise
volatile organic compounds that
are hazardous and require safe

handling

Often used in combination with
chemical-based gluing to improve

bond strength94' 105-107
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1.3 3D printing — an emerging technology for rapid prototyping

3D printing has emerged as a cost-effective alternative for rapidly prototyping
microfluidic devices.%® 1% 3D printing is an additive manufacturing technology that
systematically fabricates 3D objects layer by layer.%: 1% The advantages of 3D printing
are low cost, time efficiency, a simplified process compared with a conventional
method such as soft lithography, a wide range of material availability, and reduced
labour.58 % The process of 3D printing can be described as follows, which includes

modelling, printing, and post-processing (Figure 1.3):

Trr e

CAD design .STL file Slicing 3D printing Post-processed
3D print

Figure 1.3: 3D printing process

i. The design to be 3D printed can be created using computer-aided design
(CAD) software or by a reverse engineering technique in which an existing

3D object can be scanned utilizing a 3D scanner.''®

i. The designed file can be saved in .stl (Standard Tessellation Language) file

format. """

iii.  The object in the .stl file can be sliced into multiple layers depending on the
lowest Z dimension height specified utilizing 3D printing preprocessing open

source software such as chitubox.11?

26



iv.  The sliced file can be fed as input into any 3D printer, and the 3D printer prints

the object layer by layer, resulting in the final 3D print."12 113

v. The 3D printed object is post-processed (isopropyl alcohol washing, UV

curing, sanding) depending upon its applications.'?

1.3.1 Types of 3D printing

Extrusion-based printing, inkjet-based printing, and vat-based printing are the

most commonly used 3D printing methods for microfluidic fabrication (Figure

1_4)_96, 114, 115

A) Extrusion-based 3D printing B) Inkjet-based 3D printing

Build material
Support material
UV lamp ' l

Filament extruded Printed part
from nozzle

Extruder

Printed part Support part

Build platform

C) Vat-based 3D printing
Stereolithography Digital Light Processing

: Build platform — —

+— Cured part

—— Vat filled with
photocurable resin

]

. Point laser source
/

Digital Light Projection

Figure 1.4: Types of 3D printers: A) Extrusion-based B) Inkjet-based C) Vat-
based

1.3.1.1 Extrusion-based 3D printing

Extrusion-based methods fall into two broad categories: filament-based and
non-filament-based."® Fused Deposition Modeling (FDM) is the most commonly used

filament-based 3D printer. FDM utilizes polymers in filament form, while the non-
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filament-based approach uses powder-based materials and hydrogels.''® The FDM
method is relatively simple and can be accessed easily due to its low cost.®? In this
method, biocompatible and inexpensive thermoplastic polymer materials like polylactic
acid, PMMA, thermoplastic polyurethane, and polypropylene are extruded from the
motor-driven nozzle that can move in three directions point by point, thereby
constructing the entire device (Figure 1.4:A).96. 115,116 At the nozzle, the thermoplastic
polymer is heated above its melting point to melt the polymer. When extruded, the
polymer becomes solidified at room temperature.!'® There are several challenges in
using FDM, as the printed devices are either opaque or semi-transparent and lack
structural integrity, as the sealing between the layers is not strong, making it unsuitable

for microfluidic device fabrication.58

The introduction of the "3D bioplotter" in 2002 marked the launch of the first 3D
printer that did not depend on an extrusion-based technique.'’” It operates on the
same principle as FDM but focuses primarily on bioprinting applications employing
cell-laden bioinks or hydrogels.”'” It also features heating and cooling systems to
prevent cell damage, and pneumatic pressure drives the extrusion of bioinks.''s 117
Wang et al. conducted a study using the FDM method to develop a 3D printed corneal
scaffold using Gelatin Methacrylate (GelMA) combined with Hyaluronic acid. This
study aimed to create a scaffold that could potentially aid corneal transplant
procedures.''® While FDM excels in producing cost-effective and accessible parts for
general manufacturing and prototyping, the "3D bioplotter" stands out in specialized
biomedical applications, particularly in bioprinting tissues, scaffolds, and cell-laden
structures, offering a more targeted solution for advanced medical research and

therapeutic interventions.%
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1.3.1.2 Inkjet-based 3D printing

In inkjet-based printing, there are two primary methods: photopolymer and
powder-based techniques. The photopolymer approach is often referred to as Multidet
Modeling (MJM).""® In MJM, the curable liquid photopolymer is printed layer by layer
on a built platform, where the printhead has multiple nozzles and is cured on exposure
to a UV lamp (Figure 1.4:B)."° The support materials for 3D prints are made of wax
that can be dissolved away after printing.""® This technology also employs a computer-
assisted array of inkjet heads for controlling the volume of photopolymer droplets
ejected.’?® The advantage of MJM is that numerous materials with different properties
(like hard and soft plastic) can be extruded simultaneously.'” The high resolution and
multi-print capability make it ideal for microfluidics applications.®® The disadvantages
of MJM are that the material formulations are expensive, and studies regarding the

suitability for biological applications and bioactivity of the materials are absent.%®

In powder-based inkjet printing, the build platform is coated with a layer of
powder material, mainly metallic and ceramic powders.""® The inkjet head extrudes an
aqueous binding agent in a precise manner layer by layer to form the final object. The
support material is also made of powder, which can be removed easily after 3D printing

and does not require postprocessing steps.®

1.3.1.3 Vat-based 3D printing

This consists of a vat filled with photocurable polymers. A build platform is
lowered into the vat, and a photopolymer gets cured on selective exposure to a light
source (380 —405 nm). The build platform moves up, the second layer gets selectively
cured, and the entire object is formed."'> 12! Stereolithography (SLA) and Digital Light

Processing (DLP) are the most commonly used vat polymerization methods.'?". 122

29



Charles W. Hull invented SLA in 1984, the first commercial 3D printing
technology.!"” The difference between SLA and DLP lies in the type of laser source
employed. SLA utilizes a point source laser beam of a very small diameter, which
cures the resin point by point at each layer, resulting in higher resolution, with the
trade-off of longer print duration than DLP."?® DLP is a recently emerged and advanced
projector-based technology. It uses digital micromirror device-based projectors (a
dynamic mask with thousands of rapidly rotating micromirrors that reflect light) to
project a light source that cures the entire resin layer at once. Thus, DLP prints are

significantly faster than SLA-based methods. 5 123

The quality of the 3D print mainly depends upon the light source, resin material,
vat tank, and build platform used.'?' There are a variety of commercially available
resins for vat-based printing. These resins are generally made of acrylate monomers,
acrylate oligomers (crosslinking agents), photoinitiators, plasticizers, and photo-
absorbers.’* The photoinitiators are activated by a light source, producing free
radicals. These free radicals react with monomers and oligomers, forming a 3D
network of polymers.'?® In addition, plasticizers and other additives are added to the
resin formulation to modify the 3D print's flexibility, tensile strength, and visual
appearance based on its intended use. SLA and DLP methods offer high resolution
and optically translucent prints at a lower cost, and high throughput can be achieved
in terms of printing speed and resolution. These advantages make it an ideal choice
for microfluidic fabrication,'?® and these are the 3D printers used in the research

described in subsequent experimental chapters in this thesis.

1.3.2 3D printing fabrication approaches in microfluidics

The microfluidic chip fabrication employing 3D printers can be split into two

categories: direct 3D printing and indirect 3D printing."s: 127
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Direct 3D printing, commonly known as the "one-step fabrication strategy," is
one of the quickest fabrication techniques.''® Here, microfluidic chips are 3D printed,
encompassing microchannels and other components such as valves, pumps, inlets,
outlets, and reaction mixers without further bonding or assembly.''s: 127 Additionally,
the 3D printed device might require post-processing steps to improve its
biocompatibility, optical transparency, and surface smoothness.''® Despite its reported
advantages, it is limited by suitable material availability and dimension accuracy, and

it is difficult to 3D print intricate geometries as it can be affected by resin blockage.'?®

Indirect 3D printing, commonly known as the "mould-based approach,"
combines 3D printing and conventional casting.’'> 12° The process begins with the
fabrication of a 3D-printed mould, similar to the soft lithography technique.'?® These
3D-printed moulds may be sacrificial or non-sacrificial.'?® After the moulds are 3D
printed, PDMS is cast and thermally cured. Regarding non-sacrificial moulds, PDMS
is peeled off from the mould and subsequently bonded to another PDMS structure or
glass by permanent or temporary bonding strategies.® In the case of sacrificial
moulds, the final step is the dissolving of sacrificial components. Consequently, these
sacrificial moulds can be utilized once, while non-sacrificial moulds can be used
multiple times.""® The indirect 3D printing approach can circumvent the shortcomings
of direct 3D printing, such as gas impermeability, cytotoxicity, and low optical clarity.'"®
Further, this method does not require multiple processing steps involved in soft

lithography and can be fabricated rapidly at a low cost.%®

1.3.3 Challenges in PDMS fabrication from 3D printed moulds

The high cost associated with PDMS chip fabrication is the main hindrance to
microfluidics use amongst researchers worldwide.®? However, with the advancements

in 3D printing technology and the availability of affordable commercial 3D printers that
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offer high resolution, the future holds promising.5® Despite these developments, the

fabrication of a PDMS chip from a 3D-printed mould presents a myriad of challenges,

notably while using vat-based 3D printers.52

Poor surface quality: Typically, the surfaces of 3D-printed moulds are
extremely rough.'?* This results in an inconsistent surface finish of PDMS
chips when cast on these 3D printed moulds.'® Moreover, the uneven
surface of the PDMS can affect its bonding with other materials and its optical

transparency.!"®

Low optical transmittance: Optical clarity is one of the distinguishing
features of PDMS that makes it ideal for imaging and cell applications.'°
However, the uneven surface of PDMS cast in 3D printed mould results in

optically translucent PDMS chips.3

PDMS curing inhibition and lack of resin compatibility: The uncured resin
monomers and photoinitiators on the mould surface act as catalyst poison,
inhibiting the PDMS curing process.2 132 This results in a sticky PDMS chip,

with additional and unwanted PDMS adhered to the mould surface.®?

Researchers have made several attempts to fabricate smooth, completely

cured PDMS devices from 3D printed moulds. Comina et al. coated a 3D printed mould

with specialized ink via air brushing to prevent PDMS curing inhibition. However, air

brushing requires extensive practice, and coating thickness is crucial in this

process.’33 Waheed et al., UV cured the 3D printed mould for 5 minutes, followed by

soaking in ethanol for 6 hours. Then, the mould was subjected to plasma treatment for

a minute and silanized by perfluorooctyl triethoxysilane for 3 hours to obtain fully cured

and smooth PDMS."** Chande et al. spin-coated the 3D printed mould with SU-8, a
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negative photoresist commonly used in soft lithography to prevent PDMS curing
inhibition.’3% Villegas et al. coated the 3D printed mould with omniphobic lubricant
coatings that generated smooth PDMS.%® Moreover, the silanizing agents and
photoresist materials mentioned above are toxic, and coating them on 3D printed
moulds can be time-consuming and requires high-end, expensive equipment.®. 13
Furthermore, there is limited research on producing optically transparent and smooth

PDMS chips utilizing inexpensive 3D printers that can be used for cell applications.

1.4 Revamping cell culture studies using the PDMS chip platform

In-vitro cell culture studies play a crucial role in cell biology research. These
studies involve culturing cells in controlled external environmental conditions to
understand better cell behaviour, cell-cell interactions, and the response of cells to
physical or chemical stimuli."® Additionally, in-vitro cell-based HTS of drugs is
essential for identifying the lead compound and determining drug toxicity in the

preclinical stages. 36

1.4.1 Static conventional cell culture and its limitations

Currently, in laboratories, the majority of cell culture studies are conducted in
petri dishes or microtiter plates under static environmental conditions.'”- 138 The cells
used in cell culture can be categorized as finite, continuous/ immortal, and stem cell
lines (Table 1.4). Primary cells are obtained from tissues or organs isolated from living
organisms, including humans and animals. They can only be grown for a limited
number of generations prior to senescence, the point at which they can no longer
multiply.'3® Continuous cell lines, conversely, are derived from genetically modified
cell lines, are immortal, and do not undergo contact inhibition.’° Stem cells are

undifferentiated cells obtained from multicellular organisms that can be differentiated

33



into a specific cell type. These three cell types can be adherent (polygonal epithelial
cells, elongated fibroblast cells) or free-floating suspensions. Suspension cells are
easier to handle than adherent cells, as the latter involves trypsinization to remove the

cells adhered to cell culture plates.'39 140

Cell culture studies involve a series of steps beginning with the isolation of cells
from a tissue or cell source. The desired cell of interest can be isolated by enzymatic
digestion using proteolytic enzymes, and the reaction is stopped utilizing enzymatic
inhibitors. The cell isolation and subsequent seeding experiments are conducted in a
laminar air flow hood under aseptic conditions.'' The isolated cells are then seeded
onto a petri dish or a multiwell plate precoated with extracellular matrix proteins to
promote cell adhesion and proliferation.’? The cells are cultivated in a specific
nutritional medium that provides all essential nutrients and growth factors for cell
growth. The most commonly used media are Dulbecco's Modified Eagle Medium
(DMEM) and Roswell Park Memorial Institute (RPMI) media, composed of
carbohydrates, amino acids, pH indicators, salts, and vitamins. Most basal medium,
also known as serum-free medium, lacks proteins, growth factors, and lipids to avoid
contamination. Hence, they require 5-20% fetal bovine serum supplementation and
antibiotics (penicillin, amphotericin B, streptomycin).’>® The composition of the
medium varies depending on the cell types and experimental conditions. The culturing

conditions typically vary depending on the particular cell type being used.

For instance, for mammalian cell lines, the cells are observed under a
microscope for their morphology and to ensure no contamination after seeding. Then,
the cells are checked for viability and placed in a humidified CO2incubator at 37 °C to
promote cell growth.'#!- 143 These cells are monitored for any contamination, change

in cell morphology, and proliferation rate at regular intervals. In addition, the culture
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medium is changed regularly to replenish nutrients and remove waste metabolites
from cells. When the cells proliferate and reach 70 to 80 % confluency (no space for
cells to grow as a monolayer), they are subcultured into a new multiwell plate, a
process known as passaging.'#': 143 After a series of passages, the grown cells can be
utilized in experiments to determine the toxicity of various medications or materials. 44
Furthermore, cell lines derived from ocular tissues can serve as invaluable models for
understanding eye diseases, screening potential drug candidates for conditions like
glaucoma or retinal disorders, studying cellular responses to environmental factors
affecting ocular health, and conducting genetic and molecular investigations to
advance our knowledge of eye biology and vision science. They are also essential for
developing treatments and therapies for various eye disorders, contributing to

advancements in ophthalmology and vision-related healthcare.*

The gold standard for evaluating the toxicity of newly developed therapeutic
agents in preclinical studies involves testing in 2D cultured cells, which means growing
cells on a flat surface.'* 14° Performing toxicity validation of therapeutics in 2D cell
culture offers a more standardized protocol that allows greater experimental control
and reproducibility, reduces the usage of animal models, and is a simple, cost-effective
method with relatively lower maintenance requirements.'*® According to the
ISO109993 standards, the biomedical implants or extracts from the implants are
incubated with cultured cells to check for any cytotoxicity to ensure safety and
biocompatibility for humans.'#” Despite these benefits, cells are cultivated under static
environmental conditions using this method.'8 In practice, the cells are cultivated in
the same medium for multiple days, resulting in depleted nutrients, accumulation of
waste metabolites, altered cell physiology and viability, and stress-indicating factors.

Furthermore, the extracellular microenvironment acidifies the medium within minutes.
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In contrast, in-vivo cells are maintained under dynamic environmental conditions and
are continuously perfused with extracellular fluid, providing a surplus of nutrients and
removing metabolic waste simultaneously.’® In addition, this approach requires a
substantial amount of expensive chemicals and is susceptible to human error when
handling several tens to hundreds of samples simultaneously. In recent years, these
obstacles have prompted researchers to develop new, cost-effective techniques to
culture cells in a dynamic environment, an improved in-vitro cell culture model."3°

Growing cells in a microfluidic environment is gaining popularity for these reasons.®°
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Table 1.4 Comparison between primary, continuous, and stem cell lines

Properties

Primary cell lines

Continuous cell lines

Stem cell lines

Source of origin

Biological

relevance

Consistency

Genetic integrity

Usability

Cost and time

Human tissues or

organs

High

Medium

Maintains its
genetic information
Requires optimized

culture conditions

Higher cost as
slower cell growth

rate

Established cell lines
obtained from the
Animal Tissue Culture
Collection

Low

High

Prone to genetic drift

Well-standardized

conditions and

protocols

Lower cost as faster

cell growth rate

Derived from human embryos
or tissues and reprogrammed

cells

High

Variable depending on the
stem cells used

Prone to genetic and
epigenetic changes
Requires specialized
techniques and protocols for
maintenance and
differentiation

Higher cost and longer time
due to the complex nature
and specialized culture

requirements of stem cells. 48

150

37



1.4.2 Dynamic cell culture studies using PDMS chips

PDMS-based microfluidic chips are gaining increased attention for the creation
of sophisticated in-vitro cell culture models due to their distinctive features such as
optical transparency, gas permeability, and easy mouldability.?% 15! In addition, the
precise control over small volumes of fluids, high throughput analysis, automated
processes, and real-time monitoring of cell culture parameters through the integration
of sensors make it appropriate for cell applications.’®® Furthermore, other
characteristics, such as reduced reagent consumption (which decreases experimental
cost and time), continuous nutrient supply, and simultaneous removal of waste
metabolites, are significant advantages.'*® Despite these benefits, the inherent high
surface hydrophobicity of PDMS poses a considerable obstacle to the incorporation of

cells in PDMS-based systems.'®"

1.4.2.1 Surface treatment of PDMS for improved cell culture

PDMS hydrophobicity is mainly attributed to the presence of organic methyl
groups within its structure. The hydrophobicity of PDMS leads to low surface wettability
on the PDMS surface, leading to poor cell adhesion and proliferation. Wettability is the
ability of a liquid to spread over the surface and is typically determined by measuring
the water contact angle (WCA). The WCA of PDMS is generally 108° £ 7° (> 90° is
considered a highly hydrophobic surface), resulting in poor cell attachment.®® 152 The
surface of PDMS is rendered hydrophilic via several techniques, including plasma

treatment with a biomaterial coating and various chemical modifications.%?

1.4.2.1.1 Plasma treatment with biomaterial coatings

This is the most prevalent method for modifying the surface of PDMS. The

surface of PDMS is exposed to dissociated forms of gases, including nitrogen,
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hydrogen bromide, chlorine, and argon, with oxygen being the most commonly used.
When reacting with the PDMS surface, these gas molecules replace the organic
methyl groups with hydrophilic silanol groups via oxidation.'s? The effectiveness of this
technique is constrained by the quick hydrophobic restoration of PDMS upon exposure
to air, typically within an hour.'? This technique can enhance the adhesion of other

coating materials for prolonged cell adhesion.%3

After plasma treatment, the PDMS surface can be coated with various
extracellular matrix (ECM) proteins, including collagen, gelatin, laminin, and
fibronectin. These proteins are natural substrates that enhance cell attachment and
promote cell survival on the PDMS surface.!®! 152, 154-156 Thege proteins can promote
cell attachment and govern diverse cellular functions, including orientation,
morphology, proliferation, migration, gene expression, and functionality. Collagen,
particularly collagen type |, is typically utilized due to its high adsorption and ability to
increase the hydrophilicity of PDMS.1%¢: 157 Gelatin, a collagen derivative, is a thermo-
responsive hydrogel that facilitates cell adhesion and stability under shear stress."%8
Fibronectin is well-known for its high rate of protein adsorption and distinct interactions
with cell membrane receptors, inducing robust cell adhesion.'>® Other biopolymers,
such as laminin, have also been researched; however, their use is much lower.'5?
Although ECM proteins facilitate cell attachment, the long-term development of cells
can be hindered by the dissociation of cells and cell cluster formation.'s?
Consequently, the ECM protein coating preferred depends upon the cell type and

intended experimental duration.'? 153

1.4.2.1.2 Chemical surface modification

Chemically modified PDMS surfaces provide strong surface adhesion for cells,

and these non-organic reagents do not degrade, providing advantages over
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techniques employing ECM proteins.’®® One of these non-organic reagents is the
silica-titania composite, composed of silicon dioxide and titanium dioxide."®® Silica-
titania, such as methyltriethoxysilane and tetraethylorthosilane, are utilized for PDMS
surface modifications in various combinations. They form a thin SiO2 layer on the
PDMS surface, facilitating greater cell adhesion. Additionally, silane coupling agents
such as 3-aminopropyltriethoxysilane (APTES) act as an anchor to immobilize other
biomolecules. APTES forms amine (NH2) groups on the PDMS surface, increasing its
hydrophilicity and forming interactions with other biomolecules.’®? Silanization of
PDMS using APTES resulted in a self-assembling monolayer of protein molecules that
supported improved cell proliferation and attachment even under stressful
conditions.’® However, APTES is carcinogenic and is not suitable for long-term
investigations.'?3125.161 Fyrthermore, plasma treatment of PDMS is required prior to
the application of the silane-based coating, which requires high-end equipment not
accessible to everyone.'® Polyethylene glycol (PEG), a synthetic amphiphilic polymer,
can act as an intermediate between the hydrophobic PDMS surface and the
surrounding environment, projecting its hydrophilic group for cell adhesion. PEG
reduces the WCA of PDMS to 57°, increasing the hydrophilicity of PDMS."52 However,
PEG-coated PDMS exhibited poor cell adhesion akin to an untreated PDMS

surface.152. 162

Polydopamine (PDA), a synthetic polymeric material, was first synthesized from
a protein-based adhesive identified in mussels' feet.'®®> 1% Biocompatibility,
hydrophilicity, cell adhesiveness, and functionalization of other biomolecules via Schiff
base reaction are some distinctive properties of PDA.'® Furthermore, PDA can
transform diverse hydrophobic surfaces (including ceramics, polymers, and metals)

into hydrophilic surfaces with long-term stability.’®* The adhesive nature can be
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attributed to the catechol group and amine group present in the chemical structure.’’
Under alkaline conditions, dopamine self-polymerizes to form PDA, establishing a
strong covalent interaction with the hydrophobic surface.'®? Several researchers have
cultivated stem cells on PDA-coated PDMS chips. Yang et al. cultured human
umbilical vein endothelial cells in a cylindrical PDMS microchannel coated with PDA,
which mimics the human blood vessel. This work contributes to the development of

platforms that more accurately simulate in-vivo conditions.64

1.4.3 PDMS chips — versatile tools for cell applications

PDMS chips for cell applications are gaining attention due to technological
advancements in other disciplines, such as cell biology, biomaterials engineering, drug

delivery, and molecular biology.&°

Bai et al. developed a novel cornea-on-a-chip using the corneal epithelial/
endothelial cells isolated from mice. This device allows a coculture between epithelial
and endothelial cells, separated by a collagen scaffold.’® The collagen scaffold
resembles the bowman layer, a dense layer of collagen fibers that supports the
cornea, positioned between the epithelial and stromal layers of the eye.'® This in-vitro
system replicates the basic corneal structure and can be used as a model to examine

the penetration of topical medications.65

Abdalkader et al. developed another cornea-on-a-chip model that accounts for
the shear stress during blinking. The chip included corneal epithelial cells cultivated in
the porous membrane, separating the top and lower channels. Bidirectional and
continuous flow was induced on the top and bottom surfaces of the cells,

respectively. 6’
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Chung et al. developed an eye-on-a-chip model of the retinal pigment
epithelium/choroid complex to examine choroidal neovascularization, a crucial phase
in numerous eye disorders that lead to blindness. This model demonstrated the
pathogenesis of choroidal neovascularization, which was alleviated using the drug
bevacizumab. This eye-on-a-chip model provides scope for progressing in vivo testing
of ocular therapeutics and supplementing animal models in research and

development.'®

1.4.4 Future direction: advancing ocular drug testing using PDMS chips

In recent years, the increased prevalence of eye-related ilinesses attributable
to rapid changes in lifestyle and an aging population has highlighted the need for
effective ocular therapies.®> Most ocular therapeutics fail in clinical trials due to
unforeseen drug toxicity, leading pharmaceutical companies to incur significant losses
in both money and time.'®® Nevertheless, the discipline is transforming with the
integration of microfluidics, broadening possibilities for creating sophisticated in-vitro
ocular models. This innovative approach bridges the gap between preclinical

investigations and human clinical trials.'°

Moreover, creating a cost-effective fabrication process that renders this
platform accessible to all scientists across the globe continues to be a significant
impediment. Understanding these limitations, researchers are harnessing the potential
of 3D printing technology to develop affordable and scalable fabrication processes.
This innovation would facilitate access to advance in-vitro ocular models, encouraging

collaboration and accelerating the drug development process.3 43 58

The future looks promising with emerging technologies, including 3D printing

and artificial intelligence.''-'7? By harnessing these technologies, it is possible to
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envision a future where the ocular drug development process becomes more efficient,

cost-effective, and accessible, ultimately benefiting patients worldwide.
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2 Thesis rationale

According to the WHO, there are currently 2.2 billion individuals globally
experiencing visual impairment.'”* With the increase in the prevalence of eye-related
disorders such as glaucoma, diabetic retinopathy, cataract, and age-related macular
degeneration, the global ophthalmic drug market is forecast to grow from $13.3 billion
in 2022 to $23.4 billion in 2030.'° This emphasizes the necessity for effective
intervention and treatment strategies.'”® Alarmingly, the majority of drug candidates
fail clinical trials, primarily attributable to unanticipated cytotoxicity in preclinical
investigations.'®®  Typically, in laboratory investigations, most cytotoxicity
investigations are conducted in a static, 2D cell culture environment.'”® Despite the
standardization of the evaluation of therapeutics for toxic effects in cell culture plates,
this approach can be rather time-consuming, arduous, and costly, as well as

challenging to implement high throughput screening and automation. 48

To overcome these hurdles, a shift towards dynamic, sophisticated in-vitro
ocular models is of paramount importance. These constraints can be circumvented by
employing microfluidic technology, which delivers dynamic environmental conditions
for cell growth through an automated approach.®® PDMS is the most highly regarded
elastomeric material in microfluidics for cell applications due to its unique features,
such as biocompatibility, oxygen permeability, and optical transparency.'*° Despite
the enticing properties of PDMS, its widespread implementation is constrained by
time-consuming, cumbersome, and unaffordable conventional fabrication procedures

such as soft lithography.%®

3D printing, an emerging rapid prototyping technique, is gaining tremendous

popularity for fabricating microfluidic chips.>® 3D printing offers numerous benefits,
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including low cost, time efficiency, a simplified process compared to soft lithography
methods, a wide variety of material availability, and minimized labour.5® Despite its
tremendous advantages, creating PDMS from 3D-printed moulds presents numerous
obstacles. Firstly, unreacted resin monomer on the mould surface hinders the PDMS
curing process.®? Secondly, the rough surface of the mould produces PDMS chips that
are optically translucent.®® Thirdly, the hydrophobic nature of the PDMS surface

hinders adequate cell adhesion.'®?

This thesis aims to utilize 3D printing to fabricate PDMS chips for ocular cell
applications. The first experimental chapter (Chapter 3) focuses on the fabrication
method for optically transparent PDMS chips using 3D printed moulds. This chapter
tackles the difficulties in producing PDMS chips from 3D printed moulds by introducing
simple post-processing steps involving heating, sanding, and chemical coating. Here,
the hydrophobic PDMS surface can be rendered hydrophilic by coating PDMS chips
with PDA, a polymer that self-polymerizes in alkaline conditions and requires no
specialized equipment.’s” The direct implication of this chapter’s findings is that the
PDMS chip can be produced at a low cost and made accessible across all research

labs.

The second experimental chapter (Chapter 4) discusses the integration of
ocular cells into the PDMS chip fabricated from post-processed 3D printed moulds.
PDA-coated PDMS chips can be used to incorporate HCEC under dynamic
environmental circumstances. The outcome of this chapter is a low-cost, high-
throughput approach for culturing cells on PDMS chips, which can serve as a
cornerstone for the creation of inexpensive ocular disease models for drug
development. The final chapter (Chapter 5) summarizes the results and discusses the

potential application of HCEC chip platforms in toxicity studies.
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3.1 Abstract

Polydimethylsiloxane (PDMS) elastomers have been extensively used in the
development of microfluidic devices, capable of miniaturizing biomolecular and cellular
assays to the microliter and nanoliter range, thereby increasing the throughput of
experimentation. PDMS has been widely used due to its optical clarity and
biocompatibility, among other desirable physical and chemical properties. Despite the
widespread use of PDMS in microfluidic devices, the fabrication process typically
requires specialized facilities, instruments, and materials only available in a limited
number of laboratories. To expand microfluidic research capabilities to a greater
scientific population, we developed and characterized a simple and robust method of
fabricating relatively inexpensive PDMS microfluidic devices using readily available
reagents and commercially available 3D printers. The moulds produced from the 3D
printers resolve designed microfluidic channel features accurately with high resolution
(>100 um). The critical physical and chemical post-processing modifications we

outline here are required to generate functional and optically clear microfluidic devices.
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3.2 Introduction

The process of drug and cellular research and development involves several
phases, beginning with pre-discovery to mechanistic studies and ending with clinically
validated compounds. Common methods for these kinds of discovery programs,
especially in the early phase, often include high-throughput liquid handling and
screening systems, automated robots, and sophisticated software for analyses. These
assays can be complicated and expensive, making it difficult for researchers outside
of well-funded industrial or academic settings to adopt these technologies.
Additionally, performing chemical screens with conventional multi-well plate-based
assays can consume precious and expensive biological samples or compounds. As a
result, there has been explosive growth in microfluidic devices, commonly referred to
as lab-on-a-chip (LOC) concepts, with wide-ranging applications designed for simple
use, yet still performing complex assays. Microfluidic devices can manipulate fluids at
the microscale with laminar fluid flow, providing an extremely high degree of control
for tuning the microenvironment for cell culture.% 177. 178 The ease of use for these
devices, in addition to the miniaturization of biochemical and cellular assays, serves
to increase assay throughput that can be easily performed by all researchers. These
advantages make it an ideal platform in various disciplines, such as drug discovery,
biosensors, point-of-care diagnostics, analytical chemistry, energy generation,

pharmaceuticals, and tissue engineering.'04. 133,179

PDMS is the most widely used silicone elastomer for microfluidic device
fabrication due to its many appropriate properties, including flexibility, biocompatibility,
high optical transparency, and gas permeability, among others.'’%-'82 Due to these
properties, particularly optical transparency, PDMS microfluidic devices have been

widely used in microbiology and mammalian cell-based assays to observe the
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response of cells to various environmental stresses through single-cell imaging.'30: 182,
183 The conventional method of PDMS chip fabrication involves a soft lithography
process, wherein SU-8 negative photoresist material is spin-coated over the silicon
wafer followed by UV exposure via a photomask to create the protrusions of a desired
pattern on the microfluidic master mould.'?”- 18 The resulting master mould produced
via this method has a superior resolution (< 20 ym) and acts as a counter-mold for the
PDMS polymer. Finally, a PDMS prepolymer mould is cast against the master with
raised relief structures representing the designed fluidic network. Despite being a
popular method for generating biocompatible PDMS devices, soft lithography can be
time-consuming, labour-intensive, limited to 2D structures, highly expensive, and
requires cleanroom fabrication.®> 35 In addition, it is very challenging to make 3D

structures because it will involve multiple spin-coating and UV exposure processes.

Recent advancements in 3D printing technologies and the availability of low-
cost 3D printers with high precision offer an alternative option for the rapid prototyping
of an array of biomedical devices, notably microfluidic devices.'33 179 185187 v/grious
types of 3D printing technologies exist in the biomedical field, including Fused
Deposition Modeling (FDM) and Stereolithography (SLA). FDM is a common and
inexpensive technique that deposits a thermoplastic filament onto the build platform,
assembling the 3D object in layers, albeit at lower resolutions than other techniques.
SLA is another widely used printing technique that uses high energy (UV) light to
solidify photosensitive polymers in liquid form, also building layer-by-layer but at a
greater resolution (< 50um). Derivatives of SLA exist, including Masked
Stereolithography Apparatus (MSLA), and Digital Light Processing (DLP), both of
which use a light source that is selectively masked to create the 3D design, with the

difference being the method by which the light source illuminates the resin.'s. 121. 187
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Indeed, there has been increasing adoption of 3D printing methods to generate PDMS
microfluidic devices in a similar fashion to well-established soft lithography processes,
challenging the traditional methods for PDMS fabrication.®® Researchers can design,

3D print, and test PDMS devices within days or even hours, enabling rapid prototyping.

Wide adoption of PDMS devices made using 3D printed masters still remains
a challenge. This is likely due to the high cost and specialized training required to
perform traditional PDMS manufacturing in a laboratory setting. Furthermore, there
has been limited successful implementation of PDMS devices generated from 3D-
printed moulds for biomedical research.'® 18 Two possible factors are the lower
quality of the material surface and the resolution of the desired channel feature on the
device compared to soft-lithography-based methods, which may deter researchers
from 3D printing-based fabrication.%: 1% Therefore, the challenge remains to readily
fabricate these devices accurately and inexpensively. Here, we describe a simple,
rapid, and inexpensive method to create PDMS microfluidic devices using
commercially available 3D SLA printers. We characterize the synthesized devices and
recommend print settings and parameters to provide the most accurate microfluidic
features. Finally, we report on a novel post-processing step that generates optically
clear PDMS devices, an important feature for biological and imaging applications.
Most importantly, our method utilizes reagents that can be found and/or purchased
readily in all research laboratories and requires no specialized training. Altogether, our
work makes 3D printing and microfluidics techniques more feasible for all researchers

across many disciplines.
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3.3 Materials and Methods

3.3.1 Design of Microfluidic Devices

All microfluidic devices used in this study were designed using the open-source

3D modelling software FreeCAD (https://www.freecadweb.org/, version 0.19.0).

Designs of all microfluidic devices can be found in supplementary files. All
stereolithography (.STL) design files generated in FreeCAD were then loaded onto the

3D printers for device fabrication.

3.3.2 Fabrication of 3D printed master-moulds

Master moulds to cast PDMS microfluidic chips were fabricated using one of
the following commercial stereolithography (SLA) 3D printers: AnyCubic Photon D2
DLP (AnyCubic, Guangdong, China) or Form 3B Low Force Stereolithography™

(Formlabs Inc. PKG-F3B-WSVC-MSP-BASIC, Somerville, MA, USA).

For 3D printed moulds using Form 3B, models were printed with clear resin
(Clear V4 Resin, Formlabs Inc., RS-F2-GPCL-04, MA, USA) at a minimum resolution
of 25 ym, following manufacturer recommended print settings using PreForm software
version 3.28.0 (Formlabs Inc., Somerville, MA, USA). For 3D printed counter-moulds
using the AnyCubic Photon D2 DLP, models were printed with black resin (AnyCubic,
SKU TL4425, Guangdong, China) at a minimum resolution of 51 ym, following
manufacturer recommended print settings using Chitubox software v.1.9.4 (Chitubox

Inc, Guangdong, China).
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3.3.3 Post-processing of the 3D printed master-mould

3.3.3.1 UV and heat treatment of mould

The master-moulds completed printing on their respective printers. The moulds
were carefully removed from the build plate using a metal wedge and rinsed in 100%
isopropanol (IPA) for a maximum of 30 minutes at room temperature. The 3D printed
moulds were washed in 100% isopropanol with gentle agitation for a maximum of 30
minutes, air dried, and UV cured at 60°C for 30 minutes using the Form Cure, UV
curing device (FormLabs Inc. FH-CU-01, Somerville, MA, USA). These UV treated
moulds from both SLA printers were heated at 100 °C for 0, 2, and/or 4 hours,

depending on the experiment.

3.3.3.2 Sanding and nail polish coating of mould

Following UV and heat treatment, moulds from both SLA 3D printers were
subjected to several rounds of sanding with increasing grit sandpaper. First, moulds
were smoothed with 1500 grit sandpaper, next with 3000, then 7000, and finally 15,000
grit sandpaper. A thin layer of nail polish (NP) was subsequently coated on the sanded

surface and heated at 75 °C for 30 minutes.

3.3.4 Fabrication and post-processing of PDMS microfluidic devices

Polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning, Copley, OH, USA)
prepolymer and curing agent were mixed in a 10:1 ratio and centrifuged at 500 g for
10 minutes. The centrifuged PDMS mixture was cast into post processed 3D printed
moulds obtained from both Form 3B and AnyCubic printers and allowed to cure at
room temperature in the fume hood for 12 hours to allow for bubbles to dissipate. The
moulds containing PDMS were then incubated at 75 °C for 1.5 hours. Finally, they

were removed from the mould using a metal scalpel. Inlet and outlet holes were

53



generated in the resultant PDMS device using a hole puncher (UniCore Manual
Punchers, QIAGEN WB10028, Germantown, MD, USA). Finally, the PDMS
microfluidic device was adhered to a glass microscope slide (VWR 100491-372,
Radnor, PA, USA) using medical grade double-sided tape (ARcare 90106NB, Little
Rock, AR, USA). For experiments measuring the bond between PDMS-glass
surfaces, PDMS devices, and glass microscope slides were bonded using oxygen

plasma. The adhered device was baked at 95°C for 10 minutes.

Post-processing of the final PDMS devices was performed using a coating
solution containing polydopamine (PDA) to increase surface hydrophilicity. Coating
solutions were prepared by dissolving dopamine hydrochloride (Sigma-Aldrich H8502,
St. Louis, MO, USA) in phosphate buffered saline (PBS) pH 8.5. PDMS of dimensions
20 x 20 x 5 mm (length x width x height) were dipped and submerged in 0.1% or 0.01%
PDA coating solution for 2, 8, and 24 hours with gentle shaking at room temperature.

Finally, they were washed with distilled water and air dried in a fume hood.

3.3.5 Brightfield Microscopy

Following complete curing, the PDMS microfluidic devices were imaged using
brightfield microscopy (Zeiss Axiovert 25 CFL, Carl Zeiss Inc., Oberkochen, Baden-
Wiurttemberg, Germany) to visualize the device features (microfluidic channels and
wells) and characterize the device for potential defects. Images were acquired and

processed using AxioVision (Carl Zeiss Inc.) and ImageJ computer software

(https://imagej.nih.gov/ij/download.html, National Institutes of Health (NIH), Bethesda,

MD, USA).
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3.3.6 Optical transmittance of PDMS devices

The optical transmittance of PDMS microfluidic devices cast and released from
3D printed moulds was measured in the visible spectrum between 400 - 700 nm using
the Imaging Multimode Plate Reader (Cytation 5, Agilent BioTek Instruments,
Winooski, VT, USA). Small PDMS circular cut-outs of approximately 22 mm in
diameter with 5 mm thickness were placed in 12-well tissue culture plates (Montreal
Biotech Inc. MBI703001C, Dorval, QC, Canada) and then scanned in the plate reader.

As a positive control, PDMS was cast and cured in a 12-well plate.

3.3.7 Microfluidic assembly with fluid flow in a sample PDMS device

Metal 20-gauge blunt tip needles (HaBeuniver HB13510ML921DZT, Fuzhou,
Fudian, China) were connected to FEP tubing (Masterflex® Transfer Tubing, VWR
MFLX06406-60, Radnor, PA, USA) and then connected to the PDMS microfluidic
devices at inlet and outlet positions. We created a PDMS device as a “test” case that
contains three 5 cm long rectangular shaped channels (1 mm wide and 0.5 mm deep)
in parallel (CAD file available upon request) to perform fluid flow experiments, and this
device served as our test case. For all experimentation with fluid flow, a commercial
syringe pump (PHD ULTRA, Harvard Apparatus, Holliston, MA, USA) was used to
infuse the microfluidic chip with distilled water. Food colouring dyes (red, blue, and
yellow) were added to distilled water to create coloured solutions for easier fluid flow
visualization through the entire sealed microfluidic system. Syringe pumps were
programmed to generate flow rates at minimum and maximum rates of 0.5 yL/min and

100 pL/min, respectively, for a period of 24 hours.
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3.3.8 Estimation of shear stresses

High shear stresses can negatively impact cellular proliferation and viability.
Low and non-lethal shear stresses must be achieved in order to use microfluidic
devices for cell-based assays. To determine the theoretical minimum and maximum
shear stresses in our system, The flow rates within the microfluidic device were
converted to shear stress values using an online tool provided by Darwin Microfluidics,

Microfluidic Flow Rate and Shear Stress Calculator (https://darwin-

microfluidics.com/blogs/tools/microfluidic-flowrate-and-shear-stress-calculator,

Darwin Microfluidics, Paris, Tle-de-France, France).

3.3.9 Sessile drop water contact angle (WCA) measurements

PDMS is hydrophobic naturally. To evaluate the uniformity of the fabricated
PDMS chip surface, the contact angle of five positions of each PDMS device was
measured using an Optical Contact Analyzer (DataPhysics Instruments GmbH,
Filderstadt, Germany) to determine the contact angle, using a sessile drop technique.
In this method, 5 yL of high-performance liquid chromatography (HPLC) grade water
was deposited on the PDMS surface at a rate of 2 yL/s and imaged once a droplet
settled and formed. The water contact angles of the resulting images were analyzed
using SCA 20 software (version 2.04, Build 4). For each replicate, a minimum of five
separate droplets were quantified across the surface of the PDMS device, and the

reported values are an average of these independent measurements.

3.3.10 Tensile strength measurement between PDMS and glass

PDMS-glass bonded devices were anchored to a spring balance (Ajax

Scientific ME495-2000, Toronto, Canada), and a force was applied to the PDMS
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device, separating the PDMS from the glass slide. The force (in Newtons) at which the

PDMS peeled from the glass surface was recorded.

3.4 Results

3.41 Commercial 3D printers can readily assist in the fabrication of PDMS

microfluidic devices

We set out to utilize commercial 3D printing, an emerging technique used in the
milli- and micro-fluidic field, as a tool to design PDMS microfluidic devices and
characterize critical processing steps and printing considerations that result in optically
clear PDMS microfluidic chips. Positive master moulds were printed using FormLabs
3B+ and AnyCubic Photon D2 and were subjected to various post-processing steps
to generate a smooth 3D printed part (Figure 3.1a). These processing steps involved
high heat treatment, physical sanding, and applying a chemical coat. The resulting
moulds were used to cure and create optically clear PDMS (Figure 3.1b). In our test
case involving three separate channels (dimensions: 100 um height x 1 mm width x 3
cm length; volume of 3 pL), we were able to flow dyed solutions with rates as low as
0.5 pyL/min and as high as 100 pL/min (Figure 3.1b). This corresponds to a minimum
and maximum of 0.083 mm/s and ~16.7 mm/s, respectively, equating to shear
stresses between 4.5 — 891 Pa. Therefore, despite opting to use an adhesive rather
than the conventional and stronger plasma bonding approach for sealing the device,
our system can withstand high pressures. Furthermore, by selecting the proper media
flow rates, we can achieve low shear stresses that have been demonstrated to be non-
lethal to many mammalian cell lines.'®" Nonetheless, it is likely this can be improved

through improved channel dimensions.
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Next, we sought to determine the accuracy of the commercial SLA printers in
printing the CAD-designed moulds, and how well this translated to the final PDMS
device. SEM imaging of positive moulds and PDMS devices generated by FormLabs
and AnyCubic printers confirmed that the designed channel features could be resolved
(Figure 3.1c, 3.1d). Notably, both commercial printers could create channel heights as
low as 100 um, with the FormLabs capable of going as low as 50 um (Figure 3.1c).
However, at <100 uym, the channel features were less resolved, and both the 3D print
and resultant PDMS device did not form sharp, distinct walls and instead were slanted
(Figure 3.1c, 3.1d). To quantify this, we measured the angle between the channel wall
and a theoretical plane perpendicular to the printed surface, which would otherwise
be a perfect wall if the printer replicated the CAD design perfectly (Figure 3.1e).
Indeed, we found that only designed channel heights >200 ym resulted in more
accurately printed channel walls (<10 degrees deviation) (Figure 3.1e). In the XY
plane, we found that the AnyCubic printer was able to accurately fabricate the desired
channel widths. Surprisingly, the FormLabs printer consistently created channel
widths that were ~100 ym greater than the CAD design (Figure 3.1f), a factor that must
be considered in 3D design. Nevertheless, with proper 3D design and an
understanding of the limitations of each printing method, we showed that commercial
3D printing can certainly be used in the design and fabrication of PDMS microfluidic

devices.

58



3D Printing of Post-Processing PDMS Casting Fully Cured
Device Mold Gl o 3D Printed Part JREAM 1nto Printed Mold [ PDMS Device
Before After Surface coating
Build with nail polish
Platform g ‘

Printed __| @
Part
e i
Resin Optically Clear
- 2 PDMS Device
Laser
Tttt
Heating 100°C Sanding with 1500 to Application of nail
for 2 hrs 15 000 grit paper polish coating
c , . d . )
Cross Section of 3D Prints Cross Section of PDMS Device
FormLabs Print ~ * PDMS from FormLabs Print

PDMS from AnyCubic Print

e ® FormLabs @ AnyCubic f
s _e 650
< 53
c € 2 550 ® FormLabs Print
S 207 o 8§ 450 PDMS f i
i 2 from FormLabs Print
Designed 215 O £ 350 o pri
esigne [ T 0O AnyCubic Print
— CAD model S M 2 0 PDMS from AnyCubic Print
dimensions S 5 <2 150
— Actual 3D print E 50
100 200 300 400 100 300 500
Designed Channel Designed Channel
Height (um) Width Dimensions (um)

Figure 3.1: Commercial 3D printing is a power tool in the fabrication of PDMS
microfluidic devices.

(a) Outline of the fabrication and post-processing method. Master moulds were
3D printed using the Formlabs Form 3B using clear resin or the AnyCubic D2
DLP using black resin. 3D printed parts were post-processed, which involves
critical steps including heat treatment, physical sanding, and chemical coating
with nail polish. These post-processed moulds were used to cure PDMS,
resulting in a fully cured, optically clear microfluidic device. (b) Sample images
of the microfluidic device (top) adhered to a glass microscope slide using
double-sided medical-grade tape and (bottom) to the double-sided tape alone
with dyed distilled water flowing through. Cross sections of the (c) 3D printed
mould or (d) the resulting PDMS device were imaged using a scanning electron
microscope. Dotted lines represent the theoretical feature that should have
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been printed and was designed in the CAD software. (e) Measurements of the
angle between the hypothetical feature (channel wall) and the actual printed
channel wall, as a proxy for accuracy of the 3D printed mould, for both
FormLabs and AnyCubic printed parts. (f) Measurements of the channel
features that resolved on the 3D printed mould compared to the designed width
dimensions in the CAD file. Dotted grey lines are a reference for perfect printing;

features that printed the same dimension as initially designed.

3.4.2 Heat treatment of 3D printed moulds required for PDMS curing

We observed a significant amount of PDMS curing inhibition at the interface
between the PDMS surface and the 3D printed surface, which has been previously
reported in applications involving 3D printed moulds (Figure 3.2). The resultant PDMS
did not fully cure, leaving behind a sticky texture with many channel features failing to
form, or being formed at very low resolution. To relieve this inhibition, we treated our
printed moulds with high heat at 100°C for up to four hours. This resulted in a
completely cured and translucent PDMS surface, through manual observation and
brightfield microscopy (Figure 3.2). Notably, the surface of the device was smooth,
and the device features were translated properly. We found that longer heat
treatments resulted in increased PDMS curation, as evident by an improved PDMS
surface texture and perfect channel edges. Importantly, at extremely high
temperatures (~120°C) or prolonged heating (> 8 hrs), the 3D printed moulds warped
and/or cracked, decreasing the likelihood of generating PDMS microfluidic devices
with accurate channel dimensions (data not shown). Overall, 3D prints acquired from

SLA printers require high heat treatment to allow complete PDMS curing.
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Figure 3.2: Heat processing is required for complete PDMS curing in 3D printed
moulds.

(Left) A schematic representation of PDMS device, with arrows, indicated the
direction of media flow through the channels and chambers within the device.
(Right) Brightfield microscopic images of PDMS obtained after removal from the
3D printed mould that was subjected to varying high heat treatment durations.

Scale bars indicate 100 pym.

3.4.3 Post-processing of 3D printed moulds is required for generating smooth

PDMS surfaces

Despite the successful fabrication of a PDMS microfluidic device, the resultant
PDMS devices were optically translucent, likely due to the surface roughness of the
3D printed moulds. The PDMS surface was textured, and not clear, microscopically
(Figure 3.2). Furthermore, when visualizing the surface of the PDMS devices obtained
using these moulds by brightfield microscopy at higher magnification (63X
magnification), it was immediately clear that the surface was uneven and rough (Figure
3.3a). The surface contained various imperfections, such as streaks and ridges.
Therefore, we sought to design an inexpensive and simple post-processing method
that would dramatically reduce the surface roughness of our 3D prints, ideally
translating to the PDMS device. Ultimately, our goal was to reduce surface roughness
and imperfections on the PDMS device itself, as this is a critical requirement for optical

clarity. We opted to sand the features of the 3D moulds with increasing grit sandpaper,
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from 1,500 to 15,000 grit, to remove large debris and imperfections in the 3D print,
which resulted in a visually smoother surface, but left streaks and scratches (Figure
3.3a). Therefore, with sanding alone, the resulting PDMS devices were translucent
and conformed to the scratches visible on the moulds. Polishing and applying
chemical-based coatings, such as spray painting and lacquer coatings, as a final
surface finish, have been described.’” We explored several chemical coating
methods, including silicon-based sprays (mould release spray), polyvinyl alcohol
(PVA), and polyurethane, all of which inhibited PDMS curation. However, we also
assessed the ability of nail polish, an extremely common coating agent that is readily
available, to smoothen the surface of the moulds. We noted that nail polish alone can
reduce the surface roughness of the 3D prints, and significantly reduce the visible
surface roughness when combined with initial sanding of the 3D print (Figure 3.3a).
Both post-processing steps reduced the surface roughness of the 3D print by almost
two-fold (root mean square roughness (Rq) from 119.16 to 63.23; Figure 3.3b) and

were suitable to cure PDMS.

Next, we used atomic force microscopy (AFM) to obtain higher resolution
images and quantified the Rq of the 3D printed moulds and resulting PDMS surfaces.
Interestingly, PDMS devices fabricated from moulds that had not undergone post-
processing exhibited lower surface roughness than its mould counterparts (FormLabs:
Rq from ~ 119 to 99 nm; AnyCubic: Rq from ~ 259 to 171 nm). However, with post-
processed moulds, there was an extreme reduction in surface roughness of the
resulting PDMS device in all cases when compared to the non-processed PDMS
device (FormLabs: Rq from ~ 63 to 18 nm; AnyCubic: PDMS device with Rq ~ 32.42
nm). We note that in all technical replicates of the AnyCubic 3D printed mould, we

could not get reliable estimates of the surface roughness. Nevertheless, the resulting
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PDMS surface obtained from the moulds from both commercial printers was > 5-fold

smoother than PDMS obtained from an untreated mould.

The resultant PDMS surfaces obtained through post-processing exhibited
greater clarity, visibly, compared to the non-processed counterpart (Figure 3.3c). This
was further validated when we assessed the optical transmittance (a measure of
clarity) of various post-processed PDMS samples, within the 400 — 700 nm range,
compared to a control PDMS surface cured in a glass mould. We found that PDMS
surfaces originating from moulds that were post-processed with both mechanical
sanding and nail polish coating resulted in the highest level of transmission (78 — 83
%) across scanned wavelengths compared to the non-processed moulds and
approached the transmission of the control PDMS surface, which exhibited
transmission levels of 85 — 89 % (Figure 3.3c). Notably, the clarity of PDMS surfaces
from moulds treated with only a nail polish coating was still quite clear (75 — 81 %).
This suggests that this coating is the main factor for PDMS surface smoothness and
clarity, with mechanical sanding responsible for increasing clarity by ~ 2 — 3 %, likely
due to the removal of larger surface debris and imperfections. It should be noted that
we observed that physical sanding can cause up to 50% removal of resin material that
forms our microfluidic features, which is approximately ~ 40 ym change in height in
our devices (Figure 3.3d). Additionally, applying nail polish was observed to add ~ 11
pum of height in our devices (Figure 3.3d). These two factors must be considered when
performing these post-processing steps. Future work will expand on these methods to
limit the amount of 3D printed material that is lost from sanding and optimizing the nail
polish coating to minimize the additional material added to our master mould.
Nevertheless, our data outline the importance of the post-processing of 3D printing

moulds to generate optically clear PDMS devices.
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One other potential issue with rough PDMS surfaces is its ability to be bonded
to glass surfaces using oxygen plasma. A smoother surface could facilitate greater
PDMS-glass bonding. To investigate this, we oxygen plasma bonded PDMS (1 cm x
1 cm x 1 cm cut outs) from moulds produced using the FormLabs printer, with and
without nail polish treatment (Figure 3.3e). Surprisingly, we find that our PDMS
substrates, regardless of nail polish treatment, are capable of bonding to glass tightly.
When tensile stress was applied, commonly, the PDMS substrate would break
internally before its bond with glass was broken (Figure 3.3f). The tensile force
required to cause the PDMS or PDMS-glass bond was on average, 13.20 and 12.12
Newtons for substrates generated from untreated and nail polish-treated moulds,
respectively (Figure 3.3g). This equates to 0.1320 and 0.1212 Megapascals, which is
at least within an order of magnitude and corroborates other reported values.'®?
Therefore, PDMS surfaces derived from FormlLabs-based master moulds can be
oxygen plasma bonded, though a smoother surface may facilitate more even bonding

through the microfluidic device.
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Figure 3.3: Sanding and chemical coating of the 3D print generates a smoother
surface that results in optically clear PDMS devices.

(a) Brightfield images of PDMS surfaces obtained from FormLabs and
AnyCubic 3D printed moulds after post processing steps. Scale bars represent
50 um. (b) Three-dimensional AFM image of both the 3D printed surface and the
PDMS surface obtained from each respective mould. The root mean square
roughness (Rq) for each surface is indicated below the image. (c) Circular PDMS
cut-outs were obtained from 3D printed moulds, either post-processed or not,
and the optical transmission (%) was calculated and plotted for both FormLabs-
and AnyCubic-derived PDMS surfaces. (d) Change in channel dimension of
post-processed 3D printed moulds compared with untreated 3D printed moulds
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(e) Square PDMS cut-outs (1 cm x 1 cm x 1 cm, lwd) were generated from 3D
printed moulds, with or without nail polish treatment, and oxygen plasma
bonded to glass slides. (f) Top-view of PDMS plasma bonded to glass (top) and
an image of residual PDMS material still remaining after the force was applied
to remove PDMS from glass slide (bottom). (g) The tensile force applied to
remove PDMS from the glass slide was recorded using a spring scale. The

median, mean, and number of samples are indicated below.

3.44 PDA- and collagen-coated PDMS devices have greater surface

hydrophilicity

Despite being highly biocompatible, PDMS is also highly hydrophobic, which
can pose significant complications for microfluidic devices intended for cell-based
applications. Therefore, we applied a chemical surface modification (previously
reported to increase surface hydrophilicity) using polydopamine (PDA).°® PDMS
substrates were coated with various concentrations of PDA for 2, 8, or 24 hours, and
the water contact angle (WCA) was measured as a proxy for surface hydrophilicity.
PDA-coated devices coated exhibited significantly reduced WCA compared to non-
coated PDMS surfaces (Figure 3.4). Notably, this effect was concentration dependent
as surfaces coated with 0.1% PDA had a smaller WCA than surfaces coated with
0.01% PDA. Therefore, the resultant PDMS microfluidic devices fabricated using our
can be modified similarly to those reported in the literature to produce hydrophilic

surfaces that are suitable for cell culture applications.
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Figure 3.4: Polydopamine-coated PDMS significantly increases surface
hydrophilicity.

(Left) Representative images of water droplets on PDMS surfaces are shown,
with or without incubation, in 0.1% or 0.01% dopamine hydrochloride solution
at pH 8.0. (Right) The mean contact angle of PDMS coated with 0.1% or 0.01%
polydopamine is plotted for 0, 2, 8, and 24 hours of incubation in the coating
solution. Error bars represent +/- one standard deviation. Statistical analysis
was performed using the Tukey HSD test: *p-value < 0.05, **p-value < 0.01,
***p-value < 0.001, ****p-value < 0.00001 (n > 3).

3.5 Discussion

PDMS microfluidic devices are extremely attractive for cell biological assays
and research due to their high biocompatibility and ability to control the cell
physiochemical microenvironment.’® Additionally, the reduction in reagent
consumption, the scalability to multiplex (upwards of thousands of reactions per
device), and the ability to create unique designs has greatly innovated cellular
research, particularly in precision medicine and high-throughput drug screening.'83. 193-
196 Despite all these advantages, microfluidic systems have not been widely adopted
by biology researchers, who are still using more traditional plate-based assays.'% This

is understandable, since plate-based methods have been optimized and standardized
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and are incredibly simple to use and provide robust results. Several factors can be
attributed to the gap between researchers and the use of microfluidic devices,
including: (1) fabrication and (2) use of the device.®® The fabrication process often
requires specialized and expensive equipment, and the operation of microfluidic
devices can be difficult and cumbersome for the user; both deterring the setup and
use of microfluidic systems in biology research. To address the first obstacle, our work
outlines an inexpensive and simple approach to rapidly generate optically clear PDMS

microfluidic devices that can have extensive biological.

3.5.1 Commercial SLA 3D printers are useful tools in PDMS device fabrication

3D printing technologies have made great strides in biomedical and
biomolecular research.33 198199 Though 3D printing has been demonstrated to be a
highly useful and emerging technology, it has not been widely adopted, since it still
requires specialized equipment and user expertise. We intended to bridge this gap
and provide a detailed guideline for the fabrication of PDMS devices using 3D printing
technology. Our focus was to construct a simple and versatile method to generate
PDMS microfluidic devices, from start to finish, with a product suitable for mammalian
cell applications. We pushed the limits of the available FormLabs and AnyCubic 3D
printers and showed that we could generate channel features in the <100 ym range,
though larger feature sizes result in a more accurate final product. We were able to
generate devices with small features (>25 um channel height) that were still capable
of fluid flow. This is, to the best of our knowledge, the lowest reported PDMS structure
generated with 3D printing. Future developments in the field of 3D printing will

maximize the resolution limit, while maintaining the accuracy of the final printed part.
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3.5.2 Post-processing of 3D moulds is critical for optically clear devices

The potential applications for PDMS microfluidics are vast, spanning from
diagnostic systems to sample testing and drug discovery.% 178 181,200 To date, 3D
printing has not yet produced PDMS microfluidic devices with the same level of
resolution and clarity when compared to devices obtained from more traditional
methods. This is largely due to the limitations of the printer, PDMS curing inhibition
that may result from different types of photocurable commercial resins, and the
smoothness of the resulting moulds that are generated by 3D printing. Our described
post-processing steps can be applied in a wide range of laboratory settings, producing

clear PDMS devices that approaches those created via photolithographic techniques.

The first critical component to our post-processing step is the heat treatment of
the 3D print. Contingent on the type of resin used, most photocurable resins are
comprised of acrylate monomers, crosslinkers, colouring agents/photo absorbers,
plasticizers, and most importantly, the photoinitiator. Phosphine-oxide-based
photoinitiator fragments can leach from the moulds and inhibit the PDMS catalyst.'%*
201 |n contrast, unreacted monomers strongly bind and attach PDMS to the 3D-printed
surface. Both photoinitiators and unreacted monomers can remain even after the 3D
printing process, and their combined actions result in PDMS curing inhibition. UV
treatment maximizes the polymerization of the resin, and high-temperature treatment
of the moulds allows any present photoinitiator to be vaporized, both processes
reducing the presence of residual photoinitiator and resin monomer, enabling proper
PDMS curing."®In line with these studies, we found that high heat treatment removes
these photoinitiator fragments, enabling complete PDMS curation. Notably, moulds
are susceptible to cracking and breaking at prolonged levels of dry heating at >100 °

C, so we propose the use of shorter heat treatments or high heat treatment with
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humidity (such as the autoclave), which does not visibly affect the structural integrity

of the mould.

The second important post-processing step involves physical and chemical
surface modifications to the 3D print to obtain a smooth surface. Several spray paint
or lacquer coatings have previously been used to conceal the layer markings to 3D
printed objects.?4 193 Similarly, chemical coats with SU-8 and fluorosilanes have been
used to improve PDMS curing and clarity.'3® Furthermore, Parylene-C coatings have
also been used to aid in PDMS release in addition to protecting master moulds,
extending the number of cycles of moulding with various polymers. However, these
methods require specialized pre-treatments and/or equipment.?°% 203 \We provide an
alternative, low-cost, coating solution involving nail polish, which significantly
increases the surface smoothness of the 3D printed moulds, resulting in extremely
clear PDMS surfaces (Rq < 33 nm). In comparison, the surface roughness of Pyrex
glass has been estimated to be Rq = ~ 1 nm.2% Although our fabrication method does
not produce PDMS surfaces rivalling that of pure glass substrates, we outline a novel
post-processing method that approaches the surface smoothness of glass and
outperforms other reported methods that use 3D printing to generate PDMS

devices.205. 206

The final part of our post-processing outline involves the application of a coating
to the PDMS surface to increase hydrophilicity. PDMS is a highly hydrophobic
substrate. This is particularly problematic for cell biological applications, since
adherent mammalian cells will not adhere to a hydrophobic surface.!’?: 207, 208
Additionally, air bubbles can readily form within a hydrophobic microfluidic device as

hydrophilic media or solution are flowed through the device.2%® Therefore, increasing
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the hydrophilicity of the PDMS surface allows for biomedical applications and

promotes the proper operation of the microfluidic device.

3.6 Conclusion

The use of photo-polymerization methods to generate master moulds and
create microfluidic devices is an emerging field that is beginning to bring microfluidic
capabilities and experimentation to researchers, even those that lack specialized
microfluidic equipment. Since this field is still in its early stages, recent work, including
ours, has been aimed to characterize these fabrication methods and provide
guidelines to generate simple, efficient, and inexpensive devices.'®® As advancements
in 3D printing technologies continue to push the resolution limit, we anticipate that our
post-processing steps will remain a highly efficient and inexpensive method to produce

highly transparent and functional PDMS devices.

71



4 Culturing HCEC cells in PDMS microfluidic devices fabricated using

low-cost commercial 3D printers

Brandon Ho'-?, Megala Ramasamy’, Chau-Minh Phan'?, & Lyndon Jones'?

' Centre for Ocular Research & Education (CORE), School of Optometry & Vision
Science, University of Waterloo, 200 University Avenue West, Waterloo, ON, Canada

N2L 3G1

2 Centre for Eye and Vision Research (CEVR), 17W Hong Kong Science Park, Hong
Kong

72



Data Write

Author Concept/Design Analysis
Acquisition up/Publication
Ramasamy Y Y Y
Ho Y Y
Phan Y Y
Jones Y Y

73



4.1 Introduction

In recent years, the adoption of lab-on-a-chip platforms for ocular research has
gained significant attention.?'® This technology offers several benefits, including the
capability to simulate tissue/organ functions, manage morphological and biochemical
microenvironments, and enable real-time imaging.?'® By employing this strategy, a
more physiologically appropriate model for studying ocular biological events and
enhancing medication delivery systems can be developed.?!" For instance, eye-on-a-
chip and contact lens-on-a-chip models have been developed to partially simulate
human ocular environments.*> 212 However, the conventional fabrication methods,
such as soft lithography, which require a semi-clean environment and expensive

equipment, pose the biggest challenge to the widespread use of this technology. %8

This chapter discusses using PDMS microfluidic devices manufactured with
low-cost 3D printed mould to cultivate HCEC. The hydrophobic property of the PDMS
surface poses a challenge to cell attachment and proliferation. PDMS was coated with
PDA and Col to render its surface hydrophilic. PDA serves as an anchor for collagen
and provides cell adhesion, while collagen promotes cell proliferation by simulating
the natural extracellular matrix environment.’>” PDA/Col coated PDMS devices have
been utilized for culturing mesenchymal stem cells and fibroblast cells.®”: 23 In our
study, this PDA/Col combination was employed to modify the surface of our PDMS

devices fabricated using the 3D printed mould to incorporate HCEC.

4.2 Materials and methods

4.2.1 Fabrication and post-processing of PDMS microfluidic devices

The PDMS (Sylgard 184, Dow Corning, USA) elastomer and curing agent were

combined in a ratio of 10:1 to make a homogenous mixture, which was then
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centrifuged at 500 g for 10 minutes to eliminate air bubbles. The resulting PDMS
mixture was cast into the post-processed 3D-printed master moulds and cured at 75
°C for 1.5 hours. The resulting PDMS devices were gently released from the moulds
and sterilized by autoclaving. Then, to enhance the hydrophilicity of PDMS, they were
dip-coated in two different concentrations of PDA (0.001%, 0.01%) solution for 24
hours. Subsequently, the PDMS devices were dip-coated in a 20 pg/ml collagen
(Sports Research, CA, USA) solution. Both PDA and collagen solutions were prepared

by dissolving them in PBS at pH — 8.5.

4.2.2 Cell culture and cell seeding in PDMS device

Immortalized HCEC were grown in standard polystyrene tissue culture plates
supplied with DMEM/F12 medium with 1% fetal bovine serum (ThermoFisher
Scientific 16000044, Waltham, MA, USA) and 1% penicillin-streptomycin (Fischer
Scientific 15140122, ON, Canada). The cultures were maintained in an incubator at
37 °C and 5% CO2 until they reached 80% confluence. When the HCEC attained a
confluent state, standard EDTA/Trypsin (Sigma-Aldrich T3924-500ML, St. Louis, MO,
USA) solution was utilized to separate them from tissue culture plates. In a standard
96-well plate, cell seeding is typically carried out at a density of 10,000 cells per well,
where each well has a surface area of approximately 0.32 cm?. However, when using
PDMS (Polydimethylsiloxane) devices, the well surfaces are only 60% of that found in
tissue culture plates. To maintain an equal surface area for cell growth, approximately
6,000 cells were injected into the sterilized PDMS devices using a syringe, while
varying the treatment conditions. These cells were allowed to grow in DMEM/F12

media at 37 °C in a high-humidity environment for 36 hours.
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4.2.3 Cell viability assay

Following the incubation period, the HCECs were visually assessed for their
morphology, including their shape, size, adherence, and any potential abnormalities,
to gain insights into their overall health using bright field microscopy. Next, the cell
viability assay was performed using Alamar blue reagent (ThermoFisher Scientific
DAL1025, Waltham, MA, USA) to validate the metabolic activity and viability of HCEC
colorimetrically. The viability assay works on the principle that the Alamar blue reagent
penetrates the cell membrane of viable cells and gets oxidized, resulting in a colour
change from blue to pink. HCEC were grown on PDMS devices subjected to varying
surface treatments including no treatment, only Col, only PDA (0.001%), 0.001%
PDA/Col, 0.01% PDA/Col and compared with HCEC grown on standard tissue culture
plate (Corning® 96 Well TC-Treated Microplates, Millipore Sigma CLS3595-1EA,
Oakville, ON, Canada). To each microfluidic device, 10 yL of Alamar blue reagent was
added into the wells (~1:10 dilution), and the cells were incubated for 4 hours. After
this incubation period, 100 pl of the sample was extracted from the microfluidic device.
Subsequently, a 100 yl sample was collected from the cells grown in standard tissue
culture plates, which is the control. The fluorescence of the extracted sample was
measured using the Imaging Multimode Plate Reader (Cytation 5, Agilent BioTek
Instruments, Winooski, VT, USA) with excitation and emission wavelengths of 540 nm
and 590 nm, respectively. The fluorescence intensity, which corresponds directly with

the number of viable cells, was recorded.

4.2.4 Statistical analysis

The statistical analysis and graphs were generated using GraphPad Prism 8
software (GraphPad, version 8.2.1, La Jolla, CA, USA). Six samples were used for the
cell viability tests, and the results are presented as the mean and standard deviation.
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Using the Shapiro-Wilk test, the normality of each group was evaluated separately. A
one-way ANOVA was used to determine if there was a statistically significant
difference in the proportion of viable cells between treatment groups. Tukey's post-
hoc test was applied to pairwise cell viability comparisons, revealing substantial

differences. For all analyses, p<0.05 was used as the significant level.

4.3 Results

4.3.1 PDA/Col coated PDMS devices exhibit increased cell viability compared

to untreated PDMS devices

The integration of HCEC into surface modified PDMS was investigated. As
HCECs play a crucial role in ocular drug delivery and eye health maintenance, they
were chosen for this study. HCEC proliferation and adhesion to surface modified
PDMS devices were visually assessed utilizing brightfield microscopy images (Figure

4.1A). This indicated that the surface modification technique improved cell adhesion.

Next, we tried to investigate the viability of HCEC with increasing PDA
concentrations and PDA/Col combinations (Figure 4.1B). With increasing PDA
concentration, we observed a significant increase in cell viability (p<0.001). This
considerable difference indicated that PDA was essential for improving the cell
compatibility of PDMS devices. Interestingly, there was no significant change in cell
viability between collagen-treated and untreated PDMS devices. Moreover, the cell
viability of PDA/Col-treated PDMS devices increased from 13.5% to 80.2% compared
to untreated PDMS devices (p<0.001). Though cell viability increased to 80% for
PDA/Col treated PDMS devices, the cell viability percentage was significantly lower

when compared to standard tissue culture plates (p<0.0001). This result underlines
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the need for continued investigation and optimization to bridge the gap and maximize

the potential of PDMS devices in cell applications.

A B HCEC viabilty in PDMS device compared to
standard TC plate
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Figure 4.1: HCEC viability in PDMS device compared with standard tissue
culture plate.

A) Brightfield microscopy image of HCEC cells grown in PDMS chip B) Cell
viability % of HCEC grown in PDMS device coated with only PDA, only Col,
0.001% PDA/Col, 0.01% PDA/Col compared with standard tissue culture plate.
Statistical analysis was performed using the Tukey HSD test. *p-value < 0.05,
**p-value < 0.01, ****p-value < 0.0001 (n=6).

4.4 Discussion

Eye-on-a-chip technology has gained immense popularity in recent years due
to its ability to simulate physiological ocular conditions, generating more precise
findings than conventional 2D cell culture models.®* 24 However, the adaptability of
this technology is limited due to the high cost and technical expertise required in the
fabrication process.®® This study aimed to develop an HCEC-PDMS device using low-

cost commercial 3D printers, making this technology accessible to all.
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The hydrophobic property of PDMS, which hinders cell growth, is one of the
most significant obstacles associated with its use. To circumvent this limitation, we
deployed PDA and Col, two biopolymers recognized for their cell proliferation and
adhesion capabilities. PDA, well-known for its adhesive qualities, rendered the surface
hydrophilic, facilitating initial cell attachment. Additionally, collagen, a vital extracellular

matrix component, stimulated cell proliferation.'5!. 157,215

PDA/Col-treated PDMS devices revealed increased HCEC viability compared
to untreated PDMS devices, yet still lagged behind standard tissue culture plates. Our
observation was consistent with previous research that reported low cell viability
(<40%) for untreated PDMS devices. Surprisingly, these investigations also revealed
that when cells were cultured over an extended duration of 72 hours, their viability
might increase by up to 120 %.2'® Comparatively, our study, conducted within 36
hours, achieved 80% cell viability. This study demonstrates that with further
optimization and extended cell culture durations, our HCEC-PDMS device could

potentially maximize cell viability.

HCECs are adherent cell types, and they must be adhered to the PDMS surface
in order to maintain their morphology and function. This attachment can be mediated
by cell adhesion molecules like integrins, which not only facilitate adhesion but also
regulate cell signalling and activate the metabolic activity of the cells. However, HCEC
not adhered to the PDMS surface can exhibit reduced metabolic activity.?'® Alamar
Blue assay cannot directly measure cell adhesion and can only assess cell viability
and metabolic activity. The assay works by measuring the reduction of resazurin, a
non-toxic, cell-permeable dye, to resorufin by mitochondrial enzymes in living cells.
The amount of resorufin produced is proportional to the number of viable cells in the

sample.?'” While the Alamar Blue assay can indirectly provide information about cell

79



adhesion by measuring the metabolic activity of cells that adhere to a substrate, it
does not directly measure the number of cells attached to the PDMS surface. Other
assays, such as crystal violet staining and the quartz crystal microbalance,

fluorescence-based counting are better suited for directly measuring cell adhesion.?18

4.5 Conclusion

In this study, we successfully developed an HCEC-PDMS device using low-
cost 3D printers available on the market. To overcome the limitation of PDMS surface
hydrophobicity, PDA and Col were successfully used to modify the surface of PDMS.
Our research demonstrates that this technology has the capability to create better

realistic models for ocular research, with promising improvements in cell viability.
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5 General discussion and future direction

Cytotoxicity screening is a crucial step in assessing the toxicity of newly
developed therapeutics in preclinical studies. It serves as a link between preclinical
investigations and clinical trials.?'® Nonetheless, the vast majority of medications fail
in clinical trials due to a lack of efficacy and unforeseen toxicity issues.'®® 2'® For
instance, in phase Il clinical trials, greater than 50% of drug failure is attributed to
toxicity.2'® The primary reason for this is the lack of sophisticated in-vitro ocular models
that could better validate the safety of therapeutics.'®® In recent years, researchers
have attempted to create an eye-on-a-chip model utilizing PDMS chips.'? The major
hindrance in accessing the PDMS chips is the lack of a simple, cost- and time-efficient,

scalable fabrication method.%8

5.1 Experimental summary and discussion

As described in Chapter 3, 3D printing is an emerging fabrication technique that
offers an alternate method for resolving the challenges associated with the fabrication
of microfluidic chips. This chapter described the fabrication of PDMS chips from a 3D
printed mould using Formlabs and AnyCubic 3D printers (Table 5.1). Three simple and
cost-effective post-processing stages were described to generate optically transparent
and smooth PDMS chips: heating, sanding, and coating with nail polish. The heating
of 3D printed moulds was vital in ensuring complete PDMS curing by eliminating any
residual uncured resin on the mould surface, as validated through Brightfield
microscopy. Subsequently, the combination of sanding and nail polish coating
produced smooth and optically transparent PDMS chips. Furthermore, the

hydrophobic PDMS surface was rendered hydrophilic by dip coating of PDA.
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Table 5.1: Comparative analysis of 3D printers and their resolution

3D printer Formlabs Form AnyCubic D2 DLP
3B*
Resin used Clear resin Black resin
Technology Low force Digital Light Processing

stereolithography

Light source T

V‘)

Cost $ 8000 $ 650
Printing time/chip 150 minutes 45 minutes
XY resolution 25 um 51 um

(manufacturer

description)

XY resolution observed The printed widths varied The measured resolution
from the intended design of the printed objects

values, having deviations  precisely corresponded

of 300% to 25% for actual to the intended
designed widths ranging resolution, indicating
from 25 to 500 pm, accurate replication
respectively. without any discernible
deviations.
Angle deviation of Channel dimensions Channel dimensions

channels >200 um had less than >200 pum had less than

10°deviation 10°deviation
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During the investigation, it was discovered that the printed channels exhibited
a variation of 100 ym in comparison to their intended dimensions for the Formlabs 3D
printer. Additionally, for channel dimensions below 200 pm, both Formlabs and
AnyCubic 3D printers exhibited an angular deviation of up to 20°. While designing the
chip, these factors must be considered. Intriguingly, our findings corroborated prior
studies indicating that the resolution of the least expensive 3D printers, such as
AnyCubic, was comparable to that of the medium-priced 3D printers, such as

Formlabs.220

The development of microfluidic chips for ocular cell applications began with
the direct 3D printing of chips utilizing Formlabs 3D printer with clear resin. In our
preliminary findings, we discovered that the channels were blocked by resin below 800
um. This was in line with the previous findings stating only a 65% accuracy for
channels with dimensions of 500 ym and complete blockage of channels below 250

“m_221

In a subsequent design iteration, a reverse mould was 3D printed using
Formlabs and AnyCubic 3D printers. When PDMS was cast in the 3D printed moulds
from both 3D printers, PDMS curing inhibition was observed, a common issue
associated with photopolymer-based resin 3D printers.'%® UV curing for prolonged
periods (60 °C, 2 hours) resulted in partially cured PDMS with minimal adhesion in the
case of Formlabs. PDMS curing was strongly inhibited when the identical curing
process was applied to 3D-printed moulds from AnyCubic 3D printers. This disparity
in PDMS curing inhibition can be attributed to the proprietary resin formulations, as
UV penetration depth differs amongst resin types.'®® This led to the inclusion of a
heating step (100 °C, 2 hours) along with UV curing. To achieve completely cured

PDMS chips, a minimum of 2 hours of heating was essential. When heated for more
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than four hours, it resulted in the moulds breaking. UV curing of 60 °C for 30 minutes
and heating for 2 hours resulted in completely cured PDMS for 3D printed moulds from
both 3D printers. Table 5.2 summarizes the treatment conditions required to produce

fully cured PDMS chips from both Formlabs and AnyCubic 3D printers.
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Table 5.2: Treatment conditions for 3D printed moulds from Formlabs and

AnyCubic 3D printers

PDMS curing inhibition

Complete PDMS curing

Formlabs Less UV curing, no/less heating

&

Long UV curing, no/less heating

AnyCubic

Less UV curing, more heating

Long UV curing, more heating

Table 5.3: Comparison of surface treatments for 3D printed moulds

Optical clarity

Surface Treatment Ease of application PDMS removal from
the mould

Sanding (1500 to 15000 grit) Moderate Easy

Polyvinyl alcohol (PVA) Easy Moderate

coating

Silicone mould release spray Easy Easy

Medical-grade adhesive tape Moderate Easy

Polyurethane spray coating Easy

Nail polish coating Easy
Sanding + Nail polish Moderate
coating

Difficult (PDMS curing
inhibition)
Easy

Easy

Improved

Opaque

No improvement
Improved

No improvement

Improved

Best of all
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The subsequent challenge was generating optical transparent PDMS chips
from 3D printed moulds. The PDMS obtained from Formlabs and AnyCubic moulds
were translucent, rendering it unsuitable for cell applications requiring microscopic
imaging. The translucency of the PDMS was attributed to the surface roughness of
the 3D printed moulds.?%> Our goal was to design a low-cost, straightforward surface
treatment for 3D printed moulds to obtain smooth, optically transparent PDMS chips.
As a result of sanding the surface of the 3D printed mould, the optical clarity (50 to 60
%) was improved, but not enough to distinguish cells under a microscope. Then, we
experimented with a range of coatings, including PVA, mould release spray, medical-

grade adhesive tape, polyurethane spray, and nail polish coating (Table 5.3).

The ultimate challenge included transforming the hydrophobic surface of
PDMS, as this inhibited cell proliferation and adhesion. Initially, GeIMA was pumped
using a syringe pump and cured with a portable UV curing device. As the surface of
PDMS was not plasma-activated, GelMA served as a discrete, non-interacting layer,
complementing the previous studies.?’' Moreover, pumping GelMA into each channel
is not efficient or scalable. In the final iteration, PDA was applied as a biocompatible
coating on PDMS surfaces. PDA coating does not require surface plasma activation,
and it can bind to PDMS via its functional groups, hence enhancing cell contact and
enabling conjugation with other biopolymers.'5'. 215 Instead of a syringe pump, simple
and scalable dip coating was utilized to apply PDA coating on PDMS substrates. Water
contact angle measurements validated a decrease in PDMS surface hydrophobicity.

The next crucial factor was chip design and bonding methodology. It began with
a simple three-channel layout measuring 65 mm in length, 1 mm in height, and 1 mm
in width. It was challenging to incorporate cells across the entire channel. Cell

chambers (cylindrical wells) were incorporated in the following layout to accommodate
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cells. Initially, plasma bonding techniques were employed for bonding. The plasma
bonding of PDMS resulted in robust, permanent bonding. However, not all labs have
access to this expensive equipment. Instead, PDMS bonding with medical-grade
adhesive tape was employed, ensuring no fluid leakage up to 100 yL/min flow rate.

Consider the criteria listed in Table 5.4 while designing chip moulds.

Table 5.4: Chip design considerations

Chip design Description

Channel length  Incorporate smaller channel lengths to minimize pressure

and avoid leakage during fluid pumping for extended

periods.
Channel Design channels with equivalent width and height to
dimension ensure proper printing and avoid issues with print quality.

Print orientation Vertical (90°) - Avoid due to longer print time and potential
breakage
Horizontal (0°) - Recommended as shorter print time
(Note: Ensure no cupping effect)
Slanting (15-45°) - Highly recommended for better print

quality and reduced peel forces
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Chapter 4 discussed the integration of HCEC into the PDA/Col surface-
modified PDMS that was generated using a post-processed 3D-printed mould. HCEC
demonstrated enhanced viability on Col/PDA-treated PDMS chips compared to
untreated PDMS chips, yet this difference was not statistically significant compared to
standard tissue culture plates. In the present study, a cell viability experiment was
performed for 36 hours. Future studies will attempt to perform cell viability experiments
for an extended timeframe. Furthermore, future research will investigate the survival
of cells at varying flow rates and the influence of shear stresses on HCEC. Moreover,
the study could be expanded to include other ocular cell types, creating co-culture
systems resulting in sophisticated in-vitro eye models.

PDA is a versatile and biocompatible polymer with a unique combination of
catechol and amine functional groups, which enhance its surface adhesion
properties.??? 222 The one-step coating process of PDA makes it a very attractive
biomaterial coating. Dopamine-hydrochloride undergoes an oxidation reaction under
alkaline conditions, forming PDA by a simple dip coating or spraying process on any
surface, including organic and inorganic surfaces. The thickness of the PDA coating
can be controlled by parameters including dopamine concentration, temperature,
coating time, and pH of the coating solution.®”- 22 |t has been reported that coating
thickness is linearly proportional to the coating time and PDA concentration. With
increasing coating thickness, the roughness of the PDA-coated surface increases.
However, there is no proper correlation between the effect of coating thickness on cell
growth, and it mostly depends on the cell type. This is evident from the research that
24 hours of PDA coating promoted the adhesion of chondrocyte cells, while 5 minutes

of PDA coating time was sufficient for the adhesion of myoblast cells.??2: 224
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PDA has been shown to promote cell adhesion, expansion, and proliferation in-
vitro for various cell types, including human umbilical vein endothelial cells,??> human
mesenchymal stem cells, myoblasts,??® and chondrocytes.??” Ku et al. demonstrated
for the first time that surfaces such as polyethylene, polytetrafluoroethylene, silicone
rubber, and PDMS, when coated with polydopamine were non-toxic to mammalian cell
lines MC3T3-E1 and PC12, used for bone and nerve regeneration respectively. The
cell adhesion and viability are dramatically increased several folds up to a maximum
of 5.46 compared to unmodified bare surfaces.??® Niedo et al. studied the cytotoxicity
of PDA nanoparticles on different types of human carcinomas, such as breast, colon,
liver, and lung. The findings indicated that as the size of the PDA nanoparticles
decreased, their antiproliferative activity (ability to slow down the growth of cancer
cells) became more pronounced. Additionally, the lowest tested concentration
exhibited a tumor-selective effect.??® Baidukova et al. showed that PDA had no
cytotoxicity on A549 lung cancer cells up to a maximum concentration of 2.5 mg/mL.
However, PDA above 0.2 mg/mL exhibited cytotoxic effects on neural cells, leading to
decreased metabolic activity and cell death.?’® These studies have mostly
incorporated PDA as an encapsulation for drug delivery and coating in biomedical
implants. Most studies have shown that PDA can be non-cytotoxic and used with a
wide range of cell types at lower concentrations. However, caution should be

exercised when using higher concentrations of PDA, especially with neuronal cell

types.

5.2 Addressing limitations and suggestions

The proposed fabrication methodology provides an efficient and economical
method to generate optically clear and smooth PDMS chips utilizing affordable 3D

printers. Nevertheless, there are a few constraints that need to be addressed.
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Firstly, the sanding and applying a nail polish coating to attain a smooth surface
on 3D printed moulds inadvertently led to changes in the channel dimensions. To
circumvent this limitation, advancements in 3D printing technology are essential. For
instance, considering the Formlabs SLA printer, the XY resolution is attributed to the
step size of the Light Processing Unit, which is 25 ym (how precise the laser can be
moved), and the laser spot size is 80 ym (diameter of the laser). Advancements in the
laser source and light processing unit, combined with a more flexible resin tank (which
reduces peel forces), could result in high-resolution 3D prints with a smoother finish,

eliminating the need for post-processing.

Secondly, the heating step, which is performed to vaporize the uncured resin
monomers (acrylate-based) on the mould surface, can result in mould deformations,
affecting the reusability of mould. By developing novel resin formulations that do not
affect the PDMS curing process, the heating process can be eliminated, increasing

the reusability of the mould.

Thirdly, PDMS is commonly used for cell applications, but its hydrophobic
nature poses challenges for cell adhesion. The 3D printed mould can be used to cast
other hydrogel biopolymers. This can eliminate the need for surface modification
strategies, as hydrogels possess inherent properties to promote cell adhesion and
proliferation. However, it is also necessary to consider the degradation factor of

hydrogels and choose biopolymers in combination.

There are several other challenges in the fabrication of PDMS devices that
need to be addressed in order to optimize the performance and functionality of these
devices for cell applications. These challenges include leakage of fluid, air bubble

formation in channels, and flow rate controllability.
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Fluid leakage poses a significant challenge in the utilization of microfluidic
chips. Due to its small volume, even a minute leakage can affect the experimental
study. According to the Hagen-Poiseuille equation, the pressure drop is inversely
proportional to the third power of the channel height for rectangular channels.?®' This
indicated that when the channel is very narrow, high pressure is created inside the
channels which is prone to leakage. 22" The first step in preventing leakage is to
ensure tight bonding of the PDMS device with a glass slide. In our study, PDMS
devices were bonded to glass slides via a medical-grade adhesive tape. Though this
method could withstand pressure up to 891 Pa, its bonding strength is lower when
compared with plasma bonding® and prone to leakage if not bonded properly. The
integrity of bonding can be visually identified through the flow of dyed solutions in
channels using a syringe pump for prolonged hours.?*' Additionally, this step can aid
in determining the need for change in channel design if required. Furthermore, the
surface roughness of PDMS can affect the bonding of PDMS, which can lead to fluid
leakage.?3? Hence, having a smooth PDMS surface could prevent potential fluid
leakage. In our study, the 3D printed mould was treated with sanding and nail polish
coating to obtain a smooth PDMS surface.

Syringe pumps are widely used in microfluidics to pump fluids as they provide
a more stable flow, simple and easy to use. However, the syringe pump enables the
accurate flow of fluids; continuous pumping of fluid can result in fluctuation, which adds
to the build-up of pressure within the channels. This fluctuation can result in channel
deformation and non-uniform flow rate within channels. The former might result in cell
death due to increased cell stress, while the latter might produce inaccurate cell
viability results as the nutrient supply can be uneven.?33 234 These challenges can be

overcome by modifying channel design, including separate channels for cell injection
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and vascular network-shaped channels for media flow that can provide a uniform
supply of nutrients. 23* Next, a smaller syringe diameter can improve flow stability at
low flow rates as the minimal volume dispensed is directly proportional to the syringe
diameter used. Additionally, a feedback loop can be introduced to the syringe pump,
which can control the pressure induced by the pump and regulate the fluid flow in a
stable and precise manner.?33

PDMS being a gas-permeable and hydrophobic material, one of the significant
challenges in employing it in cell studies is the formation of air bubbles. Factors such
as changes in temperature, pressure, dissolved gasses in fluid, and hydrophobic
surface can contribute to the formation of air bubbles.?3® Air bubble formation can
induce flow instability by blocking the channel. For cell applications, they can cause
stress on cells, resulting in cell death or alteration in their morphology, which can
potentially affect the experimental study.?®® By converting the surface of PDMS
hydrophilic, the air bubble formation can be prevented. In our study, the PDMS was
made hydrophilic by coating with PDA. Furthermore, the air bubble formation can be
prevented by ensuring the microfluidic setup is placed in a chamber or environment
with constant temperature and pressure. A series of hemispherical wells can be
created in the PDMS devices acting as a bubble traper.2%® Additionally, ensure the
PDMS devices are tightly sealed and the connection between the tubings and syringes

is intact to prevent the formation of air bubbles.

5.3 Future work

In addition to the work presented, our research group attempted to create a
contact lens chip using the 3D-printed mould. In laboratory investigations, drug release

studies from contact lens devices are performed in simple vials containing a
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predetermined amount of tear fluid.?3” These vial models lack certain features of the

human ocular system, such as tear flow and low tear volume.?%’

We designed a contact lens chip consisting of a top and bottom component,
simulating a low tear flow environment using a syringe pump. The upper portion
comprised an inlet, outlet, and channels for fluid flow. The lower section contained a
dome-shaped mount to mount a contact lens. The top and bottom portions can be
fused using double-sided adhesive tape. This contact lens platform is envisioned to
be connected to the HCEC chip (Figure 5.1), evaluating the toxicity of therapeutics

released from contact lens materials.

P L s 1
Contact Lens

Figure 5.1: Integration of a contact lens chip module with the HCEC chip module.
(Courtesy: Dr. Brandon Ho)

5.4 Conclusion

This thesis aimed to establish simple post-processing techniques for fabricating
PDMS devices using low-cost, commercially available 3D printers that could be used
for ocular cell applications. We fabricated optically clear and smooth PDMS devices

by incorporating post-processing steps like heating, sanding, and nail polish coating.
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However, sanding and nail polish coating steps resulted in variations in the channel
dimensions of moulds. Innovations in 3D printing technology and the creation of novel
resin formulations can be crucial in overcoming this constraint. This work paves the
way for further research and development in fabricating cost-effective, customizable

PDMS devices for ocular cell applications.

94



10.

11.

12.

13.

6 References

Perez VL, Saeed AM, Tan Y, Urbieta M, Cruz-Guilloty F. The eye: A window to
the soul of the immune system. Journal of Autoimmunity 2013; 45: 7-14.

Ji'Y, Chen N, Liu S, Yan Z, Qian H, Zhu S et al. Research Progress of Atrtificial
Intelligence Image Analysis in Systemic Disease-Related Ophthalmopathy. Dis
Markers 2022; 2022: 3406890.

Burton MJ, Ramke J, Marques AP, Bourne RRA, Congdon N, Jones | et al. The
Lancet Global Health Commission on Global Eye Health: vision beyond 2020.
The Lancet Global Health 2021; 9(4): e489-e551.

National Academies of Sciences Eg, and Medicine, Division HaM, Practice
BoPHaPH, Health CoPHAtRVIaPE. Making Eye Health a Population Health
Imperative: Vision for Tomorrow. National Academies Press (US); 2016.

Rein DB, Wittenborn JS, Zhang P, Sublett F, Lamuda PA, Lundeen EA et al.
The economic burden of vision loss and blindness in the United States.
Ophthalmology 2022; 129(4): 369-378.

Scott AW, Bressler NM, Ffolkes S, Wittenborn JS, Jorkasky J. Public Attitudes
About Eye and Vision Health. JAMA Ophthalmology 2016; 134(10): 1111-1118.

Maberley DAL, Hollands H, Chuo J, Tam G, Konkal J, Roesch M et al. The
prevalence of low vision and blindness in Canada. Eye 2006; 20(3): 341-346.

Guo C, Wang Z, He P, Chen G, Zheng X. Prevalence, Causes and Social
Factors of Visual Impairment among Chinese Adults: Based on a National
Survey. International Journal of Environmental Research and Public Health
2017; 14(9): 1034.

Marsden J, Stevens S, Ebri A. How to measure distance visual acuity.
Community eye health 2014; 27(85): 16.

Blind CCot. The Cost of Vision Loss and Blindness in Canada. Available at:
https://www.fightingblindness.ca/wp-content/uploads/2021/05/KG-EN-ACC-
Cost-of-Vision-loss-and-Blindness-in-Canada-Final.pdf.

Forrest SL, Mercado CL, Engmann CM, Stacey AW, Hariharan L, Khan S et al.
Does the Current Global Health Agenda Lack Vision? Global Health: Science
and Practice 2023; 11(1): e2200091.

Haderspeck JC, Chuchuy J, Kustermann S, Liebau S, Loskill P. Organ-on-a-
chip technologies that can transform ophthalmic drug discovery and disease
modeling. Expert Opin Drug Discov 2019; 14(1): 47-57.

Flaxman SR, Bourne RRA, Resnikoff S, Ackland P, Braithwaite T, Cicinelli MV
et al. Global causes of blindness and distance vision impairment 1990-2020: a

95


https://www.fightingblindness.ca/wp-content/uploads/2021/05/KG-EN-ACC-Cost-of-Vision-loss-and-Blindness-in-Canada-Final.pdf
https://www.fightingblindness.ca/wp-content/uploads/2021/05/KG-EN-ACC-Cost-of-Vision-loss-and-Blindness-in-Canada-Final.pdf

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

systematic review and meta-analysis. The Lancet Global Health 2017; 5(12):
e1221-e1234.

Administration USFaD. Development & Approval Process Drugs. Available at:
https://www.fda.gov/drugs/development-approval-process-drugs.

Canada H. How Drugs are Reviewed in Canada. Available at:
https://www.canada.ca/en/health-canada/services/drugs-health-products/drug-
products/fact-sheets/drugs-reviewed-canada.html.

Hughes J, Rees S, Kalindjian S, Philpott K. Principles of early drug discovery.
British Journal of Pharmacology 2011; 162(6): 1239-1249.

Gorantla S, Rapalli VK, Waghule T, Singh PP, Dubey SK, Saha RN et al.
Nanocarriers for ocular drug delivery: current status and translational
opportunity. RSC Advances 2020; 10(46): 27835-27855.

Kraljevic S, Stambrook PJ, Pavelic K. Accelerating drug discovery. EMBO
reports 2004; 5(9): 837-842.

Hunter JE, Loso M, Tisdell FE, Yap MCH. Leveraging mammalian therapeutic
research to identify novel lead chemistries for crop protection. Discovery and
Synthesis of Crop Protection Products. ACS Publications; 2015. pp 63-78.

Liu C, Le Blanc JCY, Schneider BB, Shields J, Federico JJ, Zhang H et al.
Assessing Physicochemical Properties of Drug Molecules via Microsolvation
Measurements with Differential Mobility Spectrometry. ACS Central Science
2017; 3(2): 101-109.

Vangala S, Pinjari J, Patole P, Ravindran S, Gangal R, Wangikar P et al.
Translational Drug Discovery Research: Integration of Medicinal Chemistry,
Computational Modeling, Pharmacology, ADME, and Toxicology. Encyclopedia
of Drug Metabolism and Interactions; 2012. pp 1-54.

Yam JCS, Lau WWY, Chu WK, Chen LJ, Choy KW, Ko STC et al. Advances in
Vision Research, Volume I: Genetic Eye Research in Asia and the Pacific. 2017.

Deore AB, Dhumane JR, Wagh R, Sonawane R. The Stages of Drug Discovery
and Development Process. Asian Journal of Pharmaceutical Research and
Development 2019; 7(6): 62-67.

Tamimi NAM, Ellis P. Drug Development: From Concept to Marketing! Nephron
Clinical Practice 2009; 113(3): ¢c125-c131.

Administration USFaD. Investigational New Drug (IND) Application. Available
at: https://www.fda.gov/drugs/types-applications/investigational-new-drug-ind-

application.

96


https://www.fda.gov/drugs/development-approval-process-drugs
https://www.canada.ca/en/health-canada/services/drugs-health-products/drug-products/fact-sheets/drugs-reviewed-canada.html
https://www.canada.ca/en/health-canada/services/drugs-health-products/drug-products/fact-sheets/drugs-reviewed-canada.html
https://www.fda.gov/drugs/types-applications/investigational-new-drug-ind-application
https://www.fda.gov/drugs/types-applications/investigational-new-drug-ind-application

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Chiodin D, Cox EM, Edmund AV, Kratz E, Lockwood SH. Regulatory Affairs
101: Introduction to Investigational New Drug Applications and Clinical Trial
Applications. Clinical and Translational Science 2019; 12(4): 334-342.

Racine E, Gualtieri M. From worms to drug candidate: the story of
odilorhabdins, a new class of antimicrobial agents. Frontiers in Microbiology
2019; 10: 2893.

Friedman LM, Furberg CD, DeMets DL, Reboussin DM, Granger CB
Fundamentals of clinical trials. Springer; 2015.

Aging Nlo. What Are Clinical Trials and Studies? Available at:
https://www.nia.nih.gov/health/what-are-clinical-trials-and-
studies#:~:text=Clinical%20trials%20are%20research%20studies,safe %20an
d%20effective%20in%20people.

Shapiro A. The drug development path. Available at:
https://assets.bmctoday.net/retinatoday/pdfs/0113RT clinical%20trials.pdf.

Administration USFaD. Clinical research. Available at:
https://www.fda.gov/patients/drug-development-process/step-3-clinical-
research#Clinical Research Phase Studies.

Fermini B, Coyne ST, Coyne KP. Clinical Trials in a Dish: A Perspective on the
Coming Revolution in Drug Development. SLAS Discovery 2018; 23(8): 765-
776.

Dash A, Blackman BR, Wamhoff BR. Organotypic systems in drug metabolism
and toxicity: challenges and opportunities. Expert Opin Drug Metab Toxicol
2012; 8(8): 999-1014.

Schuster D, Laggner C, Langer T. Why drugs fail-a study on side effects in new
chemical entities. Current pharmaceutical design 2005; 11(27): 3545-3559.

Pereira-da-Mota AF, Phan CM, Concheiro A, Jones L, Alvarez-Lorenzo C.
Testing drug release from medicated contact lenses: The missing link to predict
in vivo performance. J Control Release 2022; 343: 672-702.

Thiadens AA, Roosing S, Collin RW, van Moll-Ramirez N, van Lith-Verhoeven
JJ, van Schooneveld MJ et al. Comprehensive analysis of the achromatopsia
genes CNGA3 and CNGB3 in progressive cone dystrophy. Ophthalmology
2010; 117(4): 825-830.e821.

Choi SH, Lionberger RA. Clinical, Pharmacokinetic, and In Vitro Studies to
Support Bioequivalence of Ophthalmic Drug Products. The AAPS Journal
2016; 18(4): 1032-1038.

Report GSaR. FY2019 GDUFA Research Report: Abuse-Deterrent Opioid Drug
Products. Available at: https://www.fda.gov/media/135187/download.

97


https://www.nia.nih.gov/health/what-are-clinical-trials-and-studies#:~:text=Clinical%20trials%20are%20research%20studies,safe%20and%20effective%20in%20people
https://www.nia.nih.gov/health/what-are-clinical-trials-and-studies#:~:text=Clinical%20trials%20are%20research%20studies,safe%20and%20effective%20in%20people
https://www.nia.nih.gov/health/what-are-clinical-trials-and-studies#:~:text=Clinical%20trials%20are%20research%20studies,safe%20and%20effective%20in%20people
https://www.fda.gov/patients/drug-development-process/step-3-clinical-research#Clinical_Research_Phase_Studies
https://www.fda.gov/patients/drug-development-process/step-3-clinical-research#Clinical_Research_Phase_Studies
https://www.fda.gov/media/135187/download

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Petrov A, Corovié M, Milivojevié A, Simovié M, Banjanac K, Pjanovié R et al.
Prebiotic effect of galacto-oligosaccharides on the skin microbiota and
determination of their diffusion properties. International Journal of Cosmetic
Science 2022; 44(3): 309-319.

Salamanca CH, Barrera-Ocampo A, Lasso JC, Camacho N, Yarce CJ. Franz
Diffusion Cell Approach for Pre-Formulation Characterisation of Ketoprofen
Semi-Solid Dosage Forms. Pharmaceutics 2018; 10(3).

Jalili-Firoozinezhad S, Miranda CC, Cabral JMS. Modeling the Human Body on
Microfluidic Chips. Trends Biotechnol 2021; 39(8): 838-852.

Estlack Z, Bennet D, Reid T, Kim J. Microengineered biomimetic ocular models
for ophthalmological drug development. Lab Chip 2017; 17(9): 1539-1551.

Shafaie S, Hutter V, Cook MT, Brown MB, Chau DYS. In vitro cell models for
ophthalmic drug development applications. BioResearch open access 2016;
5(1): 94-108.

Merindano MD, Costa J, Canals M, Potau JM, Ruano D. A comparative study
of Bowman's layer in some mammals: Relationships with other constituent
corneal structures. European Journal of anatomy 2003; 6(3): 133-140.

Fadool JM, Dowling JE. Zebrafish: A model system for the study of eye
genetics. Progress in Retinal and Eye Research 2008; 27(1): 89-110.

Reichl S, Bednarz J, Miller-Goymann CC. Human corneal equivalent as cell
culture model for in vitro drug permeation studies. Br J Ophthalmol 2004; 88(4):
560-565.

Beebe DJ, Ingber DE, den Toonder J. Organs on Chips 2013. Lab on a Chip
2013; 13(18): 3447-3448.

Marcos LF, Wilson SL, Roach P. Tissue engineering of the retina: from
organoids to microfluidic chips. Journal of Tissue Engineering 2021; 12:
204173142110598.

Hirsh S. The FDA Is No Longer Requiring Animal Testing for New Drugs.
Available at: https://www.greenmatters.com/news/fda-no-longer-require-
animal-testing.

Maharjan P, Cho KH, Maharjan A, Shin MC, Moon C, Min KA. Pharmaceutical
challenges and perspectives in developing ophthalmic drug formulations.
Journal of Pharmaceutical Investigation 2019; 49(2): 215-228.

Dartt DA, Willcox MDP. Complexity of the tear film: Importance in homeostasis
and dysfunction during disease. Experimental Eye Research 2013; 117: 1-3.

98


https://www.greenmatters.com/news/fda-no-longer-require-animal-testing
https://www.greenmatters.com/news/fda-no-longer-require-animal-testing

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Swaminathan S, Kumar V, Kaul R. Need for alternatives to animals in
experimentation: An Indian perspective. The Indian Journal of Medical
Research 2019; 149(5): 584.

Citi V, Piragine E, Brogi S, Ottino S, Calderone V. Development of In Vitro
Corneal Models: Opportunity for Pharmacological Testing. Methods and
Protocols 2020; 3(4): 74.

Lee M, Hwang J-H, Lim K-M. Alternatives to In Vivo Draize Rabbit Eye and Skin
Irritation Tests with a Focus on 3D Reconstructed Human Cornea-Like
Epithelium and Epidermis Models. Toxicological Research 2017; 33(3): 191-
203.

Seo J, Byun WY, Alisafaei F, Georgescu A, Yi YS, Massaro-Giordano M et al.
Multiscale reverse engineering of the human ocular surface. Nat Med 2019;
25(8): 1310-1318.

Chen C, Mehl BT, Munshi AS, Townsend AD, Spence DM, Martin RS. 3D-
printed Microfluidic Devices: Fabrication, Advantages and Limitations-a Mini
Review. Anal Methods 2016; 8(31): 6005-6012.

Shiju TM, Carlos de Oliveira R, Wilson SE. 3D in vitro corneal models: A review
of current technologies. Exp Eye Res 2020; 200: 108213.

Jin Y, Xiong P, Xu T, Wang J. Time-efficient fabrication method for 3D-printed
microfluidic devices. Sci Rep 2022; 12(1): 1233.

Whitesides GM. The origins and the future of microfluidics. Nature 2006;
442(7101): 368-373.

Mehling M, Tay S. Microfluidic cell culture. Current Opinion in Biotechnology
2014; 25: 95-102.

Juang Y-J, Chiu Y-J. Fabrication of Polymer Microfluidics: An Overview.
Polymers 2022; 14(10): 2028.

de Almeida Monteiro Melo Ferraz M, Nagashima JB, Venzac B, Le Gac S,
Songsasen N. 3D printed mold leachates in PDMS microfluidic devices. Sci
Rep 2020; 10(1): 994.

Beebe DJ, Mensing GA, Walker GM. Physics and Applications of Microfluidics
in Biology. Annual Review of Biomedical Engineering 2002; 4(1): 261-286.

Sackmann EK, Fulton AL, Beebe DJ. The present and future role of
microfluidics in biomedical research. Nature 2014; 507(7491): 181-189.

Hassan S-U, Tarig A, Noreen Z, Donia A, Zaidi SZJ, Bokhari H et al. Capillary-

Driven Flow Microfluidics Combined with Smartphone Detection: An Emerging
Tool for Point-of-Care Diagnostics. Diagnostics 2020; 10(8): 509.

99



66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Pennathur S, Meinhart CD, Soh HT. How to exploit the features of microfluidics
technology. Lab Chip 2008; 8(1): 20-22.

Stone HA, Kim S. Microfluidics: Basic issues, applications, and challenges.
American Institute of Chemical Engineers AIChE Journal 2001; 47(6): 1250.

Narayanamurthy V, Jeroish ZE, Bhuvaneshwari KS, Bayat P, Premkumar R,
Samsuri F et al. Advances in passively driven microfluidics and lab-on-chip
devices: a comprehensive literature review and patent analysis. RSC Advances
2020; 10(20): 11652-11680.

Dixit CK, Kaushik AK, Kaushik A Microfluidics for biologists, First edn. Springer;
2016.

Costa F, Falzetti L, Baldini N, Avnet S. The Microfluidic Trainer: Design,
Fabrication and Validation of a Tool for Testing and Improving Manual Skills.
Micromachines 2020; 11(9): 872.

Dressaire E, Sauret A. Clogging of microfluidic systems. Soft Matter 2017,
13(1): 37-48.

Cong H, Zhang N. Perspectives in translating microfluidic devices from
laboratory prototyping into scale-up production. Biomicrofluidics 2022; 16(2):
021301.

Pattanayak P, Singh SK, Gulati M, Vishwas S, Kapoor B, Chellappan DK et al.
Microfluidic chips: recent advances, critical strategies in design, applications
and future perspectives. Microfluid Nanofluidics 2021; 25(12): 99.

Amirifar L, Besanjideh M, Nasiri R, Shamloo A, Nasrollahi F, De Barros NR et
al. Droplet-based microfluidics in biomedical applications. Biofabrication 2022;
14(2): 022001.

Satpathi NS, Hoque SZ, Nampoothiri KN, Malik L, Mirkale K, Desu H et al.
Applications of Microfluidics. Microfluidics and Multi Organs on Chip. Springer
Nature Singapore; 2022. pp 15-50.

Nishat S, Jafry AT, Martinez AW, Awan FR. Paper-based microfluidics:
Simplified fabrication and assay methods. Sensors and Actuators B: Chemical
2021; 336: 129681.

Carrell C, Kava A, Nguyen M, Menger R, Munshi Z, Call Z et al. Beyond the
lateral flow assay: A review of paper-based microfluidics. Microelectronic
Engineering 2019; 206: 45-54.

Choi K, Ng AHC, Fobel R, Wheeler AR. Digital Microfluidics. Annual Review of
Analytical Chemistry 2012; 5(1): 413-440.

Agarwal A. Digital Microfluidics: Techniques, Their Applications and
Advantages. Journal of Bioengineering & Biomedical Science 2013; 03(03).

100



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

Wu Q, Liu J, Wang X, Feng L, Wu J, Zhu X et al. Organ-on-a-chip: recent
breakthroughs and future prospects. BioMedical Engineering OnLine 2020;
19(1).

Zhang T, Hong Z-Y, Tang S-Y, Li W, Inglis DW, Hosokawa Y et al. Focusing of
sub-micrometer particles in microfluidic devices. Lab on a Chip 2020; 20(1): 35-
53.

Ren K, Zhou J, Wu H. Materials for Microfluidic Chip Fabrication. Accounts of
Chemical Research 2013; 46(11): 2396-2406.

Qi Z, Xu L, Xu Y, Zhong J, Abedini A, Cheng X et al. Disposable silicon-glass
microfluidic devices: precise, robust and cheap. Lab on a Chip 2018; 18(24):
3872-3880.

Aralekallu S, Boddula R, Singh V. Development of glass-based microfluidic
devices: A review on its fabrication and biologic applications. Materials &
Design 2023; 225: 111517.

Ren K, Chen Y, Wu H. New materials for microfluidics in biology. Current
Opinion in Biotechnology 2014; 25: 78-85.

Hou X, Zhang YS, Santiago GT-D, Alvarez MM, Ribas J, Jonas SJ et al.
Interplay between materials and microfluidics. Nature Reviews Materials 2017,
2(5): 17016.

Roy E, Pallandre A, Zribi B, Horny M-C, Delapierre FD, Cattoni A et al. Overview
of Materials for Microfluidic Applications. Advances in Microfluidics - New
Applications in Biology, Energy, and Materials Sciences. InTech; 2016.

Trinh KTL, Thai DA, Lee NY. Bonding Strategies for Thermoplastics Applicable
for Bioanalysis and Diagnostics. Micromachines 2022; 13(9): 1503.

Tsao C-W. Polymer microfluidics: Simple, low-cost fabrication process bridging
academic lab research to commercialized production. Micromachines 2016;
7(12): 225.

Gomez-Hens A, Fernandez-Romero JM. Microfluidic systems in analytical
chemistry. Encyclopedia of Analytical Chemistry 2017: 1-20.

Nielsen JB, Hanson RL, Almughamsi HM, Pang C, Fish TR, Woolley AT.
Microfluidics: Innovations in Materials and Their Fabrication and
Functionalization. Analytical Chemistry 2020; 92(1): 150-168.

Goy CB, Chaile RE, Madrid RE. Microfluidics and hydrogel: A powerful
combination. Reactive and Functional Polymers 2019; 145: 104314.

101



93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Salentijn Gl, Oomen PE, Grajewski M, Verpoorte E. Fused Deposition Modeling
3D Printing for (Bio)analytical Device Fabrication: Procedures, Materials, and
Applications. Anal Chem 2017; 89(13): 7053-7061.

Bordk A, Laboda K, Bonyar A. PDMS Bonding Technologies for Microfluidic
Applications: A Review. Biosensors 2021; 11(8): 292.

Shakeri A, Khan S, Didar TF. Conventional and emerging strategies for the
fabrication and functionalization of PDMS-based microfluidic devices. Lab Chip
2021; 21(16): 3053-3075.

Bhattacharjee N, Urrios A, Kang S, Folch A. The upcoming 3D-printing
revolution in microfluidics. Lab Chip 2016; 16(10): 1720-1742.

Xia Y, Whitesides GM. SOFT LITHOGRAPHY. Annual Review of Materials
Science 1998; 28(1): 153-184.

Villegas M, Cetinic Z, Shakeri A, Didar TF. Fabricating smooth PDMS
microfluidic channels from low-resolution 3D printed molds using an
omniphobic lubricant-infused coating. Anal Chim Acta 2018; 1000: 248-255.

Miranda |, Souza A, Sousa P, Ribeiro J, Castanheira EMS, Lima R et al.
Properties and Applications of PDMS for Biomedical Engineering: A Review.
Journal of Functional Biomaterials 2021; 13(1): 2.

Qin D, Xia Y, Whitesides GM. Soft lithography for micro-and nanoscale
patterning. Nature protocols 2010; 5(3): 491.

Whitesides GM, Ostuni E, Takayama S, Jiang X, Ingber DE. Soft Lithography
in Biology and Biochemistry. Annual Review of Biomedical Engineering 2001;
3(1): 335-373.

. Spin coating and photolithography using liquid and supercritical carbon
dioxide; 2002.

Vogt J, Rosenthal K. Validation of Easy Fabrication Methods for PDMS-Based
Microfluidic (Bio)Reactors. Sci 2022; 4(4): 36.

Niculescu A-G, Chircov C, Birca AC, Grumezescu AM. Fabrication and
Applications of Microfluidic Devices: A Review. International Journal of
Molecular Sciences 2021; 22(4): 2011.

Eddings MA, Johnson MA, Gale BK. Determining the optimal PDMS-PDMS
bonding technique for microfluidic devices. Journal of Micromechanics and
Microengineering 2008; 18(6): 067001.

Chu M, Nguyen TT, Lee EK, Morival JL, Khine M. Plasma free reversible and
irreversible microfluidic bonding. Lab on a Chip 2017; 17(2): 267-273.

102



107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Shakeri A, Khan S, Didar TF. Conventional and emerging strategies for the
fabrication and functionalization of PDMS-based microfluidic devices. Lab on a
Chip 2021; 21(16): 3053-3075.

Venzac B, Deng S, Mahmoud Z, Lenferink A, Costa A, Bray F et al. PDMS
Curing Inhibition on 3D-Printed Molds: Why? Also, How to Avoid It? Analytical
Chemistry 2021; 93(19): 7180-7187.

Chen P-C, Zhang W-Z, Chen W-R, Jair Y-C, Wu Y-H, Liu Y-H et al. Engineering
an integrated system with a high pressure polymeric microfluidic chip coupled
to liquid chromatography-mass spectrometry (LC-MS) for the analysis of
abused drugs. Sensors and Actuators B: Chemical 2022; 350: 130888.

Azlin MNM, llyas RA, Zuhri MYM, Sapuan SM, Harussani MM, Sharma S et al.
3D Printing and Shaping Polymers, Composites, and Nanocomposites: A
Review. Polymers (Basel) 2022; 14(1).

Chu T, Park S, Fu KK. 3D printing-enabled advanced electrode architecture
design. Carbon Energy 2021; 3(3): 424-439.

He Y, WuY, Fu J-Z, Gao Q, Qiu J-J. Developments of 3D Printing Microfluidics
and Applications in Chemistry and Biology: a Review. Electroanalysis 2016;
28(8): 1658-1678.

Ambrosi A, Bonanni A. How 3D printing can boost advances in analytical and
bioanalytical chemistry. Microchimica Acta 2021; 188(8).

Bartolo PJ Stereolithography: materials, processes and applications. Springer
Science & Business Media; 2011.

Mehta V, Rath SN. 3D printed microfluidic devices: a review focused on four
fundamental manufacturing approaches and implications on the field of
healthcare. Bio-Design and Manufacturing 2021; 4(2): 311-343.

Nelson MD, Ramkumar N, Gale BK. Flexible, transparent, sub-100 pm
microfluidic channels with fused deposition modeling 3D-printed thermoplastic
polyurethane. Journal of Micromechanics and Microengineering 2019; 29(9):
095010.

Gu Z, Fu J, Lin H, He Y. Development of 3D bioprinting: From printing methods
to biomedical applications. Asian Journal of Pharmaceutical Sciences 2020;
15(5): 529-557.

Wang R, Deng S, Wu Y, Wei H, Jing G, Zhang B et al. Remodelling 3D printed
GelMA-HA corneal scaffolds by cornea stromal cells. Colloid and Interface
Science Communications 2022; 49: 100632.

Pilipovi¢ A, Raos P, Sercer M. Experimental analysis of properties of materials

for rapid prototyping. The International Journal of Advanced Manufacturing
Technology 2009; 40: 105-115.

103



120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

Ho CMB, Ng SH, Li KHH, Yoon Y-J. 3D printed microfluidics for biological
applications. Lab on a Chip 2015; 15(18): 3627-3637.

Xu X, Awad A, Robles-Martinez P, Gaisford S, Goyanes A, Basit AW. Vat
photopolymerization 3D printing for advanced drug delivery and medical device
applications. Journal of Controlled Release 2021; 329: 743-757.

Scott SM, Ali Z. Fabrication methods for microfluidic devices: An overview.
Micromachines 2021; 12(3): 319.

Li W, Mille LS, Robledo JA, Uribe T, Huerta V, Zhang YS. Recent advances in
formulating and processing biomaterial inks for vat polymerization-based 3D
printing. Advanced healthcare materials 2020; 9(15): 2000156.

Dizon JRC, Gache CCL, Cascolan HMS, Cancino LT, Advincula RC. Post-
Processing of 3D-Printed Polymers. Technologies."Vol 9; 2021.

Zhang J, Xiao P. 3D printing of photopolymers. Polymer Chemistry 2018; 9(13):
1530-1540.

Piironen K, Haapala M, Talman V, Jarvinen P, Sikanen T. Cell adhesion and
proliferation on common 3D printing materials used in stereolithography of
microfluidic devices. Lab Chip 2020; 20(13): 2372-2382.

Tony A, Badea I, Yang C, Liu Y, Wells G, Wang K et al. The Additive
Manufacturing Approach to Polydimethylsiloxane (PDMS) Microfluidic Devices:
Review and Future Directions. Polymers 2023; 15(8): 1926.

Rupal BS, Garcia EA, Ayranci C, Qureshi AJ. 3D printed 3d-microfluidics:
Recent developments and design challenges. Journal of Integrated Design and
Process Science 2018; 22(1): 5-20.

Zhang Y. Three-dimensional-printing for microfluidics or the other way around?
Int J Bioprint 2019; 5(2): 192.

Torino S, Corrado B, lodice M, Coppola G. PDMS-Based Microfluidic Devices
for Cell Culture. Inventions 2018; 3(3): 65.

Son J, Lee H. Preliminary Study on Polishing SLA 3D-Printed ABS-Like Resins
for Surface Roughness and Glossiness Reduction. Micromachines 2020; 11(9):
843.

Razavi Bazaz S, Kashaninejad N, Azadi S, Patel K, Asadnia M, Jin D et al.
Rapid softlithography using 3D-printed molds. Advanced materials
technologies 2019; 4(10): 1900425.

Comina G, Suska A, Filippini D. PDMS lab-on-a-chip fabrication using 3D
printed templates. Lab on a Chip 2014; 14(2): 424-430.

104



134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

Waheed S, Cabot JM, Macdonald NP, Kalsoom U, Farajikhah S, Innis PC et al.
Enhanced physicochemical properties of polydimethylsiloxane based
microfluidic devices and thin films by incorporating synthetic micro-diamond.
Scientific Reports 2017; 7(1): 15109.

Chande C, Riaz N, Harbour V, Noor H, Torralba M, Cheng Y-H et al. Universal
method for fabricating PDMS microfluidic device using SU8, 3D printing and
soft lithography. Technology 2020; 8(01n02): 50-57.

Badr-Eldin SM, Aldawsari HM, Kotta S, Deb PK, Venugopala KN. Three-
Dimensional In Vitro Cell Culture Models for Efficient Drug Discovery: Progress
So Far and Future Prospects. Pharmaceuticals (Basel) 2022; 15(8).

Gerlach JC, Hout M, Edsbagge J, Bjorquist P, Lubberstedt M, Miki T et al.
Dynamic 3D culture promotes spontaneous embryonic stem cell differentiation
in vitro. Tissue Engineering Part C: Methods 2010; 16(1): 115-121.

Coluccio ML, Perozziello G, Malara N, Parrotta E, Zhang P, Gentile F et al.
Microfluidic platforms for cell cultures and investigations. Microelectronic
Engineering 2019; 208: 14-28.

Weiskirchen S, Schroder SK, Buhl EM, Weiskirchen R. A Beginner’s Guide to
Cell Culture: Practical Advice for Preventing Needless Problems. Cells 2023;
12(5): 682.

Horbach SPJM, Halffman W. The ghosts of HeLa: How cell line misidentification
contaminates the scientific literature. PloS one 2017; 12(10): e0186281.

Lab) NCXI. Basic Cell Culture Processes and Procedures. Available at:
https://www.healthcare.nikon.com/en/ss/cell-image-
lab/knowledge/process.html.

Freshney RI Culture of animal cells: a manual of basic technique and
specialized applications. John Wiley & Sons; 2015.

Jedrzejczak-Silicka M. History of cell culture. New insights into cell culture
technology 2017; 1: 1-29.

Jablonska E, Kubasek J, Vojtéch D, Ruml T, Lipov J. Test conditions can
significantly affect the results of in vitro cytotoxicity testing of degradable
metallic biomaterials. Scientific Reports 2021; 11(1).

Chunduri V, Maddi S. Role of in vitro two-dimensional (2D) and three-
dimensional (3D) cell culture systems for ADME-Tox screening in drug
discovery and development: a comprehensive review. ADMET and DMPK
2022.

Kapatczynska M, Kolenda T, Przybyta W, Zajgczkowska M, Teresiak A, Filas V

et al. 2D and 3D cell cultures — a comparison of different types of cancer cell
cultures. Archives of Medical Science 2016.

105


https://www.healthcare.nikon.com/en/ss/cell-image-lab/knowledge/process.html
https://www.healthcare.nikon.com/en/ss/cell-image-lab/knowledge/process.html

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

Thanusha AV, Koul V. Biocompatibility evaluation for the developed hydrogel
wound dressing — 1SO-10993-11 standards — in vitro and in vivo study.
Biomedical Physics & Engineering Express 2022; 8(1): 015010.

Gilbert DF, Mofrad SA, Friedrich O, Wiest J. Proliferation characteristics of cells
cultured under periodic versus static conditions. Cyfotechnology 2019; 71(1):
443-452.

Sigma M. Primary Cell Culture Basics. Available at:
https://www.sigmaaldrich.com/CA/en/technical-documents/technical-
article/cell-culture-and-cell-culture-analysis/primary-cell-culture/primary-cell-
culture.

Kapatczynska M, Kolenda T, Przybyta W, Zajgczkowska M, Teresiak A, Filas V
et al. 2D and 3D cell cultures — a comparison of different types of cancer cell
cultures. Archives of Medical Science 2016; 14(4): 910-919.

Chuah YJ, Koh YT, Lim K, Menon NV, Wu Y, Kang Y. Simple surface
engineering of polydimethylsiloxane with polydopamine for stabilized
mesenchymal stem cell adhesion and multipotency. Scientific Reports 2015;
5(1): 18162.

Akther F, Yakob SB, Nguyen N-T, Ta HT. Surface Modification Techniques for
Endothelial Cell Seeding in PDMS Microfluidic Devices. Biosensors 2020;
10(11): 182.

Zhou J, Khodakov DA, Ellis AV, Voelcker NH. Surface modification for PDMS-
based microfluidic devices. ELECTROPHORESIS 2012; 33(1): 89-104.

Kuddannaya S, Bao J, Zhang Y. Enhanced in vitro biocompatibility of chemically
modified poly (dimethylsiloxane) surfaces for stable adhesion and long-term
investigation of brain cerebral cortex cells. ACS applied materials & interfaces
2015; 7(45): 25529-25538.

Zhang Q, Xu J-J, Liu Y, Chen H-Y. In-situ synthesis of poly (dimethylsiloxane)—
gold nanoparticles composite films and its application in microfluidic systems.
Lab on a Chip 2008; 8(2): 352-357.

Jastrzebska E, Zuchowska A, Flis S, Sokolowska P, Bulka M, Dybko A et al.
Biological characterization of the modified poly(dimethylsiloxane) surfaces
based on cell attachment and toxicity assays. Biomicrofluidics 2018; 12(4):
044105.

Sharma D, Jia W, Long F, Pati S, Chen Q, Qyang Y et al. Polydopamine and
collagen coated micro-grated polydimethylsiloxane for human mesenchymal
stem cell culture. Bioact Mater 2019; 4: 142-150.

Fu J, Chuah YJ, Liu J, Tan SY, Wang DA. Respective Effects of Gelatin-Coated
Polydimethylsiloxane (PDMS) Substrates on Self-renewal and Cardiac

106


https://www.sigmaaldrich.com/CA/en/technical-documents/technical-article/cell-culture-and-cell-culture-analysis/primary-cell-culture/primary-cell-culture
https://www.sigmaaldrich.com/CA/en/technical-documents/technical-article/cell-culture-and-cell-culture-analysis/primary-cell-culture/primary-cell-culture
https://www.sigmaaldrich.com/CA/en/technical-documents/technical-article/cell-culture-and-cell-culture-analysis/primary-cell-culture/primary-cell-culture

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Differentiation of Induced Pluripotent Stem Cells (iPSCs). ACS Biomater Sci
Eng 2018; 4(12): 4321-4330.

Pierpaoli M, Zheng X, Bondarenko V, Fava G, Ruello ML. Paving the Way for A
Sustainable and Efficient SiO2/TiO2 Photocatalytic Composite. Environments
2019; 6(8): 87.

Siddique A, Meckel T, Stark RW, Narayan S. Improved cell adhesion under
shear stress in PDMS microfluidic devices. Colloids and Surfaces B:
Biointerfaces 2017; 150: 456-464.

Chuah YJ, Kuddannaya S, Lee MHA, Zhang Y, Kang Y. The effects of
poly(dimethylsiloxane) surface silanization on the mesenchymal stem cell fate.
Biomaterials Science 2015; 3(2): 383-390.

Mikhail AS, Ranger JJ, Liu L, Longenecker R, Thompson DB, Sheardown HD
et al. Rapid and efficient assembly of functional silicone surfaces protected by
PEG: cell adhesion to peptide-modified PDMS. Journal of Biomaterials
Science, Polymer Edition 2010; 21(6-7): 821-842.

Chae WR, Lee NY. Monolayer/spheroid co-culture of cells on a PDMS well plate
mediated by selective polydopamine coating. Journal of Materials Chemistry B
2020; 8(44): 10108-10116.

Yang DH, Jung S, Kim JY, Lee NY. Fabrication of a Cell-Friendly
Poly(dimethylsiloxane) Culture Surface via Polydopamine Coating.
Micromachines 2022; 13(7): 1122.

Bai J, Fu H, Bazinet L, Birsner AE, D'Amato RJ. A Method for Developing Novel
3D Cornea-on-a-Chip Using Primary Murine Corneal Epithelial and Endothelial
Cells. Front Pharmacol 2020; 11: 453.

Bischel LL, Lee SH, Beebe DJ. A practical method for patterning lumens
through ECM hydrogels via viscous finger patterning. J Lab Autom 2012; 17(2):
96-103.

Abdalkader R, Kamei K-i. Multi-corneal barrier-on-a-chip to recapitulate eye
blinking shear stress forces. Lab on a Chip 2020; 20(8): 1410-1417.

Chung M, Lee S, Lee BJ, Son K, Jeon NL, Kim JH. Wet-AMD on a chip:
Modeling outer blood-retinal barrier in vitro. Advanced healthcare materials
2018; 7(2): 1700028.

Sun D, Gao W, Hu H, Zhou S. Why 90% of clinical drug development fails and
how to improve it? Acta Pharmaceutica Sinica B 2022.

Lieto K, Skopek R, Lewicka A, Stelmasiak M, Klimaszewska E, Zelent A et al.

Looking into the Eyes—In Vitro Models for Ocular Research. International
Journal of Molecular Sciences 2022; 23(16): 9158.

107



171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

Dicuonzo G, Donofrio F, Fusco A, Shini M. Healthcare system: Moving forward
with artificial intelligence. Technovation 2023; 120: 102510.

Trenfield SJ, Awad A, Madla CM, Hatton GB, Firth J, Goyanes A et al. Shaping
the future: recent advances of 3D printing in drug delivery and healthcare.
Expert Opinion on Drug Delivery 2019; 16(10): 1081-1094.

Maghsoudi S, Rabiee N, Ahmadi S, Rabiee M, Bagherzadeh M, Karimi M.
Chapter 1 - An overview of microfluidic devices. In: Hamblin MR, Karimi M
(eds). Biomedical Applications of Microfluidic Devices. Academic Press; 2021.
pp 1-22.

Organization = WH.  World Report on  Vision. Available at:
https://www.who.int/publications/i/item/9789241516570.

Grand Review Research MAR. Ophthalmic Drug Delivery Systems Market
Size, Share & Trends Analysis Report by Technology, by Delivery Mode, by
Production Technology, by Material, by Region, and Segment Forecasts, 2022-
2030. https://www.grandviewresearch.com/industry-analysis/ophthalmic-drug-
delivery-systems-market-report; 2022.

Cardoso BD, Castanheira EMS, Lanceros-Méndez S, Cardoso VF. Recent
Advances on Cell Culture Platforms for In Vitro Drug Screening and Cell
Therapies: From Conventional to Microfluidic Strategies. Advanced Healthcare
Materials 2023: 103-111.

Chang C-W, Peng C-C, Liao W-H, Tung Y-C. Polydimethylsiloxane SlipChip for
mammalian cell culture applications. Analyst 2015; 140(21): 7355-7365.

Fuji T. PDMS-based microfluidic devices for biomedical applications.
Microelectronic Engineering 2002; 61: 907-914.

Cheon J, Kim S. Fabrication and Demonstration of a 3D-printing/PDMS
Integrated Microfluidic Device. Recent Progress in Materials 2021; 4(1): 1-1.

Friend J, Yeo L. Fabrication of microfluidic devices using polydimethylsiloxane.
Biomicrofluidics 2010; 4(2): 026502.

Raj M K, Chakraborty S. PDMS microfluidics: A mini review. Journal of Applied
Polymer Science 2020; 137(27): 48958.

Banik S, Uchil A, Kalsang T, Chakrabarty S, Ali MA, Srisungsitthisunti P et al.
The revolution of PDMS microfluidics in cellular biology. Critical Reviews in
Biotechnology 2023; 43(3): 465-483.

Lecault V, Vaninsberghe M, Sekulovic S, Knapp DJHF, Wohrer S, Bowden W

et al. High-throughput analysis of single hematopoietic stem cell proliferation in
microfluidic cell culture arrays. Nature Methods 2011; 8(7): 581-586.

108


https://www.who.int/publications/i/item/9789241516570
https://www.grandviewresearch.com/industry-analysis/ophthalmic-drug-delivery-systems-market-report
https://www.grandviewresearch.com/industry-analysis/ophthalmic-drug-delivery-systems-market-report

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

Otroshchenko A, Zyuzin MV. A simple and accessible approach for processing
photopolymer master molds for the fabrication of microfluidic
polydimethylsiloxane devices. Physics of Fluids 2022; 34(11): 112015.

Subirada F, Paoli R, Sierra-Agudelo J, Lagunas A, Rodriguez-Trujillo R,
Samitier J. Development of a Custom-Made 3D Printing Protocol with
Commercial Resins for Manufacturing Microfluidic Devices. Polymers 2022;
14(14): 2955.

Waheed S, Cabot JM, Macdonald NP, Lewis T, Guijt RM, Paull B et al. 3D
printed microfluidic devices: enablers and barriers. Lab on a Chip 2016; 16(11):
1993-2013.

Amin R, Knowlton S, Hart A, Yenilmez B, Ghaderinezhad F, Katebifar S et al.
3D-printed microfluidic devices. Biofabrication 2016; 8(2): 022001.

Preetam S, Nahak BK, Patra S, Toncu DC, Park S, Syvajarvi M et al.
Emergence of microfluidics for next generation biomedical devices. Biosensors
and Bioelectronics: X 2022; 10: 100106.

Gong H, Bickham BP, Woolley AT, Nordin GP. Custom 3D printer and resin for
18 ym x 20 ym microfluidic flow channels. Lab on a Chip 2017; 17(17): 2899-
2909.

Kamei K-I, Mashimo Y, Koyama Y, Fockenberg C, Nakashima M, Nakajima M
et al. 3D printing of soft lithography mold for rapid production of
polydimethylsiloxane-based microfluidic devices for cell stimulation with
concentration gradients. Biomedical Microdevices 2015; 17(2).

Ma N, Koelling KW, Chalmers JJ. Fabrication and use of a transient
contractional flow device to quantify the sensitivity of mammalian and insect
cells to hydrodynamic forces. Biotechnology and Bioengineering 2002; 80(4):
428-437.

Kim S, Kim J, Joung Y-H, Choi J, Koo C. Bonding Strength of a Glass
Microfluidic Device Fabricated by Femtosecond Laser Micromachining and
Direct Welding. Micromachines 2018; 9(12): 639.

Stansbury JW, |dacavage MJ. 3D printing with polymers: Challenges among
expanding options and opportunities. Dent Mater 2016; 32(1): 54-64.

De Stefano P, Bianchi E, Dubini G. The impact of microfluidics in high-
throughput drug-screening applications. Biomicrofluidics 2022; 16(3): 031501.

Velve-Casquillas G, Le Berre M, Piel M, Tran PT. Microfluidic tools for cell
biological research. Nano Today 2010; 5(1): 28-47.

Ayuso JM, Virumbrales-Mufioz M, Lang JM, Beebe DJ. A role for microfluidic
systems in precision medicine. Nature Communications 2022; 13(1).

109



197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

Liu Y, Lu H. Microfluidics in systems biology — hype or truly useful? Current
Opinion in Biotechnology 2016; 39: 215-220.

Lee W, Kwon D, Choi W, Jung GY, Au AK, Folch A et al. 3D-Printed Microfluidic
Device for the Detection of Pathogenic Bacteria Using Size-based Separation
in Helical Channel with Trapezoid Cross-Section. Scientific Reports 2015; 5(1):
7717.

Kitson PJ, Rosnes MH, Sans V, Dragone V, Cronin L. Configurable 3D-Printed
millifluidic and microfluidic ‘lab on a chip’ reactionware devices. Lab on a Chip
2012; 12(18): 3267.

Preetam S, Nahak BK, Patra S, Toncu DC, Park S, Syvajarvi M et al.
Emergence of microfluidics for next generation biomedical devices. Biosensors
and Bioelectronics: X 2022: 100106.

Annabi N, Selimovi¢ S, Acevedo Cox JP, Ribas J, Afshar Bakooshli M, Heintze
D et al. Hydrogel-coated microfluidic channels for cardiomyocyte culture. Lab
Chip 2013; 13(18): 3569-3577.

Heyries KA, Hansen CL. Parylene C coating for high-performance replica
molding. Lab on a Chip 2011; 11(23): 4122.

O'Grady BJ, Geuy MD, Kim H, Balotin KM, Allchin ER, Florian DC et al. Rapid
prototyping of cell culture microdevices using parylene-coated 3D prints. Lab
Chip 2021; 21(24): 4814-4822.

Chuang T-K, Usenko A, Cites J. The Study of the Bonding Energy on Silicon-
to-Glass Wafer Bonding. ECS Transactions 2010; 33(4): 501.

Parthiban P, Vijayan S, Doyle PS, Hashimoto M. Evaluation of 3D-printed molds
for fabrication of non-planar microchannels. Biomicrofluidics 2021; 15(2):
024111.

Chen P-C, Chou CC, Chiang CH. Systematically Studying Dissolution Process
of 3D Printed Acrylonitrile Butadiene Styrene (ABS) Mold for Creation of
Complex and Fully Transparent Polydimethylsiloxane (PDMS) Fluidic Devices.
BioChip Journal 2021; 15(2): 144-151.

Tanyeri M, Tay S. Chapter 1 - Viable cell culture in PDMS-based microfluidic
devices. In: Fletcher DA, Doh J, Piel M (eds). Methods in Cell Biology. Vol. 148.
Academic Press; 2018. pp 3-33.

Kidambi S, Udpa N, Schroeder SA, Findlan R, Lee I, Chan C. Cell Adhesion on
Polyelectrolyte Multilayer Coated Polydimethylsiloxane Surfaces with Varying
Topographies. Tissue Engineering 2007; 13(8): 2105-2117.

Wang Y, Lee D, Zhang L, Jeon H, Mendoza-Elias JE, Harvat TA et al.
Systematic prevention of bubble formation and accumulation for long-term

110



210.

211.

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

culture of pancreatic islet cells in microfluidic device. Biomedical Microdevices
2012; 14(2): 419-426.

Peng Z, Zhou L, Wong JKW, Chan YK. Eye-on-a-chip (EOC) models and their
role in the future of ophthalmic drug discovery. Expert Review of Ophthalmology
2020; 15(5): 259-261.

Bennet D, Estlack Z, Reid T, Kim J. A microengineered human corneal
epithelium-on-a-chip for eye drops mass transport evaluation. Lab Chip 2018;
18(11): 1539-1551.

Guan A, Wang Y, Phillips KS, Li Z. A contact-lens-on-a-chip companion
diagnostic tool for personalized medicine. Lab on a Chip 2016; 16(7): 1152-
1156.

Li Q, Sun L, Zhang L, Xu Z, Kang Y, Xue P. Polydopamine-collagen complex to
enhance the biocompatibility of polydimethylsiloxane substrates for sustaining
long-term culture of L929 fibroblasts and tendon stem cells. Journal of
Biomedical Materials Research Part A 2018; 106(2): 408-418.

Neuzil P, Giselbrecht S, Lange K, Huang TJ, Manz A. Reuvisiting lab-on-a-chip
technology for drug discovery. Nature Reviews Drug Discovery 2012; 11(8):
620-632.

Liu Y, Ai K, Lu L. Polydopamine and its derivative materials: synthesis and
promising applications in energy, environmental, and biomedical fields. Chem
Rev 2014; 114(9): 5057-5115.

Lu W, Mccallum L, Irvine AE. A rapid and sensitive method for measuring cell
adhesion. Journal of Cell Communication and Signaling 2009; 3(2): 147-149.

Longhin EM, El Yamani N, Rundén-Pran E, Dusinska M. The alamar blue assay
in the context of safety testing of nanomaterials. Front Toxicol 2022; 4: 981701.

Li W, Zhou J, Xu Y. Study of the in vitro cytotoxicity testing of medical devices.
Biomedical Reports 2015; 3(5): 617-620.

Van Norman GA. Phase Il Trials in Drug Development and Adaptive Trial
Design. JACC Basic Transl Sci 2019; 4(3): 428-437.

Nulty A. A comparison of trueness and precision of 12 3D printers used in
dentistry. BDJ Open 2022; 8(1).

Carnero B, Bao-Varela C, Gémez-Varela Al, Alvarez E, Flores-Arias MT.
Microfluidic devices manufacturing with a stereolithographic printer for
biological applications. Materials Science and Engineering: C 2021; 129:
112388.

111



222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

Madhurakkat Perikamana SK, Lee J, Lee YB, Shin YM, Lee EJ, Mikos AG et
al. Materials from Mussel-Inspired Chemistry for Cell and Tissue Engineering
Applications. Biomacromolecules 2015; 16(9): 2541-2555.

Harati J, Tao X, Shahsavarani H, Du P, Galluzzi M, Liu K et al. Polydopamine-
Mediated Protein Adsorption Alters the Epigenetic Status and Differentiation of
Primary Human Adipose-Derived Stem Cells (hASCs). Frontiers in
bioengineering and biotechnology 2022; 10: 934179.

Ryu JH, Messersmith PB, Lee H. Polydopamine Surface Chemistry: A Decade
of Discovery. ACS Applied Materials & Interfaces 2018; 10(9): 7523-7540.

Lee YB, Shin YM, Lee J-H, Jun |, Kang JK, Park J-C et al. Polydopamine-
mediated immobilization of multiple bioactive molecules for the development of
functional vascular graft materials. Biomaterials 2012; 33(33): 8343-8352.

Liu X, Cao J, Li H, Li J, Jin Q, Ren K et al. Mussel-Inspired Polydopamine: A
Biocompatible and Ultrastable Coating for Nanoparticles <i>in Vivo</i>. ACS
Nano 2013; 7(10): 9384-9395.

Cai Y, Li J, Poh CK, Tan HC, San Thian E, Hsi Fuh JY et al. Collagen grafted
3D polycaprolactone scaffolds for enhanced cartilage regeneration. Journal of
Materials Chemistry B 2013; 1(43): 5971.

Ku SH, Ryu J, Hong SK, Lee H, Park CB. General functionalization route for
cell adhesion on non-wetting surfaces. Biomaterials 2010; 31(9): 2535-2541.

Nieto C, Vega MA, Enrique J, Marcelo G, Martin del Valle EM. Size matters in
the cytotoxicity of polydopamine nanoparticles in different types of tumors.
Cancers 2019; 11(11): 1679.

Baidukova O, Wang Q, Chaiwaree S, Freyer D, Prapan A, Georgieva R et al.
Antioxidative protection of haemoglobin microparticles (HbMPs) by
PolyDopamine. Artificial Cells, Nanomedicine, and Biotechnology 2018;
46(sup3): S693-S701.

Silverio V, Guha S, Keiser A, Natu R, Reyes DR, van Heeren H et al.
Overcoming technological barriers in microfluidics: Leakage testing. Front
Bioeng Biotechnol 2022; 10: 958582.

Yousuff C, Danish M, Ho E, Kamal Basha |, Hamid N. Study on the Optimum
Cutting Parameters of an Aluminum Mold for Effective Bonding Strength of a
PDMS Microfluidic Device. Micromachines 2017; 8(8): 258.

Lake JR, Heyde KC, Ruder WC. Low-cost feedback-controlled syringe
pressure pumps for microfluidics applications. PLOS ONE 2017; 12(4):
e0175089.

Zhang Y, Huang L, Guo J, Ji J, Wei T, Fu L. Study on Microfluidic Chip Flow
Rate Uniformity for Cell Activity Detection. Langmuir 2023; 39(18): 6548-6555.

112



235.

236.

237.

Sung JH, Shuler ML. Prevention of air bubble formation in a microfluidic
perfusion cell culture system using a microscale bubble trap. Biomed
Microdevices 2009; 11(4): 731-738.

Kang E, Lee DH, Kim C-B, Yoo SJ, Lee S-H. A hemispherical microfluidic
channel for the trapping and passive dissipation of microbubbles. Journal of
Micromechanics and Microengineering 2010; 20(4): 045009.

Phan CM, Shukla M, Walther H, Heynen M, Suh D, Jones L. Development of

an In Vitro Blink Model for Ophthalmic Drug Delivery. Pharmaceutics 2021;
13(3).

113



