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Preface

The idea of a drug delivery implant in the brain to aid the recovery of a stroke was triggered by the fact that
current drug delivery methods are lacking, because of either systemic side effects by intravenous injection or
multiple invasive procedures for local injection. An implant can provide local drug delivery, while reducing
the amount of surgeries to two. This initiated a collaboration between the University of Amsterdam and Delft
University of Technology.

This research is about exploring the basic concept for a controlled local drug delivery device and thereby,
providing the initial step towards such a device. Many possible design options concerning materials and
activating stimuli were evaluated and summarized. The foundations were laid for the fabrication procedure
of porous PDMS membranes and its surface modifications. The findings from the literature survey were used
to devise a project outline. The relevant methods and results of the project were documented and discussed
in the format of a typical journal. Porous PDMS membranes were characterized. A phantom brain material,
agarose gel, was used to test the permeability of the membrane. These results were then compared to the
same experiment on mouse brains.

I would like to thank my supervisors Luigi Sasso and Paola Fanzio for their guidance, enthusiasm, and
kindness. I'm also grateful for the opportunity to collaborate with Umberto Olcese who showed me the ba-
sics in brain research and tested the membrane on mouse brains with me. Furthermore, I want to thank
professors, postdocs, PhDers, and students from the MNE department for making time for me to provide
training on certain equipment and for fruitful discussions. Finally, I want to thank lab support for their hard
work in maintaining the work flow in and around the labs.

KS.L. Tio
Delft, September 2018
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Introduction

A stroke is the reduction of the blood supply in the brain. Brain cells, called neurons, have no energy reserves
causing a chain reaction of events upon energy deprivation leading to cell damage or death in the worst case.
With time as the most important determining factor, a stroke will commonly result in disability or even death.
The current treatment focuses on the removal of the blockage or repair of the blood vessel. However, there
are still other strategies that can be utilized. Drugs can help in the prevention of additional damage after the
stroke and in the recovery of brain functionality. A great part of the drug effectiveness depends on the drug
delivery. Especially in the brain, systemic side effects and invasiveness of the procedure nullify the positive
effect of drug administration. Therefore, a device is envisioned to enable localized drug delivery functional
for a period of time.

In order to design a drug delivery implant for the brain, the clinical background and state-of-the-art are
provided to put the desired device into perspective. From this information, the requirements of this device
are deduced.

1.1. Clinical background

Basic knowledge is provided for understanding the clinical background of strokes and the motivation for
designing a solution for the improvement of stroke recovery. First, a brief overview is given of the structure
of the brain and its protective layers. Then, an introduction to the medical background of strokes is made
for greater understanding of the biological events during and after a stroke. Finally, the current treatment for
strokes is discussed.

1.1.1. Structure of the brain

The brain functions as the processing and signaling organ in the body and is part of the central nervous
system. The brain receives information from the environment through the sensory system, processes this
information, and initiates a reaction resulting in a signal to another organ. This essential, but fragile organ
has many forms of protection: shielding out of bone by the skull, lymphatic functioning and damping by
cerebrospinal fluid (CSF), and selective barrier from substances in the blood stream called the blood-brain
barrier (BBB). The main cell type that processes information in the brain are neurons.

The brain and spinal cord are surrounded by a set of membranes called meninges. In mammals, the
meninges consists of three membranes: dura mater, arachnoid mater, and pia mater as displayed in Figure
1.1. The dura mater is the thickest and stiffest layer of the three closest to the skull. The membrane in the
middle is the arachnoid mater named after its spider web-like appearance. It is covered by a layers of epithe-
lium with tight junctions that form an impermeable membrane for CSE Between the arachnoid mater and
pia mater is the subarachnoid space which contains the CSE The thin membrane called pia mater is adhered
to the surface of the brain referred to as cerebral cortex.

1.1.2. Pathophysiology of stroke

A stroke is defined as the loss of blood flow which can quickly lead to cell death in the brain. It can be caused
by a blockage in a blood vessel restricting the blood flow which is called an ischemic stroke. Another type of
stroke is a hemorrhagic stroke which is the result of a blood leakage from the vessel. Both types of strokes
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Figure 1.1: Graphical representation of the layers surrounding the brain [14]

lead to the reduction of blood flow which in turn will result in a depletion of key substances such as oxygen
and glucose. In the brain deprivation of energy begins within minutes, due to high metabolism of neurons,
triggering a pathophysiological sequence of events as displayed in Figure 1.2.
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Figure 1.2: Simplified overview of stroke pathophysiology [27]

First of all, the lack of oxygen causes the cells to produce energy by means of anaerobic glycolysis which
produces lactate. The increase of lactate will increase the acidity of the cell and its surroundings causing
the activation of particular enzymes that produce free radicals and degrade structural proteins of the cell
membrane [89]. Free radicals can initiate an inflammatory response and react irreversibly with important
cellular components like mitochondria and DNA [51].

Another consequence from the lack of energy is the depolarization of neurons and glia, disabling the
signaling function of these cells. During this process a neurotransmitter, glutamate, is released in the extra-
cellular environment causing influx of Ca?*, Na*, and CI~ and efflux of K*. This causes the affected cells to
swell (oedema), increasing the pressure in the brain and other detrimental intracellular effects by the excess
of Ca?* [27]. The increased concentration of K* and glutamate cause depolarization in surrounding tissue
around the site of the stroke. The damage in this region is potentially or at least partially reversible [130].
Repolarization requires a high amount of energy which also add to the deprivation of energy [29].

As mentioned earlier, inflammatory response is a result of a stroke. The damage is not immediate, but de-
velops in a time span of days in contrast with depolarization, swelling, cell membrane degradation, and apop-
tosis which happen in a matter of seconds to hours. This longer time frame allows for a treatment that aims
to prevent damage due to inflammation, instead of repairing it. These damaging mechanisms are prominent
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during a specific period of time as displayed in Figure 1.3.
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Figure 1.3: The impact of damaging mechanisms after stroke over time [27]

The regions affected by the stroke are referred to as the core and penumbra as visualized in Figure 1.4.
The core is defined as the region where the stroke occurs and is characterized by irreversible damage. The
area surrounding the core is called penumbra in which neurons can potentially be restored to their functional
state.
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Figure 1.4: Definition of the resulting regions after stroke [52]

1.1.3. Treatment of strokes

General stroke treatment consists of monitoring and stabilizing essential variables, such as body temperature,
blood pressure, and oxygen saturation. Even though lots of research is done on the treatment of strokes with
the help of drugs, the only recommended treatment by the European Stroke Organisation is a drug called
recombinant tissue plasminogen activator (rtPA) that helps with the breakdown of blood cloths [1]. Intra-
venous rtPA has been proven to be effective in the recovery, but only when administered within three hours
after the occurrence of the stroke [81].

The drug treatments for strokes can be divided into three approaches: recanalization, neuroprotection,
and neural repair. With recanalization the goal is to restore the blood flow by means of removing the clot.
Whereas, neuroprotective drugs strive to diminish further damage to the penumbra by interfering with steps
of the stroke cascade. Drugs for neural repair aim to enhance brain plasticity in order to regain the lost neural
functionality. Many drugs are being researched, but only rtPA has been approved for clinical use. Effective
drugs for protecting and repairing neurons are difficult to introduce, since extensive testing is required which
can take years and in most cases the systemic side effects offset the improvement too much to be worth it.

To prevent negative systemic effects, drugs must be locally administered. With the current available tech-
nology it is required to inject directly into the cortex, but this is not possible without causing damage by the
penetration of the needle. Drug delivery through a vein will require high concentrations which cause unde-
sired effects in healthy tissue. A manner to locally release drugs without penetration of the cortex might be
a solution to improving long-term stroke treatment using neural protective and repairing drugs. This lead to
the idea of a drug delivery implant which is further explored in the next section.
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Table 1.1: Overview of the various drug delivery methods rated based on their performance. Rating: ++ excellent, + good, +— average, —
mediocre, —— poor

Delivery Method N.hmrn.ally Drug (khvery N.o systemic Status
route invasive efficiency side effects
Local injection - ++ ++ Clinic
Epi-cortical application - + + Clinic
Local . C s ;
Epi-cortical implant - + ++ To be designed
Intranasal delivery + +— + Research
Svstemic Intravenous injection ++ —— —— Clinic
4 Ultrasound & microbubbles  ++ - ++ Research

1.2. State-of-the-art tools for brain

To explore de possibilities for a drug delivery implant for the brain, the state-of-the-art is to be defined.
Since there is no similar device to directly compare this implant to, the state-of-the-art is divided in three
approaches. First, a comparison is made between different drug delivery routes to the brain. Next, brain im-
plants used for recording and stimulation of brain activity are described and parallel characteristics are found
for a drug delivery implant. Moreover, a short overview of implantable drug delivery devices for other appli-
cations. The combined information will clearly define the lacking features of the available tools to improve
stroke treatment. Finally, the defining features of the ultimate device can be deduced aimed to improve the
current stroke treatment.

1.2.1. Drug delivery routes

Drug delivery devices can be divided into two delivery routes: local and systemic. The local route is generally
more invasive than systemic which means that more tissue damage is caused during the procedure and more
healing time will be required. Local routes do have the advantage of a higher drug delivery efficiency resulting
in a reduction of systemic side effects. The systemic route has an additional disadvantage that requires the
drug to pass through the blood-brain barrier. Table 1.1 summaries the various methods and its features that
are explained below in more detail.

Localroutes The first method to insert therapeutics is through local injection. Using stereotaxic equipment
and a micro-injector the therapeutics are directly inserted into the core or penumbra of the stroke [104]. The
damage associated with the injection is dependent on the size of the needle which can be minimized. No
major damage will be induced, however there is a risk of inflammation [37]. Therefore, other less invasive
treatments have been developed.

Epi-cortical application is less invasive than local injection, although the procedure in itself is still con-
sidered moderately invasive compared to systemic routes, since it is still required to open up the skull. In this
procedure a hydrogel filled with therapeutics is applied on the surface of the cortex [23]. The transport of the
drugs is in this case dependent on the diffusion through the healthy brain region to reach the penumbra and
core. Large drug particles will be less effective or not effective at all, since these cannot diffuse or only very
slowly through the dense brain tissue [74].

Intranasal delivery is also considered a local route, though the traveled distance of the drug compared
to epi-cortical application has increased. In this procedure the therapeutics are inserted through the nose
and travel via the olfactory region to the brain. This procedure is considerably less invasive compared to local
injection and epi-cortical applications. Drug delivery efficiency can be increased with the use of nanocarriers,
but it is still relatively low [61]. Systemic side effects in short-term researches were not detected, but more
study on this subject is required.

Systemicroutes Intravenous injection uses the systemic route and is generally the most accepted clinically,
because it is the least invasive procedure. The drug is injected with a needle into the blood stream. Due to
the large travel distance and the blood-brain barrier, drug delivery efficiency is the lowest compared to other
techniques. To acquire the required amount of drugs at the target site, a large amount of drugs must be
administered causing systemic side effects [137]. Delivery carriers, such as biodegradable nanoparticles, can
be used to increase the delivery efficiency [104].
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A relatively new researched method uses ultrasound and microbubbles to deliver the drugs to the brain.
Ultrasound is used to burst microbubbles causing the blood-brain barrier to open temporarily. It has been
found that drug delivery efficiency is increased. The method has been tested in animals and it is found that
the BBB could be repeatedly disrupted without evident damage making this a promising non-invasive tech-
nique for targeted drug delivery to the brain [85].

Ultimately, there is no perfect drug delivery method. In clinical settings it is still preferred to inject drugs
in blood vessels. The most balanced trade-off between invasiveness and local drug delivery is achieved with
the epi-cortical implant. It still makes a compromise on invasiveness compared to intravenous injection, but
it avoids additional damage to the brain by not penetrating the cortex as is the case with local injection. The
device to be designed is supposed to be the improved version of the epi-cortical method using a hydrogel.
The new device will aim to provide better spatial and temporal control over the drug released and to allow for
integration of other features such as electrodes for diagnostics.

1.2.2. Brain recording and stimulating implants

Various implants for the brain have been developed already. Their purpose is not drug delivery, but moni-
toring and stimulating brain activity. There are different types of devices available as visualized in Figure 1.5.
Implantable brain recording devices are either penetrating into the brain or non-penetrating placed on top
of the cortex.

F == Integrated
~ ~______ microsystems
77\\.
Periosteum
Bone:
Dura
Recording
Arachnoid

Subarachnoid
Stimulating

Pia””

Figure 1.5: Graphical representation of the different brain recording devices and their respective placement. Adapted from [107].

Stiff electrode arrays that penetrate the cortex with needle-like structures are called Michigan and Utah
array [107]. Stiff materials are used to be able to penetrate the cortex, but the large mechanical difference
between the array and the brain tissue will cause additional stress that can damage brain tissue. Electrocor-
ticograms (ECoG) is a flexible alternative that sits above the cortex, either subdural or epidural [124]. ECoG
arrays are therefore less invasive than the Michigan and Utah array and causes less mechanical stress at the
surface of the cortex. A flexible implant also provides a larger contact surface, because it can adjust its shape
to the curved structure of the cortex. Therefore, ECoG will be used as a starting point for the drug releasing
brain implant. An example of an ECoG made out of a thin polyimide substrate platinum electrodes is given
in Figure 1.6. The research on long-term tissue response with these electrode arrays has been extensively
studied [111]. The knowledge obtained from these studies can be used in the design of the implantable drug
delivery device. Important topics include the insertion trauma, the body’s immune response, and strain-
induced damage from mechanical mismatch.

1.2.3. Implantable drug delivery devices
The idea of a drug releasing implant was already devised in 1989 by During et al. [28]. They made a poly-
meric matrix with dopamine which was slowly released over time after implantation. The drug release rate
increased as the implant degrades. Thereafter, others have made degradation-based drug delivery brain im-
plants. An example is the earlier explained epi-cortical application with a hydrogel that increases the ease of
use due to its injectable form [23].

Another interesting use of the degradation-based drug release is electrical stimulation generated by neu-
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Figure 1.6: Assembled ECoG interface [105]

ral electrodes [126]. A drug is incorporated into a conductive polymer, polypyrrole, that is added as a coating
over the neural electrode. Upon cyclic voltammetric stimulation, the drug can be locally released at any cho-
sen time. The drawback is that multiple drugs cannot be independently released, unless different drug coat-
ings on different electrodes are applied which decreases the spatial resolution for drug release. Furthermore,
the required total dosage must be integrated into the coating, since a refill requires removal and re-insertion
of the device.

Using a mechanical approach, a microfluidic device has been designed to locally release drugs in the
brain [95]. The design is basically a probe, which is used to monitor brain activity, with a microchannel and
an opening at the end of the probe. The drug can reach its target without the need of diffusion through the
brain, however the probe needs to penetrate the cortex.

As concluded from the previous Section 1.1 there is a need for local drug release. Research on the state-of-
the-art has shown that there is potential for an local drug delivery method without penetration of the cortex.
The envisioned device can be seen as an improved version of the epi-cortical hydrogel with better spatial and
temporal control. Additionally, single-use drug-coated devices can be evolved into a microfluidic system to
allow for multiple drug administrations and replenishing of different drugs after implantation. With these
ideas in mind, the requirements of the device are formulated.

1.3. Requirements device

The goal is to design a device that can locally administer drugs in the brain at any chosen time. Before such a
device can be used in a clinical setting, it must apply to certain requirements and undergo in vitro and in vivo
experiments in rats or mice to ensure its safety and effectiveness for clinical use. The important requirements
for this device are listed and explained below.

¢ Functionality
- Local drug administration in plane of surface cortex
- External controlled drug release, preferably wireless

- Store drugs or preferably option to connect to external source

- Integration of electrodes

* Properties
- Biocompatible
- Low stiffness
- Functional for period of time of implantation

- Dimensions (mouse/rat vs human)
¢ Handling
- Packaging

- Sterilization
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- Implantation surgery

- Fixation

1.3.1. Functionality
Itis required to release the drug only at the targeted sites, since the drugs can have negative effects on healthy
cells. Furthermore, the pinpointing of the location for the drug is in plane of the surface of the cortex like with
ECoG. Internal localization would also be possible in the direction perpendicular to the cortex surface by a
penetrating drug delivery device. This would improve the control of targeted drug release, but this is much
more invasive with a high possibility of damaging cells during implantation. Moreover, it is required that the
activation of the drug releasing mechanism is external, so that the skull can be closed up after implantation.
Ultimately, the best activation is wirelessly controlled such that it allows free movement.

It is both possible to store drug in the device, but preferably the drug is supplied by an external source.
If the measuring electrodes are implemented in the device, there will nevertheless be cables going out of the
skull, therefore an external source for the drug only adds minimal stress to the patient. This also allows for in-
dependent multiple drug administration which will greatly improve the effectiveness of the device. There are
different drugs that need to be released during certain phases of recovery. In the early phase neuroprotective
drugs are administered to prevent damaging mechanisms after stroke as explained in Section 1.1.2. After the
initial phase and the neural regions have been stabilized, drugs focusing on repair can be administered.

Integration of electrodes will provide additional functionality to the drug delivery device. Electrodes are
required for the final product to be able to measure neuron activity which helps in the diagnosis and the
decision of the required drug administration. For example, an increase of neural activity in the surrounding
region of the stroke can be measured, indicating the spreading depolarizations of neurons. There are also
commercial brain electrode devices available that can be used to built this device around. In an ideal device,
a fully automated system could be made by using the measurements for in a controlled feedback loop.

1.3.2. Properties

Since the device is implanted, the biocompatibility of the complete device is very important to prevent harm
to the body. Biocompatibility is a broad term that includes both short-term and long-term body response. A
fast responses can be expected in the case of toxicity, whereas slow responses are associated with the body’s
immune system. An immune response will be triggered as a reaction of the body to foreign material. If
no prevention measures are taken, as a result proteins will adhere to the surface, eventually encapsulating
the device. Moreover, degradation can occur after being implanted for some time resulting in possibly toxic
degradation products. Biocompatibility is also tissue specific, for skin tissue is less delicate than brain tissue.
Neurons are very sensitive to changes in the environment, thus the stimuli-responsive mechanism must not
alter the chemical environment, such as concentration of ions and pH, because these can disturb the electri-
cal potential of neurons which can cause depolarization. Some heating is allowed, but the temperature can
only be changed within a very limited range near body temperature. This is related to the functional temper-
ature range of essential proteins. Overheating will cause irreversible damage in proteins called denaturation.

The material must be flexible to be able to reshape to the curves of the cortex’ surface. Furthermore,
damage the outer cells is prevented, because the stress at the interface will be reduced [111]. Note that this
property is related to the thickness, as well as, the stiffness of the material.

The treatment takes a few weeks, therefore the device must be functional for at least one month. The ma-
terials used must avoid degradation, especially the materials used for the releasing mechanism, for this time
period to assure a working device. Note that degradation products might have a negative influence on the
biocompatibility, even though they might be harmless before degradation. Moreover, fouling of membranes
is a common problem mainly described for filtering systems [88]. This results in the blocking of pores and
thus prevent drug release.

For the dimensions it is important to note that there are different requirements for the device used for
in vivo experiments and the device used for humans. The main difference is that the physical sizing limits
at the scale of a mouse’s or rat’s brain versus a human’s brain. Not only is the brain of a mouse and a rat
much smaller than in a human, the surface structures are very different. The brain of these small rodents
are relatively smooth compared to the grooves present in the human brain. Furthermore, the procedure of
the implantation in humans is that the skull gets closed up or the device can even be inserted through a slit,
while with small rodents it is too difficult to surgically close the brain. A protective coating is used in this case.
Therefore, the thickness of the device for a rodent is less important than with the human device, since in a
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mouse the thickness is not limited by the space between the dura mater and the brain. It should be aimed
to design for the smallest of surface area, because the strain will be lower and there is less material for the
immune system to react to [111].

1.3.3. Handling

These requirements will become important at a later stage in the design of the complete device, but to pro-
vide some perspective, these requirements will be shortly explained. First, proper packaging is essential to
have electronics in the device without harming biological tissue or losing signal. Furthermore, any implant
must be sterilized before implantation. Sterilization is essential for the prevention of infections. It must be
taken into account that the device can be effectively sterilized without destroying its functionality. Moreover,
the surgery to insert the implant should be minimally invasive. To expand, a stiff implant or an implant with
a temporary holder can be inserted through a slit, while a compliant implant without a holder will require a
larger insertion hole. Lastly, the device must not move after placement to prevent inaccurate drug adminis-
tration.

1.3.4. Priority of requirements

As described in Section 1.2.2 electrodes have already been integrated on flexible substrates. The findings from
studies on ECoG can be adapted and integrated after the drug releasing mechanism has been realized. Natu-
rally, the control and microfluidic system are also dependent on the design of the drug releasing mechanism.
The largest and most logical contribution towards the final device as described in this section is the design of
the mechanism to locally release drugs. Therefore, this will be the focus of the next sections.

Some of the other mentioned requirements are involved in the design choices in Chapter 2. Choosing
the drug releasing mechanism will mostly involve biocompatibility and potential for external control. For
the material choice, biocompatibility and low stiffness are prioritized, but options for sterilization are also
noted.
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There are various ways to deliver the drug to the targeted regions in the brain. In the first place, the basis of
the device - the substrate material is chosen from a selection of materials used in flexible implantable elec-
trodes. Next, stimuli-responsive mechanisms are briefly compared from which the best suitable stimulus is
deducted. Finally, the specific system is appointed from a more extensive analysis of the available mecha-
nisms of the chosen stimulus.

2.1. Substrate materials

The substrate material is the basis of the implantable device. Most important property to consider for any
implant is biocompatibility. Specifically for implants for the brain, stiff materials can create micromotion
produced by everyday body movements like breathing [38]. This induces a shear stress at the interface be-
tween the implant and the cells leading to damage and even cell death under excessive stress [24].

ECoG are flexible electrodes for implantation in the brain as explained in Section 1.2.2. Since the substrate
material of the drug delivery implant has the same criticial requirements as for ECoG, the materials to be
compared are already used in ECoG applications in Table 2.1 on page 10. The selection of materials consists
out of polydimethylsiloxane (PDMS), polyimide, parylene C, and liquid crystal polymer (LCP).

Properties Brain tissue has an elastic modulus of about 1kPa. PDMS comes closest to this mechanical
property, thus the least stress is caused at the brain interface compared to the other materials. Water absorp-
tion is an important property, especially for in vivo applications combined with the integration of electrodes
in this context specifically. The difference in the amount of water absorbed by the substrate material and
the electrode layer will cause a mismatch in the expansion of these materials at the interface. This can re-
sult in delamination of the two layers, if this mismatch is too large. Once again, PDMS has the lowest water
absorption of its peers.

Out of the selected materials, PDMS is the only hydrophobic material. Wettability is a critical factor in
fluid dynamics at the scale at which capillarity plays an important role. Furthermore, hydrophobic materials
adsorb free-floating biological substances [103]. However, wettability can be altered by coatings or surface
modifications.

Most researched materials for ECoG have USP class VI which means that the material is suitable for im-
plantable applications. These materials also apply to ISO 10993 a set of standards evaluating the biocompat-
ibility. The exception is polyimide which has not been officially certified yet, but preliminary in vivo biocom-
patibility tests have shown promising results [92].

Fabrication In terms of fabrication, PDMS is the most accessible. The fabrication process for PDMS is
well-known using either replica molding or spin-coating and no expensive equipment is required. However,
PDMS is not the best option to scale-up manufacturing. Multiple molds or larger wafers can be used to
reduce production time, but a batch process will be less efficient than roll-to-roll processes. Parylene C is
used as a coating, so it needs to be combined with another supporting material [96]. LCP are usually bought
in commercially available sheets. The fabrication is relatively complicated to the other materials. Bonding
and surface modification techniques are available for all materials.
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Integration There are features that might be useful depending on the drug releasing mechanism. Looking
at the optical transparencies, all materials but LCP are optical transparent for microscopic analysis. PDMS
and parylene C are even transparent in the UV-region. All materials can be sterilized for implantation. Only
the adhesion of metals to PDMS is poor, thus it will require an extra production step, when electrodes are
added [96].

Allin all, PDMS is the best material to use for prototyping a drug releasing device considering the available
materials and equipment in the department. Furthermore, PDMS has its Young's modulus closest to the brain's
value. Water absorption is the lowest in PDMS amongst the other materials, thus it will expand the least in wet
environments such as inside the body lowering the chance of delamination between different material layers.
The integration of electrodes in a later stage is more difficult than with the other materials, because the adhesion
between PDMS and metals is very poor.

Table 2.1: Comparison of substrate materials used in flexible implantable electrodes

Material
Property PDMS Polyimide Parylene C LCP
Young’s modulus 1-10 MPa 0.1-50 GPa 3 GPa 10-18 GPa
Water absorption 0.03% 0.5% 0.1% <0.04%

Wettability: water

Hydrophobic: 110°

Hydrophilic: 82°

Hydrophilic: 78°

Hydrophilic: 80°

contact angle
USP class VI - VI VI
Biocompatibility ISO 10993 In vivo ISO 10993 1SO 10993
Fabrication & pat- Molding, spin- Molding, spin- Vapor deposition Commercial sheet
terning coating coating polymerization
Curing: 25-200°C Curing: 350°C in ni- Microfabrication

trogen
Bonding/surface (Oxygen) Plasma (Oxygen) Plasma Oxygen plasma Oxygen plasma
modification
Optical transmission 240 - 1100 nm 64-91.6% visible <1% @wavelength -

281 nm

Sterilization Ethanol, UV Gamma, EtO, e-beam  Gamma, EtO, e-beam  Gamma, steam
Electrode integration  Very poor Vapor deposition, Encapsulation Surface modification

sputtering
Ref. [6, 54, 91, 96] (84, 92] [40, 83] [21, 42]
2.2. Stimuli

A membrane is a barrier that selectively lets substances through. To change the selectivity of a membrane, its
pores can be opened or closed by certain triggers. Such a sophisticated membrane can be found, for example
around cells. The cell membrane contains pores and receptors that can activate opening and closing of the
pore in the presence of a particular substance. Many researchers have been inspired by this to design new
stimuli-responsive membranes that can aid in other applications such as self-adjusting systems, valves in
microfluidic devices, and filtering. Some of these techniques might be applicable for local drug release by an
external trigger.



2.2. Stimuli 11

There are various kinds of stimuli and mechanisms to choose from. To obtain an insight of the available
options, the different stimuli are explored. One important aspect is the ability of external triggering, how-
ever the first few stimuli mentioned do not allow external triggering by itself. Nevertheless, they might be
useful when combined with another stimulus that is externally ellicitable. Furthermore, the viability of the
particular stimulus in the intracranial environment is discussed.

2.2.1. Environmental stimuli

Temperature Temperature-responsive polymers are one of the most commonly used stimuli-responsive
material. These polymers exhibit a low critical solution temperature (LCST) which can be carefully fine-tuned
by changing the chemistry of the polymer. Below LCST the chains are swollen and hydrophilic. Rising the
temperature above LCST makes the polymer undergo a phase transition making the chains hydrophobic and
thus compact. This mechanism has been used for drug delivery with copolymer of N-isopropylacrylamide
(NIPAAm) and acrylamide (AAm) the LCST can be tuned to be above body temperature (= 37°C), but below
hyperthermia (= 42°C) [90, 133].

pHandion Another stimulusto change polymer conformation is pH [131]. However, especially in the brain,
the pH can affect ion channels in neurons potentially disrupting their electrical activity. The polymer can be
made responsive to the presence of a specific ion or the ion strength can also be used as a trigger [136].
However, for the same reason as for the pH, ions play an important role in the electrical activity of neurons.
Therefore, these stimuli cannot be used as main trigger, but they still might be useful as a complementary
condition that satisfies the liquid composition in the brain.

Molecule Like in cell membranes, particular molecules can be used to activate the release of drug. The
possibilities can range from proteins to glucose [19]. This mechanism can be used as a reactive system, for
specific molecules that characterize for example an immune response.

2.2.2. Remote controllable stimuli

While the previous mentioned stimuli are dependent on the environment, the following stimuli are activated
independently of the environment allowing the integration of a remotely controlled mechanism. Stimuli to
be discussed in this category are light, magnetic, ultrasound and electric triggers.

Light Light is an attractive option, when chemical potential changes are undesired and on demand drug
release is required. Systems using light can be divided into two groups: UV/visible light and near-infrared
radiation (NIR). UV/visible light is considered as a group, because photochromic units such as azobenzene
and spiropyran undergo reversible trans-cis isomerization by the absorption of UV-light and visible light.
This mechanism can be used by switching between these two types of light to open and close a pore [73, 75]
or trap and release particles [8, 98]. In contrast, NIR-triggered mechanisms are based on the generated heat
by NIR-responsive materials such as gold nanomaterials [120, 133]. These materials absorb the light in near-
infrared region to produce heat that can be combined with temperature-responsive material to create a drug
releasing mechanism. Recently, mechanisms using upconversion nanoparticles are studied. These particles
can convert longer wavelength in NIR to shorter wavelengths in UV range [70].

UV and visible light have a low penetration depth through the skin and underlying tissue, thus can only
be used in near contact. Furthermore, there is a risk to damage tissue depending on the intensity and the
exposure time [141]. Waveguides may be used to guide the light to precise locations within the device to
counter these problems. With NIR, deeper tissue penetration is possible and the risk of damaging cells is
much lower than with UV and visible light under the same circumstances [53].

Magnetic Compared to other stimuli, the magnetic field’s interaction with biological molecules is very low
making it another attractive option. Magnetic fields and materials can be used in different ways. Magnetic
particles can be implemented in an elastic membrane that deforms as a magnetic field is applied [101]. A
magnetic field can also be used to guide magnetic nanoparticles to the targetlocation. Additionally, these par-
ticles can be used for non-invasive imaging [123]. When applying a high frequent alternating magnetic field
and combining magnetic particles with thermo-responsive materials, an opening and closing pore can be
designed [36]. The magnetic particles can be trapped in a membrane with temperature-responsive nanogels
that upon heating shrinks making the membrane permeable [47].



12 2. Design considerations

Table 2.2: Overview of remote controllable stimuli and their feasibility for brain implantable drug delivery. Rating: ++ excellent, + good,
+— average, — mediocre, —— poor

tial Bi -
Stimulus Spatia Dose precision 1.0 c.o.mp Interference Integration
control atibility

Light ++ + +- No Waveguide

Magnetic - +-— + Yes Magnetizable implant

Ultrasound  + . . No High intensity focused
ultrasound

Electric +- ++ - Yes Wiring

The problem with using magnetic mechanisms is that accurate magnetic targeting is difficult to obtain in
vivo. External magnetic fields have difficulties reaching deeper tissues and the resolution is poor. Implanted
magnets are therefore preferred [50, 102]. Magnetic fields will also interfere with the measurement of electri-
cal activity in neural electrodes. For that reason it is required that the magnetic drug delivery system can be
turned off, when measuring the neuronal activity.

Ultrasound Ultrasound is also a viable external stimulus, because of its relatively deep penetration depth in
tissue no invasive triggering system is required [77]. Ultrasound is a pressure wave which can heat structures
as the contained energy is absorbed. This process can temporarily affect the blood-brain barrier [86] and
can break structures such as microbubbles filled with therapeutics at the target location [46]. However, there
is also the possibility of harming the tissue, since temperature can rise quickly with high-intensity focused
ultrasound (HIFU) [117]. Using HIFU is required to obtain high spatial control [65]. If penetration through
the skull is achieved with decent resolution [22], ultrasound will be an attractive alternative for an easy, ex-
ternal application for remote drug release with breakable nanoparticles. Applying ultrasound on polymeric
materials such as PDMS makes the material locally more permeable. Ultrasound causes so-called cavitations
which is the formation and collapsing of microbubbles within the polymeric network. These cavitations are
believed to enhance particle release by adding a convective term to a normally diffusion limited system [63].
The increase in permeability triggered by ultrasound can be enhanced by adding mesoporous silica to the
PDMS matrix [60].

Electric Electrical mechanisms are mostly associated with microfluidic systems in which they are used as
valves. A piezoelectric micropump can be used to displace a certain volume out of the channel [56]. Further-
more, an electrochemical pump is made by electrolysis which generated bubbles to enlarge a bellow pushing
fluid outwards [66]. Although, precise dosing can be achieved, these systems are relatively bulky that will
result in a large footprint, stiff brain implants with relatively low spatial control for drug release. Moreover,
the induced electric fields can influence neural activity [5, 34].

The advantages and disadvantages of the various remote controllable stimuli for drug delivery devices
are summarized in Table 2.2. Stimuli are compared based on the possible spatial control, dose precision, bio-
compatibility of the stimulus, its effect on neural activity measurements and how the stimulus can be applied
or integrated.

For the application of an in vivo drug delivery device, light as the activating stimulus seems to be the most
promising, because of its high spatial resolution providing local dosage, relatively fast actuation allowing con-
trol over the dose, good biocompatibility when used with limited power intensity and exposure time, and no
interference with neural activity measurements.

2.3. Type of light

As mentioned before, light can be applied as UV/visible light or NIR. These two groups have vastly different
mechanisms, even though the difference in stimulation is only a matter of wavelength. A comparison is
made in Table 2.3 on page 14 in terms of general fabrication steps, possible side effects of the mechanism
for in vivo settings, performance, power consumption in possible mechanisms, achievable spatial resolution
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and the different types of integration. These points of attention to be explained in more detail in the following
paragraphs.

Fabrication The fabrication of NIR-responsive mechanisms involve materials that induce the photother-
mal effect upon NIR irradiation. Gold nano particles (NPs) can convert NIR-light into heat that can induce
the collapse of thermoresponsive polymers [133]. A photothermal agent must be selected based on mainly
their biocompatibility. However, due to their small size, adverse systemic effects might be introduced [97].
Coatings have been developed to increase their biocompatibility, but their long-term in vivo effects are still
unknown [113]. A NIR-responsive membrane can be made by incorporating the photothermal NPs into a hy-
drogel matrix [120]. To ensure the biocompatibility of the membrane, covalent bonding of the gold NPs to the
hydrogel is preferred, but this would require an additional fabrication step and the introduction of another
intermediate chemical. Furthermore, a hydrogel that changes between 37-42°C must be formulated which
requires the careful tweaking in chemical composition. Lastly, the hydrogel must be attached to the substrate
material for assembled drug delivery device. The adhesion of the interface between relatively soft and hard
material is proven to be difficult [16].

UV/visible light mechanisms generally require a photochromic unit which is connected to a spacer molecule
on the surface of the substrate material or integrated in the bulk material. While NIR-responsive mechanisms
require four critical fabrication steps that have to be investigated, UV/visible light has only two. Within the
provided time frame for this project a mechanism using UV/visible light is more feasible in terms of ease of
fabrication, because every fabrication step optimization. Additionally, the risk increases with the number of
procedures.

Side effects For both mechanisms there are side effects that are produced during activation of the mecha-
nism. In the case with photothermal, the thermoresponsive polymer will be heated causing its surroundings
to be heated as well. The heating of cells is possible up to the upper limit of 42°C, when proteins start to
denature [90]. Furthermore, there is a risk of potentially toxic photothermal nanoparticles to be released
from the hydrogel, when particles are not well bonded to the matrix or the bonding is affected by other fac-
tors. Additionally, photochemical damage can be induced by high irradiation intensities and long exposure
times [53].

Although, the goal of UV/visible light mechanisms is not to heat the material, local heating of a few de-
grees is still possible depending on the setup. The risk of photochemical damage is also much larger with UV
than with NIR, therefore much lower irradiation intensities and shorter exposure times can be utilized [141].

Performance Performance is a difficult quality to compare, due to inconsistency between the reported
mechanisms in the characterization of performance. Generally, the photothermal mechanisms are relatively
quick in their response. The reverse response is dependent on heat dissipation, which is a slower response
than heating. However, UV/visible light mechanisms are slower to respond overall varying from 10 minutes
in optimized systems to several hours. The performance is not solely dependent on the chosen mechanism
and materials, but optimization within a certain setup will probably have more impact on the overall perfor-
mance, since most reported mechanisms showcase proof of concepts without any optimization.

Power consumption In NIR-responsive mechanisms, NIR-light promotes the permeability in a membrane.
This permeable state is sustained by continuous irradiation, because heat constantly dissipates from the sys-
tem. UV/visible light irradiation is mainly required for switching between the open and closed state. While
photodimerizing photochromic units only open and close under the influence of two different wavelengths,
photoisomerization can be opened with a particular wavelength light and closed by another wavelength light,
heat dissipation or darkness.

Spatial resolution Theoretically, the highest optical resolution can be obtained with UV-light due to its
shortest wavelength as derived from the diffraction limit: R = A/(2NA). Thus, the resolution is theoretically
about 3 times better with UV-light than with NIR-light. Nevertheless, the possible resolution with NIR-light is
good enough, when compared to the dimensions of electrodes in ECoG.

UVlvisible light-responsive mechanisms will be further investigated, because they have generally less fab-
rication steps, less side effects and provides a more flexible choice in integration of the mechanism compared to
NIR-responsive mechanisms.
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Table 2.3: Comparison of NIR and UV/visible light

NIR + thermoresponsive polymer UV/Vis + photochromic unit
Fabrication * Synthesis of photothermal NPs * Modifying photochromic units
¢ Adhesion of NPs to hydrogel ¢ Bonding to substrate

* Synthesis of hydrogel (LCST +40°C)
¢ Adhesion of hydrogel to substrate

Side effects * Heating hydrogel ¢ Local heating
* Released nanoparticles * Photochemical damage
¢ Photochemical damage

Performance Response (<7 min) Response (10 min - several hours)

Power consumption Heating: opening Isomerization: opening/switching
Dimerization: switching

Spatial resolutionx A NIR: 700-2500 nm UV: 200-350 nm; Vis: 400-700 nm
Integration * Responsive bulk material * Responsive bulk material
* Responsive pore size * Responsive pore size
e Composite with nanogel ¢ Composite with nanogel
* Impellers in pore
¢ Pore cap

2.4. Integration of photochromic unit

UV/visible light responsive mechanisms are produced by integrating specific photochromic units. There are
many different photochromic units which are compared in Table 2.4 on page 15. These responsive molecules
are categorized according to their type of response to light. Coumarin and thymine are examples of pho-
todimerizing molecules [68, 132, 132]. Photodimerization is a process in which two monomers can form one
dimer which closes the pore. Secondly, photoresponsiveness can occur in the form of photoisomerization.
In the case of azobenzene, the molecule undergoes a trans-cis isomerization under the influence of certain
wavelengths of light. Spiropyran has multiple forms depending on the light and also pH. A relatively new
phenomenon is photo-responsive pH-jump systems. Malachite green carbinol base (MGCB) is such a sys-
tem that can emit hydroxide ions increasing the local pH by dissociation to malachite green cations due to
light irradiation. Recombination with the hydroxide ions reverses MGCB to its original state, thereby reducing
the pH [44].

The movement of drug particles is instigated by two transport mechanisms. The first mechanism is diffu-
sion in which particles move from a high to a low concentration. In this case the solvent is static. In contrast
with diffusion, convection is the bulk flow of the solvent including the particles. In diffusion the speed at
which the particles move is determined by Brownian motion, whereas in convection the velocity of the flow
determines the movement of the particles, thereby being better controllable and faster.

Diffusion and convection in a pore can be controlled by two main strategies: blocking and wettability.
Blocking stops the diffusion of particles through the pore and can be opened to let the particle to move freely
again. Wettability is a material property to control the flow. A hydrophobic surface halts the flow, whereas a
hydrophilic surface promotes it.

2.4.1. Blocking

Blocking mechanisms that are controlled by UV-light can be achieved by responsive pores or bulk material.
Responsive pores in a membrane can either decrease in size with azobenzene [75] or can be capped with
coumarin/thymine [68, 132, 132], azobenzene molecular complexes [18, 115], or spiropyran [138] to restrain
the diffusion of particles through the pore. Azobenzene can be grafted to the surface. By irradiation of UV-
light, the molecule switches from trans to cis form, decreasing its effective length and thus increasing the size
of the pore. This process is called trans-cis photoisomerization. When azobenzene is grafted inside a pore,
the effective size of the pore can be controlled by light as depicted in Figure 2.1.

Capping mechanisms that use photodimerization such as coumarin rely on the location of the two monomers

that can form a dimer together as depicted in Figure 2.2a. The most optimal blocking of the pore is achieved,
when two monomers at opposite sides of the pore dimerize, whereas the photoisomerization of azobenzene
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Table 2.4: Comparison of photochromatic units and their applications
Mechanism Photochromic Type Description Fabrication Ref.
unit
Photodime- Coumarin Cap Coumarin gate on mesoporous  Grafting of modified [68]
rization bioactive glass (MBG) coumarin
Cap Cap of copolymer methyl Grafting of modified [132]
methacrylate (MMA) and coumarin
coumarin moieties grafted on
hollow mesoporous silica
nanoparticles (MSNs)
Thymine Cap Cap of thymine dimers on Grafting of thymine on [43]
MSNs modified MSN
Trans-cis Azobenzene Stalk Azobenzene ligands lining on Self-assembly of [75]
photoiso- mesoporous silica azobenzene-containing
merization organosilane
Cap Azobenzene stalk with Grafting of modified [115]
alpha-cyclodextrin cap on azobenzene stalk with
MSN alpha-cyclodextrin
Cap Supramolecular assembly LBL assembly of [18]
between azobenzene and PDDA/PAA-Azo and
cyclodextrin on PDMS PDDA/PAA-CD
Hydrogel Photo-triggered DNA Grafting of DNA and [100]
hybridization in azobenzene to hydrogel
azobenzene-containing network
hydrogel
Hydrogel Azobenzene on cyclodextrin Grafting of azobenzene to [106]
sliding crosslinker in hydrogel cyclodextrin. Gelation with
dimethyl-sulfoxide (DMSO)
Photoisom- Spiropyran Cap Nitrospiropyran- Grafting of nitrospiropyran [138]
erization functionalized caps on MSN on modified MSN
pores.
Hydrogel Self-protonating spiropyran- White light polymerization [140]
and acrylic acid-containing with photo-initiator (PBPO)
NIPAM hydrogel
Photo- Malachite Cap MGCB-containing MSN Self-assembly of MGCB [44]
responsive green carbino capped with i-motif DNA
pH-jump base (MGCB)

system
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Figure 2.1: Schematic of grafted azobenzene for switchable pore size. Adapted from [72]

is independent of other azobenzene molecules. In these capping systems two monomers have to be close to
each other by chance to dimerize.

Coumarin and azobenzene can be integrated into one system with increased performance [139]. Zhu
et al. found that coumarin had a lower release rate than azobenzene. This suggests that coumarin is still
partially blocking in the open-state. One important requirement for both mechanisms is that pores must be
at nanoscale to be effective. The effectiveness of the mechanism is also highly dependent on the optimal
grafting density. Low grafting density results in insufficient blocking, while too dense grafting can obstruct
movement of neighboring molecules.

Capping mechanisms that use azobenzene can be combined with another molecule to form a complex.
When trans azobenzene is combined with cyclodextrin, a host-guest complex is formed as illustrated in Fig-
ure 2.2b. Cyclodextrin is shaped like a hollow, truncated cone. Trans azobenzene slides inside the hollow cav-
ity of cyclodextrin in aqueous environments. This complex decreases the free volume compared to azoben-
zene by itself, thereby increasing the blocking performance inside a pore. To maintain the functionality after
cyclodextrin separates from cis-azobenzene, the stalk and a molecule larger than the cavity of cyclodextrin
can be attachted to azobenzene [115]. Furthermore, nitrospiropyran has been used as a capping mechanism.
When the pore is closed, the nitrospiropyran strands cluster together, because of hydrophobic interactions.
Upon UV irradiation, spiropyran changes to its protonated form. Electrostatic repulsion causes the grafted
strands to seperate, thereby opening the pore [138]. Similarly to azobenzene, spiropyran complexes can be
utilized as a cap, however these mechanisms are irreversible [9].

Stimuli-responsiveness can also be integrated in a bulk material such as a hydrogel in which the perme-
ability through the polymer network can be controlled by its local density or valving mechanisms are made
using the ability of a hydrogel to change its volume. Most reported photo-responsive hydrogels switch be-
tween their solution and gel state which can be used for one time drug delivery [114]. Hydrogels that can be
used for reversible drug delivery mechanisms are hydrogels that can change their volume through swelling
and deswelling. These type of photo-responsive hydrogels are made using azobenzene [100, 106] and spiropy-
ran [140]. Hydrogels can be implemented as an opening and closing pore gate by deformation as seen in Fig-
ure 2.3 or a bulk material in which molecules can diffuse through, when the hydrogel is swollen. Hydrogels
also influence bulk flow, as for swelling there is a flow going inwards and for deswelling the flow is outwards.
The difficulty in the fabrication is that direct adhesion of a hydrogel to a substrate, due to the difference in
mechanical properties. Delamination of the different layers can occur over time. A medial layer can be used
to reduce the stresses at the interface [16].

2.4.2. Wettability
The wettability of the substrate plays an important role in a phenomenon the capillary effect which allows
a liquid to flow in a microchannel without the need for an external force such as pressure. A measure for
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Figure 2.2: Examples of capping mechanisms. Reproduced from [10].

(a) Adaptive pore size by expansion/contraction of the hy-
drogel inside a pore (b) Adaptive permeability of hydrogel on a support

Figure 2.3: Examples of hydrogels used to control permeability in a pore/membrane

wettability is the contact angle which is the angle between the solid-liquid and liquid-gas interface contact
lines. A water contact angle below 90° is called hydrophilic and above 90° is hydrophobic.

Capillary rise is the phenomenon that causes the meniscus to rise in a narrow, vertical tube to a height
above the liquid height far away from the tube. The capillary rise & is governed by Equation 2.1.

b= 2ycos6
pgr

2.1)

where y = 0.073Jm™2 is the surface tension of the water-air interface at 20 °C [2], 0 is the contact angle, p is
the density of the liquid in kgm™3, g = 9.81 ms~2 is the gravitational acceleration and r is the radius in m.

In the case of a hydrophilic material, the capillary rise is positive and the liquid will rise against grav-
ity. The meniscus shape is concave. However, hydrophobic materials have a negative capillary rise and the
meniscus height is lower than the bulk liquid. In this case the meniscus is convex. This distinction is illus-
trated in Figure 2.4. Thus, the wettability of the pores in a membrane controls the liquid movement. When
combined with a wettability switching surface, a valve can be produced. However, the problem is that af-
ter wetting of the surface, the reverse process has a high activation barrier which may only be theoretically
achieved with pores smaller than 5nm [125]. Consequently, larger valves relying on the wettability are con-
sidered one-time use until dried.

Wettability switching Since wettability controls the direction of capillaryrise, a surface that is able to switch
between hydrophobic and hydrophilic states can be used to control the liquid flow in a microchannel. The
most well-known example for a reversible wettability surface makes use of a thermo-responsive polymer,
poly(N-isopropyl acrylamide) (PNIPAm) [76].
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Figure 2.4: The effect of hydrophilic and hydrophobic material on the capillary rise

For reversible light-induced systems, azobenzene is the most researched. Another molecule belonging
to this group is spiropyran. Inorganic materials such as ZnO and TiO, can be used as a photo-responsive
coating. These systems are summarized in Table 2.5.

Azobenzene is generally found to be more hydrophilic as cis isomer and less hydrophilic as trans iso-
mer due to a change in the dipole moment [26]. Pei et al. found that the type of end group combined with
azobenzene and its orientation on the substrate has a larger influence on the wettability than the dipole mo-
ment [99]. This was shown by using an hydrophilic end group and a hydrophobic side chain connected to
azobenzene. In its trans isomer the surface was hydrophilic and when irradiated by UV-light the cis isomer
made it less hydrophilic.

Surface roughness is also an important factor and combined with azobenzene or spiropyran superhy-
drophilic and superhydrophobic surface can be obtained. Lim et al. found that increasing the surface rough-
ness could increase the difference in water contact angle from 5° up to 148° for grafted azobenzene on silicon
wafers [67]. Similarly, spiropyran has been grafted onto etched silicon to change the contact angle from 140°
to 43° [127].

Azobenzene is the most versatile photochromic unit that can be grafted on the inside of a pore for blocking
purposes, can change wettability of the surface, or can be integrated in a hydrogel. For blocking or wettability
controlled mechanisms, the pores must be small, because the effective length change of azobenzene by itself
is only a few angstroms and the activation barrier in larger pores is too high. The change in wettability is only
around 8°, but can be heavily influenced by the end group and the surface roughness. Hydrogels have the
potential to have better performance without the limitation in pore size, but this depends on the integration
and optimization of hydrogel’s properties. Generally, the fabrication of hydrogels require more steps and it
thus takes longer to optimize the process and the resulting performance. When it comes to adhesion, grafted
molecules are more robust than hydrogels, since molecules are attached individually, while a hydrogel has to
be adhered as a bulk material leading to internal forces that might cause delamination. Therefore, grafting
azobenzene is chosen, because of its ease of fabrication and potentially a better durability.
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Table 2.5: Comparison of photoresponsive materials that switch their wettability
Photoresponsive Description Water Fabrication Ref.
material contact
angle
Azobenzene Hydrophilically substituted Vis: 57° Grafting of carboxylic [99]
azobenzenes on silicon surface UV: 65° acid-functionalized azobenzene by
reaction on
aminosilane-functionalized silicon
Azobenzene-modified SAMs on Vis: 73.9°  Grafting of hydroxyl-modified [26]
Si(111) UV:68.2°  azobenzene by reaction on carboxylic
acid-functionalized silicon
Azobenzene on increased surface  Vis: 152° Layer-by-layer deposition of [67]
roughness by multilayer film UV: <5° (S§iO2 /PAH) polyelectrolyte multilayer
on silicon. Grafting of carboxylic
acid-functionalized azobenzene by
reaction on
aminosilane-functionalized
multilayer
Spiropyran Spiropyran-containing polymer Vis: 139° Spiropyran monomer polymerization [127]
brushes grafted on roughened UV: 43° by atom transfer radical
silicon polymerization (ATRP) on roughened
silicon by laser etching
Spiropyran Chromophore-functionalized Vis: 75° Spin- or dip-coating [57]
(azobenzene, coating based on UV: 46° poly(methylsilsesgioxane)-
salicylide- Polysilsesquioxanes poly(pentafluoro-phenyl acrylate)
neaniline) (PMSSQ-PPFPA) hybrid polymer onto
the desired surface. Grafting of
amino-functionalized chromophore
ZnO Hierarchical structured ZnO Vis: 152° Dip coating of mesh in ZnO solution [118], [119]
mesh film Uv: 0° and annealing at 420 °C to form
crystal seeds. Crystallization in
solution of zinc nitrate hydrate and
methenamine
TiO, TiO2-coated aerogel Vis: 140° Coating of aerogels with TiO, by [58]
UV: 0° chemical vapor deposition
Nitrogen-doped TiO2 nanorod Vis: 135° N-doped TiO2 nanoparticles formed [128]
film Uv: 0° by hydrothermal method. Suspended

in water and dried to form film.







Fabrication process

The various approaches for the fabrication process of a porous PDMS membrane and the modification of
PDMS with azobenzene for a switchable wettability surface are examined and compared in this chapter. A
fabrication method is concluded based on the feasibility of the execution in this thesis.

3.1. Porous PDMS membrane

There are two approaches to make a porous PDMS membrane. The first method by Huh et al. [49] uses spin
coating to achieve a membrane thickness of 10 um. The other approach is replica molding which produces
generally thicker membranes. Both methods are to be explained in more detail and compared.

3.1.1. Thin porous PDMS membrane

The protocol to make a porous PDMS membrane of 10 um thick is defined by Huh et al. [49]. The general
fabrication steps are visualized in Figure 3.1. First, uncured PDMS is spin coated on silanized PDMS which
is used as a support. Next, the uncured PDMS layer is placed on a silicon master with pillars made by pho-
tolithography and pressed together using a weight. This arrangement is cured, after which the silicon master
can carefully be removed. The membrane can be removed by irreversible bonding to another part of the final
PDMS structure which in this reported case was the part containing the microchannel.

Spin-coated PDMS

Silanized (uncured)

PDMS

Porous
PDMS
membrane

Silicom™
master

Silanized
PDMS

Figure 3.1: Fabrication process of thin porous PDMS membranes as described by Huh et al. [49]
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Table 3.1: Comparison between fabrication methods for porous PDMS membranes

Thin membrane Thick membrane

Smaller pores possible  Faster and easier fabrication
More prone to breakage Easier handling

3.1.2. Thick porous PDMS membrane

Another way to make a porous PDMS membrane is with replica molding. The main steps of the fabrication
process is visualized in Figure 3.2. A high resolution 3D-printer is available for prototyping of the mold. The
simplest design is an array of pillars surrounded by walls. The thickness of the membrane is determined
by the wall height. If a membrane is too thin, it will break upon removal from the mold. To decrease the
membrane thickness beyond this point, supports are needed to help lifting the membrane out of the mold.

Figure 3.2: Replica molding for thick PDMS membranes

A comparison between the two methods is summarized in Table 3.1. Thin membranes allow for smaller
pores than in thicker membranes, because the height of the pillars in the mold can be lowered for thin mem-
branes. Shorter pillars are less likely to break, thus making it possible to decrease the diameter of the pillars
resulting in narrower pores. However, thin membranes are very prone to breakage and are therefore require
careful handling. In contrast, thick membranes are more robust and much easier to handle. The most striking
advantage of membranes made using replica molding is easier and faster fabrication.

3.2. PDMS functionalization

The next step is to modify the PDMS surface with azobenzene to ultimately make a smart membrane. This
section focuses on the formulation of a protocol to graft azobenzene on PDMS. Specific and general grafting
methods for azobenzene and PDMS are explored, while considering the feasibility of the fabrication with the
available equipment and the stability of the type of bonding for potential use as an implant.

3.2.1. Layer-by-layer assembly

The starting point is to find a reported method that describes grafting of azobenzene on PDMS. Cheng et
al. [18] was the only research group that modified PDMS with azobenzene. They used layer-by-layer (LbL)
self-assembly to form a multilayer structure of adsorbed polyanion and polycations layered alternately to the
substrate to form a multilayer structure. Grafting of azobenzene to PDMS is done in three steps: synthe-
sis of acrylamide-azobenzene, synthesis of poly(acrylic acid)-azobenzene (PAA-Azo), and LbL assembly on
PDMS. The multilayer structure consists of PAA-Azo alternated with poly(diallyldimethylammonium chlo-
ride) (PDDA).

The LbL technique can be applied to any substrate and layer thickness can be controlled at nanoscale.
However, the stability and structure of the LbL assembly is dependent on many factors such as concentration
and ionic strength of the polyelectrolytes used, solvent, temperature, and pH [87]. To increase the stability
chemical, polymers can be crosslinked to produce a multilayer assembly [79]. Covalent bonding azobenzene
requires of crosslinking PAA and PDDA, however it has not been reported before. Without crosslinking the
stability of (PDDA/PAA) is at least 48 hours [3]. Furthermore, the procedure itself is tedious, because the
substrate has to be cycled through the two solutions and washed with DI water every time. Advanced chem-
ical equipment for refluxing is also required to synthesize PAA-Azo, thus making it difficult to reproduce this



3.2. PDMS functionalization 23

procedure in our department.

3.2.2. Conjugation strategies

There is no optimal solution for grafting azobenzene on PDMS, thus general conjugation strategies are in-
vestigated. Surface modifications of PDMS are usually initiated by oxidizing the surface. Next, The formed
hydroxyl groups are able to covalently bond with alkoxysilanes with a functional end group of choice in a
process called silanization. Well-defined reactions are available for particular combinations of end groups to
covalently bond azobenzene.

Surface oxidation PDMS is commonly oxidized by plasma, UV, or oxidative solution treatment. After oxi-
dation, hydroxyl groups are formed on the surface which has become hydrophilic. The effectiveness of the
different treatments vary with plasma being the most effective out of the three.

Plasma is a gas-like substance consisting of charged particles. Gases such as air, oxygen and nitrogen,
can be used to create plasma. Other tunable variables are pressure and power used during the treatment.
Due to its fast and effective procedure, it has become the most popular choice for PDMS grafting. Another
well-known usage is for bonding of PDMS to glass and PDMS to PDMS for the fabrication of microfluidic
devices.

UV treatment is much slower than with plasma, but promises deeper oxidation of the PDMS without
cracking of the surface [12]. A 30 minute UV/ozone treatment has been used in combination with silanization
to bond PEG spacers to PDMS [94].

A HCl/H,0, solution can be used to activate the PDMS surface. The main advantage is that no expensive
equipment is required. Sui et al. used this method in assembled microfluidic devices to functionalize inside
the channels. The HCI/H,0- solution was passed through the channel for the duration of 5 minutes [112].
PDMS is also oxidized by submergence for 10 minutes in piranha solution which is usually a mixture of H» O,
and H,S0, at a volume ratio of 1:3 [25]. Furthermore, another wet method of oxidizing PDMS is by reacting
in 1M NaOH for 24h [110]. However, the water contact angle of oxidized PDMS was measured to be close to
the value of PDMS before oxidation [48].

Silanization Published articles have mostly described azobenzene being functionalized on mesoporous sil-
ica. Azobenzene ligands are organized in the pore by self-assembled monolayer (SAM) and covalently bonded
by silanization which is the formation of covalent Si-O-Si bonds between an alkoysilane and OH-groups at the
substrate’s surface. An alternative to the LbL method can be created by modifying azobenzene as suggested
in previous reports and choosing an appropriate surface treatment for PDMS.

Silanization is a common method to functionalize PDMS by covalent Si-O-Si bonds between a silanes and
OH-groups at the substrate’s surface. Silanes are often used as coupling agents, since they can introduce new
functional end groups to the surface. The general structure consists of the functional or reactive group on
one end and up to three hydrolyzable groups at the other end separated by an alkyl spacer and silicon atom
as displayed in Figure 3.3.

Silicon
atom
Functional or

reactive group Hydrolyzable

\ X / groups
/

R— (CH,),—Si—X

X
Alkyl chain

Figure 3.3: The general structure of a silane with a functional group on one end connected by an alkyl spacer and silicon atom to three
hydrolyzable groups. Reproduced from [45].

Silanol derivatives will form hydrogen bonds and thus clump together in solution. The alkoxy groups
prevent polymerization of silanol groups. For that reason alkoxysilanes are the most commonly used for
surface modifiation. However, at room temperature alkoxy groups are unreactive with hydroxyl groups as
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is without hydrolysis to form the highly reactive silanol. 3-aminopropyltriethoxysilane (APTES) is the most
commonly used aminosilane that belongs to the alkoxysilanes. Besides an amino end group, APTES has three
ethoxygroups available for bonding to the hydroxyl rich surfaces. Silanes with other reactive groups may be
used. However, APTES is preferred, because of its frequent usage in research and established protocol on
PDMS.

Amine reactions The PDMS surface can be modified by silanization with functional end groups such as
amino, carboxylate, hydroxyl, and thiol. From this point, there are many different strategies to react these end
groups with a complementary group which is either attached to azobenzene or an intermediary molecule.
Amine reactions can be used to covalently bond an amino silane to carboxylates, isothiocyanates, sulfonyl
chlorides, and aldehydes. The chemical reactions are summarized in Figure 3.4.

NHS (n-hydroxysuccinimide) esters are the most popular crosslinker for amine-reactions. NHS is rela-
tively water-insoluble, thus it must first be dissolved in an organic solvent before addition to a water-based so-
lution. For these situations a water-soluble variant, sulfo-NHS (N-hydroxysulfosuccinimide), is used. Sulfo-
NHS contains a hydrophilic group, while keeping the same reactive properties of NHS. Combined with EDC
(1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride) it can be used to react with a carboxylate
group to form an active ester which can react with an amine to form a stable amide bond. This reaction,
however, competes with hydrolysis in water. Hydrolyzed molecules cannot be used to react with amines. The
reaction is fast and highly efficient.

Isothiocyanates only form a stable product with primary amines. Reactions are encouraged in alkaline
environments. Isotiocynates are, however, unstable in aqueous solutions and it is therefore recommended to
be stored dessicated in the fridge or freezer.

Sulfonyl chlorides reacts with an amine to form a sulfoamide bond at the cost of a chlorine atom. Re-
actions are performed in alkaline conditions and may also be executed in organic solvents. The reactions
with amine groups compete with hydrolysis, but the rate of hydrolysis is much slower than the formation of
sulfoamide bonds. In any case, care must be taken in storage, as moisture will degrade molecule.

Aldehydes react with amine groups to form an unstable Schiff base which can be reduced by sodium
borohydride or sodium cyanoborohydride to form a secondary amine bond. This reaction, called reductive
amination, is more dominant at high pH. Sodium cyanoborohydride is preferred over sodium borohydride,
because the latter also reduces aldehyde to hydroxyls, hence a lower efficiency.

Crosslinkers Azobenzene with a functional group can be directly coupled to complementary silane or a
crosslinker between azobenzene and silane. Crosslinkers can be used to increase the distance between the
two target molecules known as the spacer arm length. They can be purchased with various reactive ends. For
PDMS popular crosslinkers are glutaraldehyde and dextran.

Glutaraldehyde is one of the most used crosslinkers in bioconjugation. Chuah et al. have it used to graft
collagen to PDMS [20]. The PDMS surface is first oxidized and silanized with APTES. The amine-functionalized
PDMS is submerged in a solution of glutaraldehyde and sequentially, in a solution of collagen.

Similarly, dextran is used as a crosslinker to graft proteins on PDMS. Dextran is a long polysaccharide
with molecular weight larger than 1,000 Dalton. It is highly water-soluble, due to its many hydroxyl groups.
For each repeating unit of dextran, two sodium periodate molecules are consumed to form two aldehydes
which can then be used to react with amines from APTES to form Schiff bases [82]. A covalent bond is formed
by reductive amination using sodium borohydride or sodium cyanoborohydride [45]. Long polymer chains
can be attached to the surface with only a few bonds with amines. When dextran is partially oxidized and
bonded to the surface, it can be then be fully oxidized to provide sites for other amine-containing molecules.
This is especially useful, when the grafting density of APTES on PDMS is low. Using dextran could potentially
increase the grafting density of the target molecule.

3.2.3. Azobenzene modification
All reported methods use silanization to attach azobenzene to mesoporous silica interiors. There is no com-
parison made between the chemical properties of the different combinations. The type of azobenzene molecule
is rather chosen in terms of availability of components and ease of fabrication.

There are two main strategies that can be defined. In the first strategy the silane is coupled to the azoben-
zene before reacting to the substrate. This will require the modification of an azobenzene-containing molecule
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Figure 3.4: Chemical reactions schemes with amine. Reproduced from [45]
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which requires refluxing equipment which are not available in our department. The modification of the
azobenzene molecule also requires multiple steps which can take days in total. The second strategy is a
two-step method in which first the substrate is silanized using a silane and then it is reacted to azobenzene
combining the reactive end groups.

An important factor to consider is the available azobenzene variants by the chemical supplier, Sigma-
Aldrich. Azobenzene-containing molecules with various functional end groups are listed in Table 3.2 on
page 27. Some chemicals in this list are very dangerous, while others are relatively harmless. For this rea-
son azobenzene and 4-aminoazobenzene are not taken into consideration. Thus, for this project modified-
azobenzene can be purchased with an amine, carboxylic acid, NHS ester, sulfonyl chloride, and isotiocyanate
compound.

3.2.4. Process overview

LbL assembly is the only method that describes a method to adhere azobenzene to a PDMS surface. The long-
term stability of the multilayer structure, that is not covalently bonded, is unknown. Since the implant needs
to be functional for at least one month, LbL assembly is not the ideal option. In this project, a fabrication
method is chosen that involves covalent bonding. The option that uses dextran seems the most promising,
because the method has been used on PDMS in several studies before. Moreover, an azobenzene can be
purchased that contains an amine compound. Furthermore, the grafting density is less dependent of the
aminosilane layer.

The process for grafting of azobenzene on a PDMS surface is displayed in Figure 3.5 on page 28. First,
the PDMS surface is activated using a plasma treatment to form hydroxyl groups. The activated PDMS is
treated with APTES to obtain an amine-functionalized surface. Meanwhile, dextran is partially oxidized with
sodium periodate. The PDMS with amine groups is treated with oxidized dextran to form Schiff bases. These
bonds are then reduced with sodium borohydride to obtain covalent, secondary amine bonds. The dextran-
functionalized PDMS is then further oxidized with sodium periodate. Next, amine-containing azobenzene is
introduced to the oxidized dextran to form Schiff bases which are then reduced again with sodium borohy-
dride. The protocol that explains the process step-by-step is found in Appendix A.2.

In conclusion, the functionalization of the PDMS membrane will be produced by grafting APTES, oxidized
dextran, and amino-containing azobenzene with covalent bonds. LbL assembly is still a good option, in case
there are problems with silanization. Other methods need to be explored, if the stability of LbL is proven to be
insufficient.
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Table 3.2: List of available azobenzene molecules at Sigma-Aldrich. The degree of hazardousness is indicated with a category where 1
indicates a greater hazard category than 2, and A is a greater hazard than B.

Name SKU Chemical structure Safety
Azobenzene 424633 Acute toxicity, oral+inhalation
N. (cat. 4), germ cell mutagenicity
“N (cat. 2), carcinogenicity (cat. 1B),
specific target organ toxicity -
repeated exposure (cat. 2), acute
aquatic toxicity (cat. 1), chronic
aquatic toxicity (cat. 1).
4-aminoazobenzene 46130 NH, Carcinogenicity (cat. 1B), acute
N aquatic toxicity (cat. 1), chronic
N aquatic toxicity (cat. 1)
4-(Phenylazo)benzoic 479624 o Skin irritation (cat. 2), eye irrita-
acid OH tion (cat. 2), specific target organ
toxicity - single exposure (cat. 3)
a
4-[4-(Dimethylamino) 9278 o © -
phenyl-azo]benzoic /p
acid N-succinimidyl o
ester /@/N:N °
H3C\,>I
CH3
4-(Dimethylamino) 39068 Q\ Skin corrosion (cat. 1B)
azobenzene-4’-sulfonyl \40
chloride /©/ cl
N.
O
H3C.
3C N
CH3
N,N-Dimethyl-4,4’- 379298 NH» Skin irritation (cat. 2), eye irrita-
azodianiline /©/ tion (cat. 2), specific target organ
N °N toxicity - single exposure (cat. 3)
H3C.
3C N/(:
CHj
4-(4-Isothiocyanato- 317802 Respiratory sensitization (cat. 1),

phenylazo)-N,N-
dimethylaniline

skin sensitization (cat. 1)
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Figure 3.5: Schematic of the grafting procedure of amine-containing azobenzene PDMS with dextran.



Project outline

In this chapter the outline of the master’s thesis project is described by defining the project goals, planning
containing the steps to reach the goals, and possible risks that might be encountered. The actual execution
of this planning is documented in Appendix B-E, whereas the next chapter will present the relevant results in
the form of a paper.

4.1. Project goals

Within a time span of about 45 ECTS, the goal of this project is set to fabricate a membrane that can change
its permeability locally by activation of light and to test its feasibility for drug delivery for the brain. To achieve
this goal there are three objectives: successful fabrication of a porous PDMS membrane, grafting of azoben-
zene on the PDMS surface, and demonstration of controlling the permeability.

For the integration of the membrane in the final device, there are a few specific benchmarks to be set. It
is desired to achieve a pore spacing of about 30 um as this is the electrode spacing in one of the more recent
researched ECoG [59], but spacings of up to 1 mm are still usable [124]. Furthermore, if a working mechanism
with azobenzene is achieved, the response time should be constant to be able to predict the dose and it is nice
to have the closing response time as short as possible to lower the minimum dose. Long-term stability is a
critical property to make the use of an implant worthwhile, thus the mechanism must be intact for at least
one month.

4.2. Planning

The project consists of the fabrication and characterization of which each is subdivided as listed below. Some
are labeled to indicate that this step has some risk (R) or high risk (HR) which is further explained in the next
section. Some characterization methods are not available (NA) in the PME department.

Fabrication

¢ Porous membrane (R)

¢ Azobenzene-grafted membrane (HR)

¢ Integration membrane in microfluidic device (R)
Characterization

¢ Porous membrane with and without surface modifications
- Morphology: microscopy, SEM
- Chemistry: FTIR (NA), Raman spectroscopy
- Functionality: water contact angle, UV-Vis spectroscopy (NA), AFM (HR), Raman spectroscopy
R

29
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¢ Application

- Permeability: agar, mouse brain
Proof of concept demonstration
* Pore resolution
* Response time
e Stability

The milestones include fabrication and characterization of a porous membrane, azobenzene-grafted mem-
brane, and microfluidic system which are displayed in a schematic in Figure 4.1 to roughly indicate how long
each part should take.

N
1 month |
Porous membrane

v
Photoresponsive 1.5 months _ Microfluidic
membrane o system

Permeability
Stability
[ N Time response

Morphology
Permeability

Grafting of azobenzene 3.5 months

v

Chemistry
Functionality

Figure 4.1: The process of the project including the estimated time.

Each milestone is to be fabricated, analyzed and characterized. First a porous PDMS membrane is fabri-
cated and the morphology is characterized by visualization methods such as optical microscopy and scanning
electron microscopy (SEM). In SEM the surface of a sample is irradiated with an electron beam in vacuum.
Information about the topography is obtained from secondary or backscattered electrons. PDMS is not con-
ductive, thus to prevent charging, samples must be coated with a thin layer of a noble metal. Imaging using
SEM is, therefore, more time consuming than with optical microscopy.

Then azobenzene is covalently bonded on PDMS. Since this has not been reported before, a lot of time
would be needed to alter and optimize the protocol. The modified membrane is compared to the pristine
membrane in terms of chemistry and functionality. Surface changes are initially verified by water contact
measurements, because PDMS modified with APTES and dextran should become more hydrophilic [32].
The presence of the grafted molecules and the formation of chemical bonds are confirmed by Raman spec-
troscopy and Fourier transform infrared spectroscopy (FTIR). Raman spectroscopy is prioritized, because it is
readily accessible in the department, whereas FTIR measurements can only be arranged at a different depart-
ment. Both are a type of vibrational spectroscopy used to identify molecular vibrations that are characteristic
for the chemical composition. In Raman spectroscopy, incident photons can interact with the sample which
causes a difference in energy between incident and scattered photons known as the Raman effect. The re-
sulting shift in frequency can be measured to identify certain chemical bonds. The Raman effect relies on the
polarizability which means that symmetric moieties with distributed electron clouds result in strong Raman
bands [62]. In IR spectroscopy, if the vibration caused by incident light is able to change the dipole moment,
energy will be absorbed. This resonance occurs at the natural frequency of the specific bond. Instead of us-
ing a monochromatic light as used in Raman spectroscopy, FTIR uses light containing many frequencies to
measure the amount of absorbed, transmitted or reflected light. The light beam is slightly modified between
each data point by making use of a Michelson interferometer. The resulting signal is a interferogram which
is translated with Fourier transform to a spectrum. FTIR is able to detect asymmetric bonds such as O-H,
making it a complementary to Raman spectroscopy for identifying chemical compositions.
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Next, the switching functionality of grafted azobenzene has to be verified. The most popular method for
this is UV-Vis spectroscopy [4, 71, 72, 93, 121, 122], which measures the absorption at different wavelengths in
the UV-Vis spectrum. The trans and cis isomers will show distinctive absorption peaks at about 350 and 450
nm, respectively. There is no UV-Vis spectrophotometer in the department, so other methods are preferred.
AFM can be used to measure the difference in height between the two isomers given that azobenzene is
grafted on a flat surface of PDMS and that azobenzene layer is grafted uniformly and aligned perpendicular to
the surface [31]. However, El Garah et al. performed this measurement on a wafer, whereas in this project the
measurement is performed on a sticky surface of PDMS making AFM a high risk option. Raman spectroscopy
has also been proven to identify different characteristic graphs of the two isomers on a flat substrate [55].
However, there is no UV laser available at a wavelength of around 350 nm in our department. A difference in
the water contact angle should be measurable [26, 67, 99]. Nevertheless, visible light is required to image the
contact angle making the measurement less accurate.

The permeability of a membrane is to be demonstrated in an application relevant setup. Ideally, mem-
branes are tested on actual brains, however this would be inhumane. Therefore, a phantom material is to be
used. 0.6% agarose gel is commonly used in brain infusion studies [17]. The gel is cheap and easy to fabricate.
A benefit over an actual brain is that agarose gel is transparent. Diffusion of colored liquids can be followed
real-time, whereas a brain must be sliced to determine the amount of diffusion. Only a few tests should be
performed on the brain to determine whether agar is a reasonable substitute. Pristine PDMS membranes are
to be compared to azobenzene-modified membranes.

For the proof of concept of localized drug delivery, there are a few parameters to be quantified. Long-term
stability is determined by performing the characterization after 2 weeks and also a month later. Next, time
response for switching between trans- and cis-isomers is measured. This value can be used to determine a
dose and it can be evaluated how easy it is to achieve the desired dose consistently. Lastly, the membrane is
tested on its temperature dependency. The membrane has to be functional at 37°C. After characterization of
the photoresponsive membrane, the integration into a microfluidic system initiated.

4.3. Risks

The highest risk of this project is expected to be the grafting of azobenzene on PDMS. Other risks to be con-
sidered are the characterization of the functionality of the grafted membrane and its integration into a mi-
crofluidic device. Expectations of the potential problems and possible solutions will be described.

4.3.1. Grafting of azobenzene

The grafting of azobenzene on PDMS has a relatively high risk. First of all, there is no established protocol.
This will required tweaking of many variables of such as treatment time, temperature, and chemical compo-
sition. The surface of PDMS can be activated with plasma or an oxidative solution. Even if silanization does
not work out, there is still the option to graft azobenzene using LbL assembly.

Hydrogen bonds Grafting density can be insufficient, when other hydrogen bonds are formed instead of
the intended covalent bond. Examples of possible interactions between an alkoxysilane with an amino-group
and a silicon oxide surface are illustrated in Figure 4.2. In example c,d, and e the grafting would seem suc-
cessful, however the long-term stability of the graft will be significantly reduced due to the the weak hydrogen
bonds. Hydrogen bonded silanes are easily washed away with water [7].
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Figure 4.2: Examples of bonds and unintentional interactions between aminopropylethoxysilane and an oxidized silicon oxide substrate
[7]
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Steric hindrance Grafting density can be too low for proper functionality. This can be caused by steric
hindrance which mostly applies to grafting methods using larger molecules. Grafted molecule chains will
obstruct incoming molecules from moving towards the substrate’s surface. In grafting from this is less of a
problem, since the molecules for grafting are relatively small [80].

Surface roughness The surface roughness of native PDMS or PDMS that was in contact with the mold can
influence the performance of the grafted azobenzene. On an uneven surface the grafted molecule chains will
be aligned more chaotically instead of perpendicular to the surface. This will prevent incoming molecules
from bonding to the surface. Additionally, the molecular motion of grafted azobenzene are more likely to be
obstructed by neighbouring molecules. In the case that surface roughness should be decreased, a layer can
be added between the substrate and the spacer to compensate for the roughness of PDMS [18]. On the other
hand, it was found that an increased surface roughness can increase the difference in water contact angle
between the two states of azobenzene [67].

4.3.2. Other risks

Porous membrane A detailed protocol is available to fabricate a thin, porous PDMS membrane [49]. The
pore dimensions might be a problem, because using this protocol the pore diameter will be in the micron
range, and thus is still relatively large compared to the length change of 3.4 A [72] between trans-cis isomer-
izations of azobenzene. The method can be adapted to produce smaller pores by an intermediate spacing
layer or longer spacer molecule to attach the azobenzene. The easiest method to execute is to layer several
membranes in which the pores are only slightly overlapping [129]. The effective pore size becomes smaller,
but the membrane becomes thicker. Another approach is to increase the change in effective end-to-end dis-
tance between the trans-cis isomers [11]. This is not a simple adjustment, for it is required that the molecular
extension is stiff and does not bunch up like aloose rope. There is also the possibility that the photochemistry
is changed of the azobenzene molecules.

Characterization of the functionality There is a risk in the characterization of the switching behavior. UV-
Vis spectroscopy is not be available in the department. Other techniques can be used, but there is less ma-
terial to compare the measurements with. In AFM measurements are made on a flat surface instead of in a
pore [31]. Since the height difference caused by the isomerization between trans and cis is small (3.4 A [72]) a
high-resolution AFM must be used. This resolution is very difficult to achieve, because PDMS is a sticky, soft
polymer which will contaminate the measuring tip. Raman spectroscopy might be able to measure in pores
of a thin membrane, but it has only been done on a flat substrate before [55].

Integration membrane in microfluidic device The integration in a microfludic device has some risk, since
the azobenzene-grafted PDMS membrane might be difficult to adhere to pristine PDMS parts. The easiest
method to try first is by placing uncured PDMS on the edges to be connected and cure the PDMS for a secure
bond. Another way is to prevent grafting at the edges of the membrane. A sacrificial layer is probably the
most straightforward solution. Before grafting the sacrificial layer is placed along the edges of the membrane.
After grafting that layer can be removed revealing the PDMS surface underneath.



Wettability-controlled permeability of
porous PDMS membranes on agar and
mouse brain

5.1. Abstract

Local drug administration is a critical feature of a drug delivery device in the brain. This feature can po-
tentially be realized with an impermeable membrane that can be locally stimulated to become permeable.
Porous PDMS membranes were fabricated by replica molding in a 3D-printed mold. The smallest pore diam-
eter was 105+8 um and the thinnest membrane thickness was 161+7 um. The permeability of such a mem-
brane is tested by a dye which must go through the membrane in order to observe staining in 0.6% agarose gel
to simulate diffusion of brain tissue. No staining was detected using pristine PDMS membranes. However, a
fast flow from hydrophobic to hydrophilic side was observed in a PDMS membrane recently plasma-treated
on a single side. Furthermore, slow diffusion of the dye was present in a less hydrophilic, dextran-modfied
membrane that received plasma treatment on one side as well. Thus, the permeability was controlled by the
wettability of the membrane surface without modification of the entire inner pore. The same experiments
were performed on a mouse brain to be compared to the results on agarose gel. The brain phantom is use-
ful for further investigation of a local drug delivery device, but a few improvements are required to better
correspond to the brain.

5.2. Introduction

Administration of drugs can help in the recovery of the brain for example after a stroke. There are many
available delivery routes such as intravenous injection or local injection in the brain [104]. Whereas, the
former encounters problems with systemic side effects, the latter requires multiple invasive brain surgery. Al-
ternative methods such as drug-loaded hydrogel [23] or intranasal delivery [61] are being implemented as a
compromise. Ideally, a brain implant, that can administer drugs locally with the added benefit of integrating
electrodes for neural monitoring, could optimize the recovery. However, before such an implant can be fab-
ricated, a drug delivery system must be designed. A crucial part of such system is a impermeable membrane
which can locally become permeable by a remote stimulant.

Polydimethylsiloxane (PDMS) is a popular materials used in microfluidic applications and has been used
before in flexible brain monitoring implants, called electrocorticograms (ECoG) [96]. The main advantages of
PDMS for a brain implant is biocompatibility [6] and low Young’s modulus to reduce mechanical strain on the
brain [107]. For research purposes, this material is also great for prototyping, especially since molds can be
3D-printed. A thin, porous PDMS membrane can be fabricated spin coating uncured PDMS and imprinting
with a mask with pillar structures as described by Huh et al. [49]. They achieved a pore size of 10pm. An
easier and faster method is replica molding, but membranes will be relatively thick and will have larger pores.

Stimuli-responsive materials have been of great interest in the last decade. Smart gating mechanisms can
make use of environmental stimuli, such as temperature [90, 133] and pH [131], that react to changes in the
environment. Light can be used to remotely and locally to activate a mechanism that is useful for controlled
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drug delivery. In particular, azobenzene is well known for its photoisomerization from trans to cis isomer
under the influence of UV-light and can be integrated in different ways to make a material photoresponsive.
Since its trans isomer has a longer effective length than its cis isomer, azobenzene can grafted in mesoporous
silica to change the pore size with UV and visible light [75]. However, the pore size of PDMS membranes
will be much larger than in mesoporous silica making the effective size change of 3.4 A redundant in a PDMS
membrane made with the current fabrication methods [72]. Furthermore, when azobenzene is integrated in
a hydrogel, the polymer network will expand and shrink [106]. The implementation of a hydrogel is relatively
complicated, because it requires optimization of the chemical composition, and the layer thickness. Hydro-
gels and PDMS differ in mechanical properties, thus the adhesion is also an important consideration [16].
Moreover, azobenzene with a hydrophilic or hydrophobic end group grafted on a surface has the ability to
switch its wettability [99]. Integrating azobenzene on the surface of PDMS membrane with microscale pores
can potentially allow for light-controlled permeability for local drug delivery.

In this work, the fabrication of a porous PDMS membrane and its permeability on agar and mouse brains
are presented. The membrane was fabricated by mold casting in a high-resolution 3D-printed mold. The
limitations of the pore size and the membrane thickness were determined. The interaction and permeability
of unmodified PDMS membranes were evaluated on agarose gel. Surface modifications were applied on the
PDMS membranes to obtain different degrees of hydrophilicity and its effect on the permeability. An attempt
was made to introduce azobenzene on a PDMS surface to obtain light induced switchable wettability. Lastly,
preliminary tests are done ex vivo on mouse brains to evaluate the feasibility of PDMS membranes and to
compare the results to the permeability experiments on agar.

5.3. Materials and method

5.3.1. Materials

The PDMS used was Sylgard 184 by Dow Corning. (3-Aminopropyl)triethoxysilane (APTES), dextran (M, =
70,000), sodium (meta)periodate, sodium borohydride, N,N-dimethyl-4,4’-azodianiline (DMADA), potas-
sium permanganate, agar, hydrochloric acid (36.5-38.0%), hydrogen peroxide solution (30%), and dimethyl
sulfoxide (DMSO) are purchased at Sigma-Aldrich. Phosphate-buffered saline (PBS) solution (0.2 M, pH 8)
is made by adding 47.35mL of 0.2 M sodium phosphate dibasic and 2.65mL of 0.2 M sodium phosphate
monobasic dihydrate (Sigma-Aldrich). Deionized water was produced by PURELAB flex 3, Elga (18.2 mQcm).

5.3.2. Fabrication of porous PDMS membrane
Porous PDMS membranes are fabricated by means of replica molding. The mold was 3D-printed out of a
material called HTM140 using EnvisionTEC, Micro Plus Hi-Res. The mold design is shown in Figure 5.1. It
features a support on opposite ends to aid the removal of the PDMS from the mold. The pillars are one layer
(25 um) taller than the surrounding wall to ensure through pores. Much taller pillars are not recommended,
because of strong capillary effects of PDMS and HTM140.

PDMS monomer and curing agent were mixed thoroughly in a 10 (monomer) to 1 (curing agent) ratio by
hand for 5 minutes and poured into the mold. The excess PDMS is removed using a glass microscope slide.
The PDMS is degassed in a desiccator for 30 minutes. A small amount of PDMS is added to the supports to
fill the volume of the air bubbles. The membranes are cured in an oven at 80 °C for 2 hours. The membrane is
removed by cutting along the sides of the mold using a scalpel. The membrane is lifted out of the mold using
tweezers and droplets of ethanol to reduce the adhesion of the PDMS to the mold.

5.3.3. PDMS surface modification

A global overview of the surface modification process is illustrated in Figure 5.2. First, partially oxidized
dextran was prepared by dissolving 0.333 g of dextran and 0.197 g of sodium periodate. The solution was
mixed for at least 4 hours wrapped in aluminum foil at room temperature on a rocking platform. The solution
was used within 24 hours kept in dark at all times.

Before the PDMS surface was oxidized, the sample was cleaned in ethanol for 5 minutes by sonication and
air dried for at least 30 minutes. After the PDMS had dried, it was placed in the plasma cleaner (Diener Femto)
for an air plasma treatment of 2 minutes at 40 W and 4 mbar. In the case of solution-based oxidation, PDMS
was submerged in a beaker with H,O/HCI/H»0> in 5:1:1 volume ratio for 15 minutes on a rocking platform.
The other tested oxidizing solution is known as piranha solution which is a mixture of H,SO4 and H,0O> in 3:1
volume ratio.

After the PDMS surface was oxidized, APTES could be bonded. A solution was prepared in ethanol con-
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Figure 5.1: Replica molding of porous PDMS membranes. The mold was filled with uncured PDMS and the excess was removed with a
microscope glass. After curing the membrane is lifted out of the mold at the supports.

taining 5% volume DI water and the pH was adjusted to 4.5-5.5 with acetic acid. Next, 5% volume APTES was
added to mixture, which was left for 5 minutes to form silanols by hydrolysis of APTES. Oxidized PDMS was
left in the mixture for 30 minutes on a rocking platform. Next, the sample was rinsed with several washes of
ethanol, followed by DI water and dried in the oven at 110 °C for 30 minutes.

The partially oxidized dextran solution was added to 0.2 M NaHPO, buffer at pH 8 in a 1:1 volume ratio.
Amine-functionalized PDMS was submerged in the mixture for 18 hours on an orbital shaker at room tem-
perature wrapped in aluminum foil. Next, the mixture was decanted and the modified PDMS was added to a
solution of 0.1 M NaBH, for 2 hours at room temperature. The sample was rinsed with several washes of DI
water.

For the grafting of azobenzene on dextran modified samples, dextran was first further oxidized in 0.1 M
NalOy for 4 hours wrapped in aluminum foil. N,N-dimethyl-4,4’-azodianiline (DMADA) was dissolved in
DMSO to 0.1 M. The 3 or 30 uL. (samples denoted as Azo3 and Azo30) of dissolved DMADA was added 3 mL of
PBS. The PDMS with oxidized dextran was exposed to the solution overnight on a rocking platform at room
temperature. The Schiff bases were reduced with 0.1 M NaBH, for 2 hours again a moving platform at room
temperature. Finally, the samples were rinsed and sonicated in DI water for 2 minutes.

5.3.4. Pore size

The porous PDMS membranes were characterized by their pore size which were acquired by SEM (Jeol, JSM-
6010LA) using an acceleration voltage of 10 kV. PDMS membranes were made conductive by sputtering Au/Pd
(2 min, 10 mA). The images were processed by image analysis in Image]J. First, the image was converted to
8-bit and the threshold was manually adjusted to the best fit of the pore. Ferret and MinFeret, which are the
maximum and minimum caliper values, were measured to find the average diameter.

5.3.5. Membrane thickness

Membrane thickness was determined white light interferometry (Bruker, ContourGT-K1) and data was pro-
cessed using Vision64. The software features multiple-region analysis in which a top and bottom interface
can be selected. The difference between these interfaces was calculated to find the average membrane thick-
ness in that location. This procedure was repeated four times at different locations on a single membrane.
The membrane thickness was obtained from a total of two membranes.

5.3.6. Water contact angle

The contact angle was measured using Kriiss, DSA100 on a flat substrate. For every measurement 1L of
DI water was dispensed from which the static contact angle was extracted using the software called DSA
provided by Kriiss. For each sample at least 5 measurements were made at different locations. Samples were
cleaned before the measurement with an air gun.

For water contact angle measurements with UV-light, visible light needs to be blocked. However, visible
light is still needed for images after UV irradiation, thus a specific setup is used to ensure a quick measure-
ment. The sample was put in position in a humidity box with its windows blocked with blackout plastic-
coated cardboard. The light guide connected to Honle Bluepoint 4 Ecocure equipped with a 320-390 nm was
secured in the hole of the drop dispenser. The aperture was set to 100% for an intensity of 14.000 mW? cm™!.
The sample was set at a distance of about 1.5 cm from the end of the light guide.
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Figure 5.2: Schematic of the grafting procedure. Dextran is first partially oxidized by NalO4. Meanwhile, PDMS is oxidized to form OH-
groups at the surface for bonding with APTES. Next, oxidized dextran is reacted with amine-functionalized PDMS to form Schiff bases
which are then reduced with NaBHy. Dextran is further oxidized for DMADA to be bonded.
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5.3.7. Raman and FTIR

Raman spectra were obtained with Horiba Scientific Raman Spectroscope fitted with a tunable Argon-ion
laser set to 514nm. The CCD detector was cooled with liquid nitrogen. The software used to control the
measurement parameters was LabSpec 6 (Horiba). Spectra were obtained from a range of 100 to 4000 cm™!.
Acquisition time was set to 5 seconds and data was accumulated over 5 measurements to remove spikes. A
50x objective was used and the ND filter was set to 25% to prevent damage from the high laser power. The
laser was manually focused on the top surface.

FTIR spectra were measured using Nicolet 6700 FTIR Spectrometer (Thermo Scientific) fitted with a single-
reflection accessory for attenuated total reflection (ATR) measurements. The software used to control the
measurement parameters was OMNIC. A background scan was performed without a loaded sample and this
spectrum was subtracted from all measured spectra with samples. A total of 128 scans were performed to
reduce the noise. The crystal was cleaned with ethanol before each measurement.

5.3.8. Permeability on agar

0.6% agarose gel was prepared by adding 0.3 g of agar to 50 ml of DI water. This mixture was boiled for
2 minutes and cooked for another 5 minutes at low heat. The liquid agar mixture was transferred into a
disposable Petri dish and was left to cool down. Displacement of the Petri dish before solidification is best to
be prevented as this results in the flattest possible agar surface. When a gel was formed, the Petri dish could
be moved for storage in a fridge at 4 °C.

The permeability was tested by putting a droplet of water-based dye on the membrane. For best con-
trast with imaging, 0.1 M potassium permanganate was used. The diffusion of dye into the agar was imaged
by tilting the digital microscope (Keyence VHX-6000) to a 90° angle. Ring light mode was selected for the
most accurate color representation. Membranes were rinsed with DI water and dried with a cleanroom cloth
between measurements.

The images were transformed from RGB to HSV. Saturation was found to contain the most information
on the color change in agar. The saturation values of the images were extracted over several lines that start
at the pore opening at the agar side and going radially outward. These saturation values were averaged for
each distance from the pore which could then be used to create a saturation profile graph. The saturation
values were normalized by the agar as zero. The maximum value was set to the average of a line near the top
interface of the agar after a droplet of dye placed directly onto agar.

5.3.9. Permeability on ex vivo brain

A mouse brain was extracted using the protocol as described by Gage et al. [35] without fixating the brain
pumping with paraformaldehyde by perfusion. After extraction the brain’s position was fixed in place at the
bottom of a Petri dish with a 2-3 mm thick layer of 0.6% agarose gel which was prepared similarly as described
above, but DI water was substituted with PBS. After the agarose gel had solidified, the membrane was placed
on the brain by placing one side of the membrane on the agar before the rest of the membrane to prevent
air bubbles. The membrane was pushed in place carefully by pressing it down with tweezers around the
perimeter of the brain. One droplet of 2 uL dye was pipetted on each hemisphere. An example of the setup
can be seen in Figure 5.12a. After 10 minutes the membrane and the remaining droplet was removed. The
brain was placed in fixation solution for 5 days before slicing.

Image analysis was performed using Image]. The image was changed to 8-bit and the threshold is manu-
ally adjusted to the size of the stained area to select the area for measurements. The build-in analysis option
was used to measure the mean gray value and Feret’s diameter. MinFeret is equal to the smallest caliper value
which is the distance from the point at the brain interface where the pore is located to the edge of the stain
perpendicular to the former point.

5.4. Results and discussion

5.4.1. Characterization of porous PDMS membrane
Membranes will be referred to by their respective mold’s CAD model measurements. Their names are abbrevi-
ated to dXXXhXXX where 'd’ is the diameter of the modeled pillar, 'h’ is the modeled height of the membrane,
and XXX is the respective value in microns.

The geometry of the porous PDMS membrane was determined by the limitations in the mechanical
strength of PDMS, and the 3D-printed mold. For replica molding, the thinnest membrane that could be
removed from the mold without breaking was a modeled height of 200 um. This could only be achieved by
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Figure 5.3: Side view of a pillar d200h200. Tilt: 30° (Keyence VHX-6000: full coaxial light)

Table 5.1: Comparison of the bottom and top diameters (dyt, diop) of the pillar and the membrane for a constant modeled diameter of

200 um where dcpp is the diameter of the CAD model, and d, = d"‘“zﬂ in um
Mold Membrane
hcap dbot dtop dul dbot dtop duz d,uZ/ dul

200 133+4 123+3 128 105%8 106+7 105 82%
300 127+3 115+6 121 119+11 98+13 109 90%
400 137+8 124+6 130 117+10 105+5 111 85%
500 136+6 125+6 130 105+8 100+£8 102 79%

adding features in the design of the mold to aid the removal of the membrane from the mold. Supports were
implemented at opposite sides of the membrane to lift off one side instead of one corner to decrease the
chance of breaking. Furthermore, the edges of the plateau were rounded to smoothen the transition between
the support and the membrane. The smallest pillar diameters that could be reliably fabricated was 200 um
with a height of 200 um. The 3D-printer could print layers about 25 pum thick. These layers resulted in defined
lines that gave the pillars their ribbed structure as seen in Figure 5.3. Towards the top of the pillar the layers
become slightly smaller in diameter than the layers closer to the base.

The diameters of the pillars were measured at the top and at the base for different heights and are sum-
marized in Table 5.1. The deviation between top and bottom diameter was about 10%. This difference was
more or less equal as the height of the pillar increases. The resulting pores in PDMS were 10-20% smaller in
diameter than those of the pillars with a relatively large variation. From a study by Madsen et al. [78], it was
found that PDMS has a shrinkage of about 2% at a curing temperature of 80 °C for 2 hours for structures of 3
and 10um wide. They used a chromium and platinum coating for the mold, while this study uses HTM140
cleaned in ethanol. The use of different materials for PDMS molding is likely the main reason for the different
amount of shrinkage. Another cause can be the method of curing which in the case of Madsen et al. was
by hot plate, while the membranes were cured in a oven. The mold is heated first, when a hot plate is used,
thereby curing the PDMS adjacent to the mold faster. This effect is encouraged by the difference in material
properties. Even though, the heat conductivity of HTM140 is not officially stated by the distributor, the mica
mold used by Madsen’s group is likely a better heat conductor than HTM140 which is a resin. The fact that the
pores shrink more using 3D-printed molds is actually an advantage for the fabrication of smaller pores, since
this is limited by smallest printable pillar size. The only difficulty would be to take shrinkage into account for
a particular pore size.

Similarly, the diameter of the pillars were varied and measured for the mold and the membrane listed in
Table 5.2. The pillars that were modeled to be 200 um in diameter were printed considerably smaller by 36%.
As the modeled diameter increased, the difference between the modeled and printed diameter decreased.
Furthermore, the amount of shrinkage in the pore size decreased as the diameter of the mold is increased.
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Table 5.2: Comparison of the bottom and top diameters (dpqr, diop) of the pillar and the membrane for a constant modeled height of
dpottdiop
2

200 um where dcpp is the diameter of the CAD model, and d, = pm
Mold Membrane
dcap dbot dtop dul d,ul ldcap dbot dtop dyz d,uz/dyl
200 133+4 123+3 128 64% 105+8 106+7 105 82%
300 243+16 212+7 227 76% 217+10 203+16 210 92%
400 337+5 3206 329 82% 320+12 321+41 320 97%
[ ] [ ] e

® o ‘. @ &

° ° o O o e & & 0

100_pm ZWm m
(a) d200 (b) d300 (c) d400

Figure 5.4: SEM images of the top side of the membrane

Notably, the deviation of the diameter at the top side of the membrane increased as the diameter increased.
The shape became less circular for larger pores as seen in Figure 5.4. The surface on top of the pillar was
increased making PDMS remains more likely.

Lastly, the modeled height is compared to the membrane thickness in Table 5.3. The height of the mold
was only about 5% smaller than the modeled height and was relatively constant as the height was increased.
Moreover, the membrane thickness became very close to the height from the mold as the height was in-
creased. The standard deviation of the membrane thickness was also much smaller than with the diameter
of the pores. Thus, membrane thickness was better reproducible than the pore diameter. These findings
are useful, when optimizing the performance of a permeability switching membrane by the two of the main
parameters pore size and membrane thickness.

The amount of through-holes varied per batch. This was mainly due to molds being slightly tilted during
the fabrication. Transporting the PDMS-filled mold from the desiccator to the oven could result in uneven-
ness in the membrane, especially at higher temperatures. Moreover, the mold itself is not completely flat.
After curing the mold with UV-light, some bending was visible at the corners of the mold. The design could
be made smaller, but this would decrease throughput. Further optimizations are possible by adjusting the
thicknesses of the base plate and walls, however these were not further explored within this research. Molds
fabricated by SU-8 using photolithography on silicon wafers are flat by default. This feature and the avail-
abiltiy of larger wafers, makes this mold fabrication method feasible for upscaled production of these mem-

Table 5.3: Comparison of the printed height of the mold to the thickness of the PDMS membrane where the modeled CAD height is
hcap, mold height is h,01q, and membrane thickness is ¢ in pm.

hcap  Bmold  Pmold/hcap ¢ hmoid/
200 188+4 94% 161+7 85%
300 291+3 97% 268+8 92%
400 384+5 96% 353+9 92%

500 484+3 97% 480+5 99%
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Table 5.4: Comparison of the water contact angle for different oxidation treatments on PDMS

Sample Water contact angle

Air plasma <10°

H;O/HCI/H202 5min ~ 108+3°
H»0/HCI/H20, 10 min ~ 100+3°
H;0/HCI/H20, 30 min  108+4°

Piranha 45 sec 99+1°
Piranha 5 min 84+5°
Piranha 10 min 76+3°

branes. Furthermore, after the mold was used, some PDMS remains on the pillar, especially for larger pores.
When the mold was reused, uncured PDMS would bond to the PDMS remains resulting in a thicker layer
that would stay intact after the membrane was removed from the mold and close off the pore. This was par-
tially remedied by scraping a glass microscope slide over the PDMS membrane before removing it from the
mold. This was however not possible for pillars with aspect ratio larger than (height/diameter=1), because
the pillars would easily break.

5.4.2. Water contact angle

The water contact angle is one of the important parameters that determines the capillary rise in microchan-
nels or, this case, pores in a membrane. A hydrophilic surface will have a positive capillary height, whereas
this value is negative for hydrophobic surfaces. Pristine PDMS is known to be hydrophobic with a water con-
tact angle of 107+ 2°. Plasma treatment is a fast and effective method to form OH-groups at the surface. Water
will form hydrogen bonds with these group, so as a result PDMS becomes hydrophilic. In the case of a mem-
brane, the plasma cannot reach inside relatively narrow pores. It was therefore attempted to make PDMS hy-
drophilic using solution-based oxidation methods. The water contact angle was measured within 30 minutes
after each treatment and summarized in Table 5.4. The plasma treatment was considerably more effective
than its solution-based counterparts in generating a hydrophilic surface. Even though, the HCl/H,0, solu-
tion had been used as oxidation step in other protocols before [49], the surface did not become hydrophilic.
This could indicate that there was no formation of hydroxyl groups at the surface, but there was the possibil-
ity that the amount of formed hydroxyl groups was too low to affect the water contact angle as also observed
by Hoek et al. using another oxidation solution 1 M NaOH for 24h [48]. Piranha solution was able to make
the surface hydrophilic, however the PDMS surface was severely damaged by the solution’s etching proper-
ties for treatments longer than 5 minutes. The lowered contact angle was partially the result of the increased
surface roughness, and therefore, was not a true representation for the formation of hydroxyl groups. Plasma
treatment was the most effective for a flat surface, however in a PDMS membrane plasma would not effec-
tively oxidize the inside of the pores. A flow-through process using an oxidizing solution would be needed to
modify the inner pores in a PDMS membrane.

PDMS was oxidized by either air plasma or a mixture of HCl/H,0, and was subsequently modified with
APTES, dextran and azobenzene. The water contact angle was measured for each step and listed in Table 5.5.
All plasma-treated samples were more hydrophilic than samples oxidized by HClI/H,0,. This was to be ex-
pected, since air plasma generates a more hydrophilic surface than the other oxidation solutions. Plasma-
treated PDMS surfaces returned to their hydrophobic characteristic within a day, but since the grafting pro-
cedure was in aqueous solution the induced hydrophilic property was better retained. The contact angle for
PDMS-APTES in HCI/H, 0, was close to the value of pristine PDMS. A more hydrophilic surface was expected
for the modification with APTES, since primary amine groups are able to form hydrogen bonds. This suggests
that either the APTES was not silanized to the PDMS surface or that the grafting density was insufficient to
decrease the contact angle. Farrell et al. also found a hydrophobic contact angle slightly smaller than pristine
PDMS [32]. A decrease in the contact angle was observed after dextran was grafted with both oxidation meth-
ods. This confirms the presence of dextran on the surface, since it is a hydrophilic substance. The contact
angle was increased after grafting of azobenzene. This shows that the surface was changed and could be an
indication for the presence of azobenzene which is hydrophobic due to its methyl end groups.

The contact angle of PDMS-APTES-dextran with plasma treatment was measured over a period of time
stored in air as seen in Figure 5.5. Since the PDMS substrate was only plasma-treated on one side only, the
contact angle was also measured of the non-plasma side. The contact angle of the dextran-functionalized
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Table 5.5: Water contact angle measurements 1 hour after each grafting step using air plasma or HCI/H» 03

Oxidation = Sample Water contact angle
Pristine PDMS 107+2°

Air plasma PDMS-APTES 87+5°
PDMS-APTES-dextran 62+4°
PDMS-APTES-dextran-azobenzene  82+2°

HCI/H,0, PDMS-APTES 105+2°
PDMS-APTES-dextran 80+4°

PDMS-APTES-dextran-azobenzene 10742°

PDMS surface was observed to be increasing to a value of pristine PDMS after only four days storage in
air. This was in contrast with the results found by Farrell et al. [32]. They measured a water contact angle
of about 80° after two weeks. These contradictory results suggested that the grafting of dextran on PDMS
was unreliable as minor changes in the method resulted in major different results. Furthermore, the rate of
hydrophobic recovery in air was slower than plasma-treated PDMS without further surface modifications.
The standard deviation was too large to find a trend for the side that was not treated with plasma. Notably,
the value of the standard deviation was decreasing over time suggesting that some dextran adhered to the
PDMS surface without covalently bonding with APTES generating small, more hydrophilic patches. Between
measurements, samples were blow-dried with an air gun which slowly removed adhered dextran making the
PDMS surface more uniform, and thus decrease the deviation. A reason for the non-covalent bonding of
dextran might be formaldehyde which is a reaction product formed for each oxidized dextran unit. The alde-
hyde in formaldehyde can form a Schiff base instead of the aldehyde in dextran. However, dextran should
have a larger influence the surface wettability than formaldehyde, since dextran is much larger in size than
formaldehyde. Another reason might be the use of sodium borohydride instead of sodium cyanoborohydride.
Both chemicals should be able to reduce Schiff bases, however sodium cyanoborohydride is more effective
[45]. All in all, the method for grafting dextran to PDMS is not recommended for implant applications based
on the long-term stability indicated by the hydrophobic recovery.
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Figure 5.5: Evolution of the water contact angle on PDMS-APTES-dextran oxidized by plasma treatment on one side, stored in air.

Even though, hydrophobic recovery was found in dextran-grafted PDMS samples, azobenzene was still
present on the surface as indicated by the orange color of the modified PDMS and water contact angle com-
pared to the sample before contact with DMADA. The sample with azobenzene was irradiated with UV-light
for 30 minutes after which immediately the water contact angle was measured and compiled in Table 5.6.
There was no significant change in the contact angle after exposure to UV-light. If azobenzene were to tran-
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Table 5.6: Water contact angle measurements before and after 30 minutes of UV irradiation

Visible light  After UV-light

Azo3 113+2° 112+3°
Azo30 109+3° 110+1°

sition from its trans to cis isomer, the surface was expected to become more hydrophilic, since the methyl
groups would move to the toward the surface instead of facing outward. However, since the hydrophilic na-
ture of dextran disappeared over time adhered azobenzene would not have the correct orientation, which is
perpendicular to the surface, or azobenzene was absorbed rather than adsorbed in the PDMS. Moreover, UV
treatment is a known method to oxidize PDMS, but this is usually done using shorter wavelengths at around
200 nm and is combined with ozone for increased oxidation [30]. The range of the filter used was 320-390 nm
and no ozone was applied, so oxidation effects on PDMS should be minimal. These results verified that this
grafting method was not effective in achieving light-switchable wettability on PDMS.

5.4.3. Raman and FTIR

The surface chemical composition of the modified PDMS samples with APTES, dextran, and azobenzene
were verified using Raman and FTIR. Raman spectra are obtained from flat PDMS substrates modified with
APTES and dextran using both air plasma and HCl/H, 0O, solution and shown in Figure 5.6. Small peaks were
observed in the 3580-3700 cm™! region. One of these peaks could be associated with amine-groups. Fur-
thermore, a sharp peak was found at 1124 cm™! which was characteristic for in-phase stretch in alkoxysilanes
(Si-O-R) [62]. A peak couple was observed at 2104 and 2167 cm ™! and there was a distinct peak at 3080 cm™!
in the samples oxidized by air plasma. These peaks were however not associated with the spectrum of pure
APTES [13], so the peaks were related to other molecular bonds of reacted APTES that was not the covalent
Si-0-Si bond which is also present in pristine PDMS. The peak at 2167 cm™! could be Si-H stretching [15].
Fluorescence background was slightly increased with both APTES and dextran modified PDMS compared to
pristine PDMS. No new peaks were observed after grafting of dextran. There were a few differences between
the spectra of samples oxidized by air plasma and the solution-based method. The intensity of peaks 1124,
2104 and 2167 cm™~! were much higher in plasma-treated samples than with the oxidation solution. Peaks
at 3080 and 3580 cm™! were only present in samples treated with plasma and not visible at all in samples
oxidized in solution. This indicates that there was more APTES present on plasma-treated than on oxidative
solution-treated samples.

The ATR-FTIR spectra were obtained using the same samples as with the Raman spectroscopy and are
displayed in Figure 5.7. The presence of APTES on the PDMS surface was verified by the characteristic peaks
of primary amines of which a weak broadband was visible at 3200-3460 cm™! and a peak at 1655 cm ™! was
found representing the in-plane deformation of primary amines [33]. Contrastingly, a more distinctive peak
at 1655 cm™! was observed with the sample modified by solution-based oxidation, whereas the band in 3200-
3460 cm™! region was stronger with the plasma-treated sample. The absence of the peak at 1655cm™! in
samples with dextran indicated the lack of primary amines, and likely the formation of secondary amines.
Dextran was characterized by its OH-groups and C-O-C bonds. A moderate peak was found at 3550 cm™!
which could be associated with O-H stretching vibrations. C-O-C stretching might overlap with Si related
vibrations from the PDMS, but no new strong peaks were found in the region of 1050-1250 cm™!. Aldehydes
(C=0) were formed in dextran due to oxidation, but should have reacted to bond to amine-groups. The pres-
ence of aldehydes should give a peak at around 1650-1700 and 2730 cm™! [62]. However, no significant peaks
were found in these regions. So, there was no or only a very small amount of aldehydes after the functional-
ization protocol and storage in air for a few days.

The Raman spectra were measured of azobenzene bonded to dextran-modified PDMS samples and are
displayed in Figure 5.8. The following findings were similar for both samples oxidized by plasma and HyO/HCI/H, 0,
solution. Azobenzene caused fluorescence background which increased with the amount azobenzene added
in the grafting solution. This problem could have masked some interesting peaks. However, a small peak
could still be detected at 1145 cm ™! which was assigned to symmetric stretching of C-N [116]. Another peak
was found at about 1450 cm™! which could be assigned to Azo N=N stretching known for its strong intensity
in Raman occurring between 1400-1580 cm™! [62]. Thus, the presence of the azobenzene molecule on PDMS
was chemically verified. ATR-FTIR did not provide further information cause the covalent bond formed be-
tween the amine-containing azobenzene and oxidized dextran was the same as the bond formed between
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Figure 5.6: Raman spectra of pristine PDMS compared with APTES and dextran (Dex) modified PDMS by air plasma (P) and HCI/H2 02
solution (S)

APTES and oxidized dextran. When combined with the findings from the water contact angle measurement
after UV irradiation, these result suggested that the grafting density of azobenzene was insufficient which
could be expected from the hydrophobic recovery of PDMS grafted with dextran. The PDMS did experience
an overall change in color from translucent to yellow-orange. Azobenzene was likely absorbed in the PDMS,
because it is not soluble in water. This was partially prevented by using DMSO instead of ethanol as the
solvent [64].

5.4.4. Permeability on agar

Real-time permeability measurements have been done before in a two-channel microfluidic system by fluo-
rescent detection [134]. However, this method would be unsuitable for testing local permeability as required
for a drug delivery device. Agarose gel (0.6%) has been used as a diffusion medium to substitute brain tissue
[17]. A membrane can be placed on top of the agar interface, similarly as a drug delivery implant would be
placed on the brain. When a vibrant dye is dispensed on the membrane, the agar is stained where the dye
goes through the pore. The gel is reasonably transparent allowing for real-time measurements. The first se-
ries of membranes to be tested on agar were pristine, porous PDMS membranes. A dye was dispensed on
membrane placed on agar, but no discoloration could be perceived in the agar after 24 hours in membranes
d200h200 and d400h200. When viewed from the side, the water-based dye in the pore did not touch the inner
pore wall and does not connect to the agar side without the help of applied pressure as seen in Figure 5.9. A
solution of food dye in DMSO showed that polar solvent touched the pore wall. Potentially, hydrophilic inner
pores in PDMS membranes should be permeable for water-based liquids. However, from the water contact
angle measurements it was found that solution-based oxidation did not result in a hydrophilic surface with-
out damaging the surface.

The experiment on agar with a PDMS membrane oxidized on one side only with air plasma resulted in
the dye flowing instantaneously through the membrane (d200h200) and spreading between the PDMS mem-
brane and agar interface before diffusing into the agar itself in the case, when the hydrophilic side was facing
the agar. When the membrane was reversed, the dye would only spread over the hydrophilic surface without
going through the membrane. This showed that the wettability of the surface could play an important role
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Figure 5.7: ATR-FTIR spectra of pristine PDMS compared with APTES and dextran (Dex) modified PDMS by air plasma (P) and HCl/Hp 02
solution (S).

in the permeability of a membrane without the need of altering the inner pore surface, since plasma cannot
reach far inside a pore at this aspect ratio. The thickness of the membrane was the largest limiting factor,
because increasing the thickness to 300 pm did not induce a flow through the pores.

To find the effect of a slightly more hydrophilic surface than pristine PDMS, dextran was grafted onto the
porous PDMS membranes. While the dye would go immediately to through the membrane, in the case with
the dextran-modified membranes dye slowly stained the agar without spreading between the membrane and
agar interface. Since the measured water contact angle of dextran-modified PDMS was much higher than
recently plasma-oxidized PDMS, this showed that the permeability of the membrane could be controlled
with the wettability. This gave defined diffusion patterns that were complementary to the pore spacing as
seen in Figure 5.10. Agar was decently translucent, thus the diffusion in agar was examined over time at the
cost of some accuracy in color intensity of the dye, even though the membrane was placed as closely to the
edge closest to the microscope. Furthermore, the agar interface at the rim of a Petri dish was not flat, so the
diffusion was not truly perpendicular to the plane of the membrane.

A series of measurements was performed one day after the procedure for dextran-modified PDMS mem-
branes d200-d400h200, while stored in air. For membranes d200h200, the staining was very minimal and
the contrast was too low for image analysis. Increasing the pore size to membrane d300h200, increased the
amount of visible staining in agar. The diffusion of dye in agar was quantified by image analysis and its sat-
uration values were determined for the distance from a pore shown in Figure 5.11. No staining was found,
when the more hydrophobic side was facing the agar for d300h200. The results of this membrane would be
most suited for local drug delivery, because the staining of the dye was pore controlled. This validated that
the rate of the flow is controllable by the wettability for this geometry. An additional 100 um in pore size
resulted in fast spreading of dye between the membrane and agar interface similar to the recently plasma-
treated membranes with the hydrophilic side facing the agar. However, when the membrane was flipped,
the staining in agar was similar to membrane d300h200 with its hydrophilic side on agar. Thus, the diameter
should be modeled smaller than 400 um in a 200 pm-thick membrane to be able to control the permeability
by the wettability.

The same series of experiments were performed on the dextran-modified membranes d200-d400h200
after being stored for one week in air. The water contact angle of dextran-modified flat PDMS slabs returned
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Figure 5.8: Raman spectra of azobenzene-grafted samples using air plasma to oxidize surface.

Figure 5.9: Side view of pristine PDMS membrane on agar. A droplet is pipetted on top with a solution of concentrated KMnOy4 in DI
water (left) and blue food dye in DMSO (middle, right). Magnification: 150x. Tilt:90° (Keyence VHX-6000: ring light)

to the value of pristine PDMS over time. Membrane d200h200 did not have any staining on the agar no
matter which side was facing the agar, however d300h200 did have very little staining, but not enough for
proper image analysis. Increasing the pore size further to 400 um did have a medium amount of staining
independent of which side was on the agar similar to d300h200 with dextran after one day. This showed that
the dextran surface after one week was still different than pristine PDMS, even though this result was not
supported by the increased water contact angle of dextran-modified PDMS. A small amount of dextran could
still be present inside the pore rather than the membrane surface, since the ridges of the 3D-printed layers
can trap particles. This would explain why there was no difference in permeability when the membrane was
flipped.

The experiments on agar showed that wettability could control the permeability in a porous PDMS mem-
brane. Above all, the inner pore was not required to be modified using a flow-through process for solution-
based oxidation and the grafting of dextran. Plasma treatment of a single side of the PDMS membrane
(d200h200) was sufficient to induce fast flow from hydrophobic to hydrophilic side given that the membrane
was not too thick. Whereas, pristine PDMS membranes did not stain the agarose gel at all. The rate of flow was
also influenced by the degree of hydrophilicity as demonstrated by dextran-modified PDMS membranes on
agar. On the one hand, the liquid at the hydrophobic side could be attracted to the hydrophilic side causing
it to go through the pore. This seemed more the case with recently plasma-treated membranes, since the dis-
pensed droplet disappeared to the hydrophilic side of the membrane. On the other hand, capillary rise of the
water from the agar may have occurred in the pore. When water from the agar connects with the liquid from
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Figure 5.10: Time series of diffusion through PDMS membrane d300h200 functionalized with APTES and dextran. Tilt:90° (Keyence
VHX-6000: ring light)
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Figure 5.11: Normalized saturation values for a distance from the pore of a PDMS membrane d300h200 diffusion in agar, hydrophilic
side facing agar, stored in air for 1 day.

the hydrophobic side, particles may diffuse to the agarose gel. This effect was more prominent with dextran-
modified membranes. After 15 minutes, the dispensed droplet was still on the membrane, even though there
was some staining of the agar. Introducing switchable wettability to the membrane would have been interest-
ing to test whether permeability can be actively controlled. However, the water contact angle did not change
after UV irradiation of a azobenzene-modified PDMS substrate, so azobenzene-modified membranes were
not tested.

5.4.5. Permeability on ex vivo brain

The permeability of porous PDMS membranes is validated on ex vivo mouse brains similarly to the setup on
agar for comparison. The setup of the experiment is displayed in Figure 5.12a. The initial impression was
that the membrane adheres for the largest part to the relatively flat cortex surface of the mouse brain. The
membrane did not fold into corner that the brain makes with the agar. This was especially visible at the side
of the brain stem where the membrane was detached from the brain even after pushing it down.

Due to the limited amount of available brains, membranes d300h200 in the variations pristine, plasma-
treated which were stored in water for one day, and PDMS-APTES-dextran which were stored in water for
one day, were selected. Membranes were dried, before the dye was dispensed on top. After the membrane
was removed from the brain, staining was clearly visible. There were dark brown marks present for each
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Figure 5.12: Images of the experiments with porous PDMS membranes on mouse brains

membrane including the pristine PDMS membrane which did not show staining in the experiment on agar.
When the membrane modified with dextran was used, one side did not have any mark and the other side had
two marks about 1 mm apart equal to the space between two pores.

Images were taken after slicing of the brain at the staining mark as seen in Figure 5.12. From these images
the amount of diffusion can be quantified by image analysis in Image]J. The browned dye and the slicing
helped in defining the diffusion distance, which was less distinct in agar. Moreover, from the stained area the
mean gray values were determined. These results are put in perspective in graphs in Figure 5.13. Diffusion
distance with both modified PDMS membranes was larger than with pristine PDMS, however the deviation
was also very large. The mean gray value was the largest in pristine PDMS which means that the stained area
had the lightest color. A darker color represents a higher concentration of brown particles. In contrast with the
agar experiments, pristine PDMS showed permeability, but at a slightly lesser degree to the modified PDMS
membranes. The diffusion distance in the brain was less then one tenth of the distance in agar, due to fast
oxidation of the dye in the brain. The diffusion distance and the gray value are both evidence that the plasma-
treated and dextran-modified PDMS membranes were slightly more permeable than pristine membranes,
but not as convincingly as with the experiment on agar.

Comparison brain vs. agar Agarose gel has been used as a phantom material for the brain in particular in
infusion studies [17]. This model was found to mimic the poroelasticity of the brain, but it has a few short-
comings. In regards to the structure, agarose model is more homogeneous and isotropic, whereas the brain
is inhomogeneous and anisotropic. Long fibers in white matter and blood vessels promote directional flow
along their tracts in infusion experiments [39]. The diffusion of a dye is expected to travel faster along these
tracts. The novelty compared to previous infusion studies is the interaction of a membrane at the agar or
brain interface. Agar is a tight network of hydrophilic polymer chains that holds water, similar to extra cellu-
lar matrix in the brain. However, cell and blood vessels are separated from the matrix by a membrane. Water
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Figure 5.13: Results of KMnO4 on PDMS membrane on mouse brains for 10 minutes

can traverse these membranes freely by osmosis, however water-soluble substances cannot.

On agar, it was observed that when the dye passed through the membrane fast, the dye would spread
between the membrane and the agar interface before diffusing into the agar. Furthermore, when removing
the membrane from the agar, a watery layer with diluted dye could be observed. In contrast, these results did
not occur in the experiment on the brain. Thus, there was no watery layer between the membrane and the
brain. A possible explanation is that agar was saturated with DI water and had no tendency to absorb any
more water. The brain, however, seemed to absorb water by the fact that there was staining with the pristine
PDMS membrane on the brain and no staining with agar. This effect was enhanced by osmosis, since the dye
was only diluted in DI water. The effect of osmosis can be excluded, when PBS is used instead of DI water in
the future.

Another important difference between the experiment in agarose gel and the brain was the reaction with
the dye. The color transition from purple to brown marks the oxidation reaction of potassium permanganate
with various organic molecules. Upon reacting, a brown, suspended particle is formed. The mobility of this
particle is, thereby, greatly reduced. It was thought to be used as an advantage, since the brain needs to be
suspended in fixation fluid for a few days. However, the rate at which the reaction occurs is much faster in
the brain than in agar. In agar, the color first transitions to a yellow and orange after 30 minutes. Whereas, on
the brain a brown colored stain was visible within 10 minutes. As a consequence, the radial diffusion length
after 10 minutes is much shorter in the brain than in agar. To improve the model in agar using this dye, the
agar should be modified to have the same oxidation rate as in the brain. However, it is easier to use a dye,
such as Monastral blue, that does not react. In this case it is needed to observe the diffusion in agar after dye
is removed from the membrane until diffusion has visibly stopped.

5.5. Conclusions

Porous PDMS membranes were fabricated by replica molding. Molds were 3D-printed to make PDMS mem-
branes with smallest pore diameter of 105+8 um and a minimum thickness 161+7 um. The amount of shrink-
age PDMS features was found to be larger than literature. When the pristine membrane was placed on agar
and a dye was dispensed on the membrane, the dye would not stain the agar for the aforementioned geomet-
ric characteristics. When the membrane was plasma-treated on one side, the dye would pass quickly from
the hydrophobic to the hydrophilic side. Therefore, the permeability could be controlled by the wettability of
the surface with air plasma without modifying the inside of the pore. Modified PDMS with dextran was only
slightly more hydrophilic than pristine PDMS, and permeability was decreased compared to recently plasma-
treated membranes. Agar (0.6%) can potentially be used as model for analyses of membranes on brains, but
it needs some adjustments to get comparable results with ex vivo mouse brains.

Grafted dextran did not retain its hydrophilic character over a period of two weeks as reported in literature.
Hydrophobic recovery was found within 4 days. Moreover, azobenzene was found to be present on the PDMS
surface. However, when irradiated by UV-light for 30 minutes, azobenzene did not change the water contact
angle. Even though, the grafting procedures to fabricate a light-responsive PDMS surface was insufficient,
this has created a larger interest for switchable wettable surfaces for the application in porous membranes.
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When combined with a remote-controlled stimuli such as light to activate the switch in wettability, this can
change the local permeability of a membrane which can ultimately be integrated in applications such as drug
delivery implants and lab-on-chip.

5.6. Recommendations

The agarose model should be adapted to better predict the interaction of a membrane on a brain. For the
simple model used in this research, the agar interface should be dried to prevent the dye from first spreading
on the the agar before diffusing in the agar. Secondly, the agarose gel should be made with PBS replacing DI
water to simulate the effect of the ionic gradient on the diffusion. A dye should be used that does not oxidate
with brain tissue and agar to be able to compare the results properly. These changes can improve the simplest
agarose model, however the brain is more complex. The model can be adapted to more accurately represent
the brain in terms of shape. Mouse brains have relatively smooth surface, thus a flat agar surface should be
sufficient. In contrast, the cortex of human brains have ridges which will form a gap, if the PDMS membrane
does not fully conform to the shape. Expanding the agarose model to represent human brains, the model
should be adapted to mimic ridges in the cortex. This would require a more complex mold design which can,
for example, be 3D-printed.

Concerning the attempt to fabricate a PDMS surface with switchable wettability, grafting methods seem to
be insufficient for this application. Coatings of ZnO or TiO, might be attractive especially, because the surface
of the membrane can determine the permeability without the necessity of modifying the inner pore surface.
The change in water contact angle of these coatings are also much larger than with grafted azobenzene on
silicon wafers. Another approach might be to integrate azobenzene directly into the PDMS matrix, although
the change in wettability is expected to be small without other modifications.

Hydrogels are also be interesting to look into, because hydrogels can control the diffusion of particles
rather than the flow. The dosing would be much slower, but hydrogels allow for better control and easier 'on-
off’-switching. The performance would mostly be tweaked by the chemical composition rather than pore
size. The difficulty would be the integration in a drug delivery device.

For the realization of a drug delivery implant for the brain, the next challenge will be the integration of
the functional membrane with controllable permeability in a microfluidic system for the drug supply. The
inclusion of an external source would allow for administration of multiple drugs which is an advantage over
a drug-loaded hydrogel. Finally, electrodes can be integrated for brain activity measurements to monitor the
drug efficacy.
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Protocols

In this chapter the protocols for the fabrication of porous PDMS membranes and the functionalization of
PDMS are described step by step in detail.

A.1. Fabrication of porous PDMS membrane
This protocol is mainly similar to other protocols for PDMS replica molding. Some points of attention are
added.

A.1.1. Materials
¢ Poly(dimethylsiloxane) (PDMS; Sylgard 184 Silicone Elastomer Kit; Dow Corning)
e Mold
¢ Dessicator
* Oven

A.1.2. Method

1. Clean the mold in the sonicator for 5 minutes with ethanol.

2. PDMS monomer and curing agent are mixed in 10 (base):1 (curing agent) ratio by weight for 5 minutes.
After mixing the PDMS should be cloudy and contain many bubbles.

3. The mixed PDMS is poured into the mold and the excess PDMS is removed with a glass microscope
slide, while making sure that the mold is filled to the rim with PDMS and the pillars are visible. Be
careful not to break the pillars.

4. Degass the molds with PDMS and the remaining PDMS in a desiccator for 30 minutes to remove the
trapped air bubbles. Preheat the oven to 80 °C. Check if the oven rack is horizontal.

5. When the air bubbles are removed, check if the mold is still filled to the rim with PDMS and leveled.
Add some more PDMS and remove excess with the glass slide, when necessary. Put the molds in the
oven for at least 2 hours.

6. Take the molds out of the oven and let them cool down for 10 minutes. Using a scalpel cut along all
edges and lift the PDMS support out of the mold. A few droplets of ethanol can be added, when the
PDMS adhesion to the mold is large. With tweezers carefully remove the porous PDMS membrane from
the mold. Additionally, remove the excess PDMS from the side walls to ensure the same membrane
thickness, when the mold is reused.

A.2. PDMS modification

A.2.1. Materials
* (3-Aminopropyl)triethoxysilane (Sigma-Aldrich, cat. no. 440140)
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Table A.1: Troubleshooting

Step Problem

Possible reason

Solution

1 Pillars break off

6 Membrane breaks

The materials become more brit-
tle, when reused many times

Mold was not kept leveled, when
transferred to the oven or oven
rack was slanted. Or not enough
PDMS in the mold. Or too much
force was applied, during removal

Increase the diameter or decrease
the height of the pillar

Keep the mold leveled. Or mold
should be filled with PDMS to
the rim. Or add a few droplets
of ethanol and remove the mem-
brane very slowly from the mold.

Dextran (Sigma-Aldrich, cat. no. 31390)

Sodium (meta) periodate (Sigma-Aldrich, cat. no. 71859)
Sodium borohydride (Sigma-Aldrich, cat. no. 71320)
N,N-dimethyl-4,4’-azodianiline (Sigma-Aldrich, cat. no. 379298)
Phosphate buffer pH 8 (PBS)

Dimethyl sulfoxide (DMSO) (Sigma-Aldrich, cat. no. D4540)
DI water (18.2 MQ cm, Purelab Flex 3, Elga)

Ethanol (Sigma-Aldrich, cat. no. 32221)

Aluminium foil

Falcon tube

Parafilm

Scalpel

A.2.2. Equipment
¢ Plasma cleaner, Diener Femto
¢ Orbital shaker
e Oven

A.2.3. Method

Partial oxidation of dextran

1.

Add 0.333 g of dextran to 10 ml of DI water in a Falcon tube and close off with the lid. Dissolve dextran
completely with the orbital shaker at 2600 RPM for 20 seconds.

Add 0.197 g of sodium periodate to the dextran solution and shake again until completely dissolved.

Wrap the tube in aluminium foil to protect it from light and let it react by gently mixing at around 100
RPM for at least 4 hours.

The solution was made fresh every time, but it can be stored in the fridge up to 2-3 days. For increased storage
time, the solution can be lyophilized and stored at —20 °C.

PDMS-APTES Adapted from Hermanson [45].

1.

Samples are cut to smaller sizes at about 1 x 2 cm. When working with multiple samples, the PDMS is
marked with shallow cuts with a scalpel.

Clean the PDMS with tape and sonicate it for 5 minutes in ethanol. Remove excess ethanol by blow
drying and let it air dry for 30 minutes.

Oxidize the surface with air plasma for 2 minutes at 40 W. Alternatively, solution-based oxidation is
achieved by immersing the PDMS in a solution of H,O/HCl/H,0; in 5:1:1 volume ratio for 15 minutes
in ambient conditions under the fume hood.

Prepare a solution containing 3-5% water in ethanol (v/v) and adjust pH to 4.5-5.5 with acetic acid.
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5. Under a fume hood add 2-5% (v/v) APTES solution to the water/ethanol mixture. After stirring let
the mixture sit for 5 minutes in ambient conditions to allow hydrolysis to occur for 5 minutes to form
reactive silanols. Close off the beaker with parafilm.

6. Submerge the oxidized PDMS in the APTES-containing mixture and again close the beaker off with
parafilm. Secure the beaker with tape to the orbital shaker platform and set it to a gentle rocking motion
at about 100 RPM for 30 minutes at ambient conditions.

7. Set the oven to 110 °C. Rinse the PDMS with several washings of ethanol, followed by DI water and
remove excess liquid on the PDMS with an air gun.

8. Place the PDMS in the oven in a glass petridish lined with baking paper for 30 minutes.

PDMS-APTES-dextran
1. Add oxidized dextran solution to 0.2 M NaHPO, buffer at pH 8 (v/v=1:1).

2. Incubate APTES-functionalized PDMS on the orbital shaker secured by tape at room temperature overnight
with parafilm and in aluminium foil for 18h.

3. Decant dextran solution and immerse the modified PDMS in 0.1 NaBH,4 solution for 2 hours at room
temperature in the fume hood.

4. Decant the solution and rinse the sample with DI water and blow dry.

PDMS-APTES-dextran-azodianiline

1. The dextran-functionalized PDMS is further oxidized in a solution of 0.1 M NalO4 for 4 hours, while
protected from light.

2. N,N-dimethyl-4,4’-azodianiline is dissolved in DMSO 4 mg in 2 mL. The oxidized dextran-functionalized
PDMS is added to a mixture of PBS and diluted N,N-dimethyl-4,4’-azodianiline in 10:1 volume ratio left
overnight on the orbital shaker at room temperature protected from light.

3. The sample is transferred to a solution of 0.1 M NaBH, on the orbital shaker for 2 hours at room tem-
perature in the fume hood.

4. The solution is decanted and the sample is rinsed several times with DI water and air dried.






Porous PDMS membrane

This chapter describes the process and its findings to make a porous PDMS membrane in a chronological
order. This chapter and the following chapters are mostly meant for people who are interested in all the
explored methods during the project time including the results that were not used in the report. The pore size
is determined by the limitations in the mold fabrication. These limitations were first characterized for molds
made by 3D printing. There are two different procedures that determine the thickness of the membrane. The
first method uses spin coating to obtain a 'thin’ membrane thickness of about 20 um. The second method is
by casting which gives membranes thicker than 200 pum.

B.1. Mold

For the fabrication of the mold a high resolution 3D printer (Envisiontec, Micro Plus Hi-Res) is used, because
it can print at a small resolution (~30 um) using the resin HTM-140. The innate high heat deflection tempera-
ture (140 °C) allows PDMS curing in the oven without losing the accuracy of the dimensions, while decreasing
the curing time. The printer can be conveniently used to prototype molds for PDMS microstructures with-
out the use of more expensive equipment for photolithography and a clean room. The 3D CAD models are
build in the recommended software, Perfactory RP, by Envisiontec. In the buildstyle settings the smallest
layer thickness of 25um was chosen. Post-treatment consists of removing the excess resin with an airgun,
sonication for two minutes in isopropanol, drying with an airgun and two min UV-light treatment.

B.1.1. Pillar diameter

Itis expected that the pillar diameter of the 3D-printed mold would be the limiting factor, therefore the small-
est possible pillars are tried first to be used to create these pores. Different pillar diameters of 50, 100, 150
and 200 um are modeled in a 3D CAD program (Solidworks) to find the smallest diameter pillars that can be
printed reliably on the Envisiontec printer. All pillars are 100 um high.

It was found that no pillars of 50 and 100 um diameter could not be printed or are washed away immedi-
ately, when removing the excess resin. Pillars of 150 um in diameter could printed, but the quality was heavily
dependent on the quality of the membrane used in the Envisiontec printer. When printed with a new mem-
brane, all pillars could be printed. However, as the membrane started to show signs of wear, the amount of
printed pillars decreased with more pillars printed in the center and none in the outer region. This effect
was not found, when printing pillars of 200 pm diameter. The quality was consistent after multiple uses of
the printer’s membrane. Therefore, for the rest of this work it was chosen to fabricate molds with pillars of
200 um diameter.

B.1.2. Pillar characterization
The printed pillars are characterized optically. At first sight it can be seen, whether the printer could success-
fully print pillars. When the pillars are printed on a base plate of 3 mm thick, it can be seen that the corners of
the base plate bend upwards. Ideally, this surface should be as flat as possible for uniform fabrication of the
porous PDMS membrane.

To assess the quality of the 3D printed structures, it is observed with a digital microscope (Keyence VHX-
6000). From the firstlook, the shape is of pillar is not perfectly cylindrical. The pillar shape could be described
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as a rough cylinder with a bulge at the side and an uneven top as can be seen in Figure B.1. All pillars have
roughly a similar shape, but with variations in the size of the bulge and the uneven top surface. The pillars are
not smooth, because of the printed layers as seen in Figure B.2. The pillars look like a tall, tiered cake which
becomes slightly more tapered towards the top.

Figure B.1: Examples of a pillar with an 'odd’ shape. 3D reconstruction from top (Keyence VHX-6000: ring light mode)

B.1.3. Post-treatment

When the structure is done with printing, it can be cut off from the stage. Excess liquid HTM-140 is removed,
followed by a 2 min sonication in isopropanol and 2 min UV-light treatment. After sonication tiny white
crystals have formed on the surface of the 3D-printed structure.

For the curing of PDMS on HTM-140 it is important the clean the surface extensively, because otherwise
curing agent in the PDMS is inhibited. Molds with pillars are cleaned with acetone, ethanol, and isopropanol,
individually. There was no significant change in pillar size after 10 minutes of sonication using these chemi-
cals.

B.2. Thin film porous membrane

The fabrication of thin film porous PDMS membranes has been reported by Huh et al. [49]. They made
their mold by spin-coating SU-8 and photolithography to create pillars of 10 um in diameter. This mold is
then used to imprint a thin layer of spin-coated uncured PDMS on a silanized PDMS support. This method
was first adapted to facilitate the available equipment. Initially, the only change was that the SU-8 mold is
replaced with the 3D-printed mold. However, more changes were made as problems occurred with the curing
and the release of the membrane from the support.

B.2.1. Curing

The protocol by Huh et al. [49] left the PDMS to cure overnight followed by curing in the oven at 60 °C for one
hour. This resulted in uncured PDMS in the fabrication method that uses a HTM-140 instead of SU-8 as the
mold. Therefore, the curing time in the oven was increased to 70 °C. The PDMS membrane was cured most
of the time, but some membranes would still be partially uncured for unknown reasons. Molds could only
be used once, because after one use small patches of PDMS would be left behind on the mold. These PDMS
patches could not be easily removed without destruction of the pillars. Removal of these patches was tried by
sonication in ethanol or isopropanol for 10 up to 30 minutes, but was found to be unsuccessful.

B.2.2. Release membrane from support

For the release of the thin PDMS membrane from the thick PDMS support, the protocol developed by Huh
et al. [49] uses an anti-stiction layer by silanization of the PDMS support. The exact procedure described
in the protocol for this silanization cannot be reproduced, because a silanization trap is not available in the
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Figure B.2: Side view of a pillar. Tilt: 30° (Keyence VHX-6000: full coaxial)

lab. It is first tried to silanize the surface by putting the PDMS support in a Petri dish and pipette 35 mL
of 3-aminopropyltrimethoxysilane (APTMS) on a piece of glass or cotton pad with and without pretreatment
with air plasma. However, it was found that breakage of the membrane occurs, when trying to remove the
membrane by attaching it to another PDMS structure using air plasma. Therefore, a sacrificial layer was
introduced in the protocol to release the membrane. The main advantage is that no physical force is required
to release the membrane lowering the chance of breaking the membrane.

Water-soluble sacrificial layers are useful, because water is a gentle solvent compared to for example ace-
tone. The etching rates are also generally fast. Polyacrylic acid (PAA) and dextran can both be used as sac-
rificial layers, but PAA has some advantages over dextran. The PAA viscosity can be more easily adapted for
different film thicknesses and solubility can be controlled by Ca?* or Cu?* [69].

Solutions of PAA in DI water can be made at different weight to volume ratios. The more PAA is dissolved,
the thicker the layer will be after spin coating. The relation between the layer thickness and the rotational
speed is documented by Linder et al. [69]. Provided that the membrane will be relatively large (>1 cm?), a
thicker sacrificial layer will be required to reliably etch the layer.

A layer of 30 w/v % PAA is spin coated (500, 1000, 2000, and 3000 RPM) on PDMS slab attached to a glass
cover slip and heated at 90°C for 2 min on a hot plate as suggested by Linder et al. [69]. This resulted in
cracking of the PAA-layers and the formation of ripples and cracks in thinner layers as shown in Figure B.3
and B.4. Furthermore, the PAA residue from spin coating on the glass turned into a burned brown-black color.

Concluding that the temperature was too high, the drying process is altered to 60°C for 5 min as described
by Guo and DeWeerth [41]. This improved the quality of the membrane tremendously, since in none of the
samples cracks were formed. Slight differences can be seen between the PAA-layers spin coated at different
rotational speeds as seen in Figure B.5. The layer spin coated at 500 and 1000 RPM are free of ripples, but
higher rotational speeds (2000 and 3000 RPM) still induces these ripples. For these thin layers a shorter drying
time or lower drying temperature will likely increase the quality.

After drying, the PDMS slabs with a PAA-layer are than spin coated with uncured PDMS as described by
Huh et al. [49]. For this first test, no 3D-printed master is used to make pores. The PDMS is cured overnight,
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Figure B.3: Examples of ripples in the PAA-layer spin coated at 500 RPM after heating at 90°C for 2 min on a hot plate at different
magnifications (Keyence VHX-6000: full coaxial light mode)
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Figure B.4: Examples of cracking and ripples in the PAA-layer spin coated at 3000 RPM after heating at 90°C for 2 min on a hot plate at
different magnifications (Keyence VHX-6000: full coaxial light mode)

followed by baking in the oven at 60°C for 1 hour. After the curing process, it could be seen that cracks have
formed in all the PAA-layers as seen in Figure B.6. Even though, the curing temperature is the same as the
drying temperature of the PAA-layer, the formation of cracks will occur, because the PDMS support is allowed
to expand during baking for 1 hour. To prevent cracking one can let it cure at room temperature for another
day or cure at a lower temperature. However, for the fabrication for the PDMS porous membrane using a 3D
printed mold out of HTM-140, the PDMS will not cure at room temperature for at least 3 days, even though
PDMS is normally cured in less 48 hours at room temperature in for example a Petri dish. So, curing the PDMS
would be too time-consuming.

For the release of the PDMS thin film from the PDMS support, the PAA layer is dissolved in a bath filled
with DI water on a hot plate at about 80-90°C. After a few minutes the edges of the PDMS films begin to
separate from the support and curl upwards. After 30 minutes the films with PAA-layers spin coated with
1000 and 2000 RPM can be removed by sticking it on a glass plate. PAA-layers made with 500 and 3000 RPM
needed a bit more help to be removed. It was observed that the cracks formed in the PAA-layer during the
curing of the PDMS membrane are also visible in the membrane after release from the support as seen in
Figure B.7.

The procedure was repeated using a PAA-layer spin coated at 1000 RPM, but with the 3D-printed master
to form the pores in the membrane. Two out of three membranes were properly cured after curing overnight
at room temperature and 60°C for 3 hours. When put into a hot water bath, even after two hours there were
no signs of release of the membrane from the support. The edges were still securely attached to the support,
while the edges of the PDMS membrane without the holes came lose after a few minutes.
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Figure B.5: Comparison of 30 w/v% PAA spin coated on PDMS and dried at 60°C in the oven. From left to right: (top) 500, 1000, (bottom)
2000, 3000 RPM (Keyence VHX-6000: full coaxial light mode)

From this it was concluded that PAA and uncured PDMS might have mixed preventing the PDMS from
curing, even though the curing temperature (60 °C) is much lower than the glass transition temperature 106 °C
[108]. The only difference from the reported method was the material of the mold. Since the HTM-140 mold
has been successfully used as a casting mold for larger structures, the fabrication of the porous membrane is
altered to a casting method.

B.3. Thick porous membrane

The fabrication method to make a porous membrane was changed to be better suit the materials of the mold
and the capabilities of the used 3D printer, Envisiontec. The resulting thick porous membrane has a few
advantages compared to the thin film porous membrane. First of all, it is easier to handle and is less fragile.
Secondly, the fabrication process is simpler and faster. Furthermore, molds can be reused multiple times,
since the PDMS was always fully cured after for 3 hours in the oven at 70 °C and no uncured PDMS was left
behind. The advantage of the thin film porous membrane is that there is a potential for making smaller pores
(10 um), but this was not possible to be achieved with the Envisiontec 3D-printer.

B.3.1. Design of the mold

Uncured PDMS was poured over the pillar structures and cured to create a porous membrane. The mold
was further adapted to accommodate membranes with different thicknesses and supports are added for easy
removal of the membrane from the mold. Molds were designed to fabricate membranes from 200 to 500 um
thick. An example of a mold is shown in Figure B.8. All pillars were modeled to have a diameter of 200 um,
since these could be printed reliably as concluded previously. Two supports at opposite sides of the mem-
brane’s edge add an extra thickness to the membrane of 2 mm to easily remove the membrane from the mold
and to handle it with a tweezer. The height of the walls determine the membrane thickness. The pillars were
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Figure B.6: Comparison of 30 w/v% PAA spin coated on PDMS support, dried at 60°C in the oven, a spin coated layer of PDMS is cured
overnight and 1 hour in the oven at 60°C. From left to right: (top) 500, 1000, (bottom) 2000, 3000 RPM (Keyence VHX-6000: full coaxial
light mode)

made at the same height as the walls and an additional 25 um, which resulted in one layer more than te walls
to be printed on the Envisiontec set on HTM140M 25 pum for 'Ultra’. This was done to ensure the formation
of open pores. Taller pillars will result in concave menisci of PDMS around the pillars. This is the reason why
the pillar’s height is not further increased. The transition between support and membrane was made more
gradual by fillets, because this was found to be a fragile point during removal of the membrane from the mold.

B.3.2. Membrane thickness

The actual membrane thickness was measured using a white light interferometer by Bruker. The data was
processed using Vision64 which allowed for multi-region analysis to separate the data in two groups top and
lower level. The membrane thickness was determined by taking the difference between the PDMS (top) and
glass (bottom) interface.

B.3.3. Pore size

The diameter of the pores was determined for the front and back side. An optical microscope can visualize
these pores, however the pore has a thick black outline, because PDMS is translucent, which makes it difficult
to see what the actual pore size is at the top interface. An easier way to visualize the pore is with the scanning
electron microscope (SEM). To make the sample conductive, the top and back side of the membrane is sput-
tered (2 min, 10 mA) using a Au/Pd target. The images that are obtained with SEM have a higher contrast than
images taken with the optical microscope. This is useful for automatized image analysis. Images are taken
of an array of pores. The pores are measured by binarization in Image]J and analyzed. The analysis function
automatically measures the diameter.
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Figure B.7: PDMS membrane without holes after release from support with PAA-layer (1000 RPM) (Keyence VHX-6000: full coaxial light
mode)
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Figure B.8: 3D CAD model of the mold to make a porous PDMS membrane



PDMS functionalization

C.1. Protocol development

Azobenzene has been grafted mostly on mesoporous silica by silanization for covalent bonding. However,
it is desired to use PDMS as the substrate. Grafting azobenzene to PDMS has never been reported before,
so existing fabrication methods should be adapted. When a PDMS surface is oxidized, a similar silaniza-
tion technique can be used. The difficulty is however that advanced chemical techniques and dangerous
chemicals are used. Fortunately, azobenzene can be purchased with amine or carboxyl end-group, therefore
well-known conjugation protocols can be used. The functionalization of PDMS is most commonly done by
adding amine groups to the surface by silanization of APTES.

C.1.1. Initial protocol

The initial protocol was based on the method used by Yu et al. [135]. Yu et al. first formed hydroxyl-groups to
the PDMS surface by chemical oxidation with a mixture of HoO/HCl/H,0> in 5:1:1 volume ratio. Beforehand,
dextran is oxidized using sodium periodate overnight. The amine end groups are used as anchor points for
partially oxidized dextran to bond with. Dextran is then further oxidized to provide more attachment points
for the amine-containing azobenzene.

The protocol is the same as presented by Yu et al. [135], except for the oxidation of PDMS air plasma and
the H,O/HCI/H,0, mixture are both tested and a azobenzene with amine end group is used instead of an
antibody. The reported method is originally designed for a flow-through process in a microfluidic channel
which should also be useful for surface modification of pores in a PDMS membrane. However, the protocol is
first tested on flat PDMS substrate which is easy to handle and can be used for contact angle measurements.
First, 0.475 g of dextran in dissolved in 10 mL DI water after which 0.232 g sodium periodate (NalO,) is added
as an oxidant. The mixture is stirred in a disposable Falcon tube. The tube is closed and placed under the fume
hood for 5-7 hours instead of overnight as suggested in the reported method. Cured PDMS slabs are cleaned
by sonication in ethanol for 5 minutes after which PDMS was oxidized. The first oxidation method was with
air plasma for 2 minutes at 40 W at 4 mbar. The second oxidation method is by submergence in a mixture
of hydrochloric acid (37%) and hydrogen peroxide (30%) with DI water in HoO/HCl/H202 =5:1: 1 volume
ratio. After 15 minutes in the oxidative solution, PDMS is rinsed 5 times with DI water and put in ethanol
for 5 minutes. Next, the oxidized PDMS is suspended in 3-aminopropyltriethoxylsilane (APTES)/ethanol (1:1,
v/v) solution for 30 minutes covered with Parafilm under the fume hood. The excess APTES remaining on
the surface by several washed in ethanol followed by rinsing with DI water for several times. Amine-modified
PDMS is bathed in the fleshly prepared dextran solution for 1 hour. Excess dextran is removed by multiple
washings with DI water. Dextran-modified PDMS is further oxidized in NalO4 (0.1 M) for 2 hours. N,N-
Dimethyl-4,4’-azodianiline (DMADA) is dissolved DMSO to make a stock solution. The added amount of the
stock solution diluted in DMSO and exposure time of the PDMS in the mixture should be optimized.

The initial observations are to be shortly described. After adding the PDMS slab to the oxidized dextran
solution, the PDMS changed from a translucent to a milky white color. The Raman spectrum showed new
peaks compared to the spectrum of pristine PDMS after silanization with APTES. However, the same peaks
are also observed, when grafting dextran to PDMS without silanizing the surface with APTES first. Thus, dex-
tran can be easily adsorbed and probably absorbed. Moreover, the water contact angle has not significantly
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changed indicating that the functionalization method should be reviewed. PDMS-APTES-dextran was found
to have a contact angle of 97+ 5°, while pristine PDMS would have a contact angle of 107+ 2°. The contact
angle was expected to be much lower, since dextran introduces many -OH groups to the PDMS surface to
form hydrogen bonds with water. The small change in contact angle indicates that the presence of dextran at
the surface is low, thus most dextran is absorbed into the PDMS.

This instigated a more detailed research on the chemical side of the method. It was found that de alde-
hyde of oxidized dextran and an amine can form a Schiff bond which is easily hydrolyzed and is therefore an
unstable bond. This bond must be reduced to form a covalent bond [45]. The protocol was altered to include
reductive amination for bonding amines to aldehydes.

C.1.2. Improved protocol

The initial protocol was found to be insufficient leading to an altered procedure. The final protocol is de-
scribed step by step in Appendix A.2. The following paragraph mentions the differences compared to the first
method. The described methods are adapted from Hermanson et al. [45].

The silanization process was changed to a mixture of ethanol (90%), APTES (5%), and DI water (5%). The
pH is also adapted to 4.5-5 with acetic acid, since it was proven to enhance the reaction. The bath of PDMS
in the APTES mixture was followed by curing or drying in the oven at 110 °C.

Sodium phosphate or phosphate-buffered saline (PBS) is used as a buffer and the pH is increased to 8,
since higher pH increase the conjugation yield. A stock solution is prepared and stored in the fridge for
about a month. PBS is usually used in combination with proteins as it mimics the natural osmolarity and
ion concentration of a human body. Here, it is mainly used for the pH and buffering property.

Reductive amination is the process of reducing the Schiff base to a strong secondary amine linkage. This
process must thus be utilized after adding dextran to bond with APTES and after further oxidation of dextran
to bond with DMADA. Sodium borohydride was used for initiation of the reaction, because it was readily
available in the lab. However, sodium cyanoborohydride is preferred, since borohydride converts the aldehy-
des (=0) into hydroxyls (-OH) much quicker than sodium cyanoborohydride, ultimately reducing the amount
of available bonds [45]. The protocol described by Greg T. Hermanson [45] suggested combining the forma-
tion of Schiff bases and their reduction in a single step. This method uses sodium cyanoborohydride, instead
of sodium borohydride, therefore these steps are separated.

All reactions involving sodium periodate are protected from light using aluminum foil. The initial protocol
did not consider the degradation of sodium periodate in light at all. In their defense, the visible effect of light
is not visible in few days time. The solution has clearly degraded after a week, because the solution becomes
a light pink which turns into a darker pink over a longer time. This degradation also occurs, when stored in
aluminum foil in the fridge. This is why oxidized dextran is usually lyophilized and stored in the freezer.

The initial observation with the revised protocol was that adding the reduction step did not make the
PDMS milky white. Only a small change was observed with Raman spectroscopy, but was not very convincing,
because the layer thickness is very thin making it difficult to detect with Raman spectroscopy. However, a
significant change could be observed in the contact angle after grafting dextran and DMADA. The addition of
DMADA changed the color to an orange (Figure C.1a). The color was darker, when more DMADA was used,
but the color became lighter when kept in DI water (Figure C.1b).

C.2. Characterization

The characterization is performed on a flat PDMS surface which for the most part is representative for the
surface of a pore in a membrane. The difference is mainly found in the surface roughness formed by the
layered structure of the 3D-printed mold. Furthermore, the grafting efficiency inside a pore is expected to be
less compared a flat surface. This decrease in efficiency should not be large, since the pores are still relatively
large (200 pm) and the membrane is thin.

The grafted chemicals are written in the order they were added to the PDMS. For example, PDMS-APTES
is APTES grafted on PDMS. Also, PDMS-dextran is a sample in which the silanization step with APTES is
skipped and the dextran is grafted using the same method as described in the protocol.

C.2.1. Raman

The Raman spectrum of various samples is measured to verify the presence of chemical bonds characteris-
tic for the grafted molecule. The spectra of the samples fabricated with protocol as described in Appendix
A.2 and air plasma to oxidize the PDMS surface is shown in Figure C.2. The functionalization of APTES on
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(a) Azo30 (b) Azo3

Figure C.1: PDMS samples with DMADA using the improved protocol where AzoX refers to XuL added from the stock solution. The
samples were photographed with a white background.

PDMS is difficult to verify. Small peaks are observed in the 3600-3700 cm™~!. One of these peaks can be as-
sociated with amine-groups and the other peak with hydroxy-groups formed after oxidation of the PDMS
surface. Furthermore, a sharp peak can be found 1124 cm™! which is characteristic for in-phase stretch in
alkoxysilanes (Si-O-R) [62]. A peak couple is observed at 2104 and 2167 cm~! and there is a distinct peak at
3080cm™!. Fluorescence background is slightly increased compared to pristine PDMS. No new peaks are
observed after grafting of dextran. The peaks in 3600-3700 cm™~! found on PDMS-APTES have mostly disap-
peared. The overal intensity has also been decreased compared to PDMS-APTES. High intensity peaks of only
N,N-dimethyl-4,4’-azodianiline (DMADA) are found at around 1150 and 1390 cm~! [109]. In the Raman spec-
trum of PDMS-APTES-dextran-azo there is a lot of fluorescence background which hides the smaller charac-
teristic peaks of DMADA. A peak can be detected at 1145cm™! which becomes more intense the higher the
concentration of DMADA used. This peak can be assigned to symmetric stretching of C-N [116]. The peak
of the trans azo compound that is supposed to be around 1390 cm™! is indiscernible from the fluorescent
interference and the peak at 1410 cm™! present in PDMS.

The Raman spectrum is measured for the same series displayed in Figure C.3, but oxidized with a solution
of H,O/HCl/H,0,. The new peaks were also visible, but the intensity was much smaller compared to samples
oxidized with air plasma. It was an indication to believe that the amount of grafting was better with air plasma
than with the oxidative solution.

The aforementioned measurements were done before finding that sodium borohydride converts aldehy-
des to hydroxyls more quickly than sodium cyanoborohydride used in the prescribed protocol. The Raman
spectra is measured of samples that were fabricated by the formation of Schiff bases between DMADA and ox-
idized dextran, before adding sodium borohydride as shown in Figure C.4. New peaks indicative for azoben-
zene were more clearly visible, but the fluorescence made it difficult to compare the effect of the updated
surface modification method.

As a result of the increasing water contact angle (discussed in more detail later) over time of dextran-
modified PDMS samples, the Raman spectra is compared in Figure C.5. It was observed that the peaks, that
were present with PDMS-APTES-Dextran and not in pristine PDMS, have disappeared after 2 months. This
was in agreement with the results of the contact angle. Therefore, dextran was not covalently bonded to
PDMS, but it only temporarily changed the surface chemistry. Furthermore, there was a difference in the
Raman spectra between the first batches in April/May and later batches in July, even though the executed
protocol was the same. Even samples that have recently been modified with dextran did not show the peaks
from the first batch. This suggests that the difference is caused during the fabrication before storage methods
matter. The exact reason for this result is unknown. It was first thought that an old PBS solution could affect
the reaction, because crystals were formed in the stock solution. However, this did not change the result.

C.2.2. FTIR

The FTIR spectrum is obtained using the same samples as with the Raman spectroscopy as shown in Fig-
ure C.6. The presence of APTES on the PDMS surface is verified by the characteristic peaks of primary amines
of which a weak broadband is visible at 3200-3460 cm™! and a peak at 1655 cm ™! is found representing the in-
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Figure C.2: Raman spectrum of samples oxidized by air plasma. Raman laser: 514 nm, ND: 25%

plane deformation of primary amines. Dextran is characterized by its OH-groups and C-O-C bonds. A mod-
erate peak is found at 3550 cm™! which can be associated with O-H stretching vibrations. C-O-C stretching
overlaps with Si related vibrations from the PDMS. Aldehydes (C=0) are formed in dextran due to oxidation,
but are used to bond to amine-groups. The presence of aldehydes should give a peak at around 1600 and
2730 cm™!. The peak at 1600 cm ™! overlaps with the amine deformation. However, at 2730 cm ™! no signifi-
cant peak is found. So there are no remaining aldehydes after the functionalization protocol and storage in
air.

The FTIR spectrum of the samples oxidized by oxidative solution had two different peaks compared to the
samples oxidized by air plasma as seen in Figure C.7. There is a defined peak at 1600 cm™! with PDMS-APTES
indicating the amine component. There is also a peak at around 2000 cm™~! with PDMS-APTES-Dextran, but
it does not represent a bond of dextran. The broad bands in the region of 3200-3500 cm™"! are indicative for
O-H and N-H stretching. In contrast, these bands seems to be less intense with the oxidative solution than
with air plasma.

FTIR measurements are also performed one month later displayed in Figure C.8. The peaks for N-H and
O-H stretching have disappeared over time. The FTIR spectrum of PDMS-APTES-Dextran became the same
as pristine PDMS confirming the results found with Raman spectroscopy and water contact angle measure-
ments.
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Figure C.3: Raman spectrum of samples oxidized by liquid oxidation solution. Raman laser: 514 nm, ND: 25%

C.2.3. Contact angle

A change in the water contact angle is an indication for a change of the surface. Pristine PDMS is known to
be hydrophobic. When oxidized by for example oxygen plasma, -OH groups are introduced to the surface
making the PDMS hydrophilic. The contact angle is measured for the various steps of the functionalization.

For quick and convenient measurements in the PME department, the Keyence VHX-6000 digital micro-
scope can be used. This microscope can be tilted to 90° to obtain an image from the side. A white back-
ground is created with a sheet of regular printing paper. The images are taken using the full coaxial light
mode. Droplets of 2 uL are dispensed using a micropipette. Images are processed using ImageJ and a plugin:
contact angle. The image is rotated such that the drop is upside down and the interface should be as hori-
zontal as possible. After starting the plugin, one point is first added to the most left drop-interface contact
point, then the most right. Then, 5 points are added to along the contour of the drop. The contact angle is
calculated using the option 'Manual Points Procedure’.

The water contact angle measurements using Keyence VHX-6000 are performed to detect changes in the
surface. PDMS-APTES-dextran was found to have a contact angle of 97+ 5°, while pristine PDMS would have
a contact angle of 107+ 2°. The contact angle was expected to be much lower, since dextran introduces many
-OH groups to the PDMS surface to form hydrogen bonds with water. The small change in contact angle
indicates that the presence of dextran at the surface is low, thus most dextran is absorbed into the PDMS.
Since the water contact angle has not significantly changed indicating that the functionalization method
should be reviewed. A significant change in water contact was measured using the impvoed protocol. The
results are summarized in Table C.1. The grafting protocol is performed with two different oxidation methods:
a mixture of HoO/HCl/H20; and air plasma. The improved protocol resulted in a significant change in the
contact angle. For PDMS-APTES-dextran the PDMS has become more hydrophilic using both methods. It
indicates that the dextran has been sufficiently grafted to the PDMS surface to make hydrophobic PDMS
more hydrophilic. The use of borohydride also aided the conversion of remaining aldehydes not used to
bond with APTES to hydroxyls.

The switching of the azobenzene molecule has the potential to change the water contact angle, when
exposed to only UV light (~360 nm). The difficulty is that visible light is required to obtain an image for the
measurement of the angle. Thus, it was of importance to keep the time between exposure to UV light and
the imaging of the water droplet as short as possible. Instead of the Keyence VHX-6000 for the imaging, it
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Figure C.4: Raman spectrum of samples oxidized by air plasma after separating the formation of Schiff bases and reductive amination.
Raman laser: 514 nm, ND: 25%

Table C.1: Water contact angle measurements 1 hour after each grafting step using air plasma or HCI/H2 02

Oxidation  Sample Water contact angle
Pristine PDMS 107+ 2°

Air plasma PDMS-APTES 87+ 5°
PDMS-APTES-dextran 62+ 4°
PDMS-APTES-dextran-azobenzene 82+ 2°

HCI/H,0, PDMS-APTES 105+ 2°
PDMS-APTES-dextran 80+ 4°

PDMS-APTES-dextran-azobenzene 107+ 2°

was chosen to use the drop shape analyser, Kruss DSA100 to achieve a faster workflow. An overview of this
setup is given in Figure C.9 The windows of the chamber that holds the sample are blocked with plastic-
coated blackout cardboard secured with tape. The light guide that connects the UV source (Honle, Bluepoint
4 Ecocure) is fixed with two layers of black duct tape in the hole for the droplet dispenser which is moved up.
The UV source is equipped with a filter that has a radiation permeability range of 320 — 390 nm. After the set
exposure time with UV-light, the light guide and window blockers are quickly removed and the dispenser is
moved in position for the water contact angle measurement.

The UV source has a time limit of 15 minutes. The water contact angle is measured after 15 minutes
of UV-light and after two sessions of 15 minutes, but no significant change in the water contact angle was
measured. This was expected, because water contact angle would increase over time with dextran-modified
PDMS indicating that there was no covalent bonding, thus DMADA would also not be covalently bonded
to dextran. PDMS with DMADA was orange of color indicating that some azobenzene was present, either
absorbed and/or adsorbed. The water contact angle measurement after UV proved that either adsorbed
azobenzene do not affect the contact angle, because there would be no alignment of the molecule relative
the substrate, or that the amount of azobenzene present at the surface was too small to influence the wetta-
bility.



C.2. Characterization 71

700 — ' ' ' T '

PDMS-Dextran
PDMS-APTES-Dextran first batch

600 - PDMS-APTES-Dextran first batch (2 months) | |
PDMS-APTES-Dextran recent (6 days, air)
PDMS-APTES-Dextran recent (4 hours, water)

500

400

300

Intensity (counts)

200

100

0 L L L L L L
1000 1500 2000 2500 3000 3500

Raman shift (cm'1)

Figure C.5: Comparison of Raman spectrum from old batch versus recent batch using air plasma to oxidize surface. Raman laser: 514
nm, ND: 25%
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(a) Overview (b) Closeup

Figure C.9: Setup overview of Kruss DSA100 for water contact measurements after UV irradiation.






Membrane permeability on agar

The diffusion through the PDMS membrane is a feature that should be ultimately controlled. This is first
characterized for a pristine PDMS membrane. Sequentially, the PDMS surface is altered based on the ob-
tained results. A description of the method and series of experiments are explained below.

To characterize the diffusion through pristine PDMS membrane, a diffusion medium is required. For the
ultimate goal this is a human brain, but before that it should first be tested using a cheap and readily available
medium. Agarose gels have been used for in vitro models of the human brain. The most used variant is the
0.6% agarose gel, which was also chosen as the diffusion medium to be used in the experiments.

D.1. Method

The setup of the experiment is displayed in Figure D.1. The agarose gel is made by adding 0.3 g of agar (Sigma-
Aldrich, ash 2.0-4.5%) to 50 ml of DI water. The mixture is boiled for 2 minutes followed by cooking at medium
heat for 5 minutes. The mixture then transferred to clean petri dishes and left to cool down until solid. The
agar-filled petri dishes are stored in the fridge kept at 4 °C. The agar gel is taken out of the fridge 15 minutes
before the measurements and kept at room temperature. A membrane is placed on top of the agar gel near
the edge of the petri dish. The micrscope is tilted to about a 90° angle to obtain a side view of the agarose
gel. A droplet of colored water-based solution is pipetted on the surface making sure the droplet does not
touch the side of the membrane. At first, the solution used was a blue food dye dissolved in a bit of water.
The contrast in the images was not sufficient, thus a concentrated solution of potassium permanganate 1 M
in water was used.

(a) (b)

Figure D.1: Setup overview of the Keyence VHX-6000 to image the side view of a PDMS membrane on agar.

The image is taken from the side to visualize the diffusion in z-direction. The membrane itself does not
sit completely flat, because the liquid agar is affected by capillary forces to the edge of the petri dish forming
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Figure D.2: Overview of the side view with PDMS membrane on agar using the explained setup. A droplet is pipetted on top with a
solution of concentrated KMnO, in DI water. Magnification: 30x

a meniscus before solidifying. The images have to be taken with the membrane near the edge to obtain the
highest quality image of the diffusion, for agar is only partially transparent.

D.2. Results

The first tests were performed using a passive PDMS membrane d200h200. No visible results could be ob-
tained within a time frame of a few hours. Leaving the droplet on the membrane overnight did not obtain
visible results either, even after removing the membrane of the agar. Thus, there is no flow through the pores
for this geometry and surface characteristic of pristine PDMS. Increasing the pore diameter without increas-
ing the membrane thickness to d300 and d400 gave the same results.

Some images of the side view of pores are taken. In Figure D.3 a comparison can be made of the behavior
between a water-based solution and a polar aprotic solvent in the pore. The water-based solution goes par-
tially inside the pore, but without touching the inner pore wall. When a polar aprotic solvent, like DMSO, is
used, the liquid touches the inner pore wall. After about 10 minutes the liquid moves towards the agarose gel
side. However, the liquid looks diluted and there is still a lot of air in the pore. When left overnight a small
amount of dye was visible on the agar surface. From this comparison it can be seen that surface interac-
tions have a larger influence than the geometry. Therefore, the next experiment is to test a hydrophilic PDMS
membrane.

Figure D.3: Side view of pristine PDMS membrane on agar. A droplet is pipetted on top with a solution of concentrated KMnOy4 in DI
water (left) and blue food dye in DMSO (middle, right). Magnification: 150x

D.2.1. Oxidizing inner pore

Oxidizing the flat PDMS surface is not difficult using air plasma, however the plasma cannot reach inside the
pore. Therefore, a solution-based oxidation technique can be used to oxidize the inner pore surface and to
make the PDMS surface more hydrophilic. There are two variants of oxidizing solutions used, but they have
never been compared before, so both solutions are tested on a flat PDMS substrate and the water contact
angle is measured.
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Table D.1: Water contact angle measurements on flat PDMS substrates for various oxidation times in HoO: HpOp : HCl=5:1:1 (v/v/v)

Oxidation time  Water contact angle

5 min 108.4+2.8
10 min 99.9+3.7

15 min 102.2+9.9
30 min 108.6 £3.6
1h 102.1+4.6

Table D.2: Water contact angle measurements on flat PDMS substrates for various oxidation times in piranha solution
(H2SO4:H202=3:1)

Oxidation time  Water contact angle

45 sec 99.3+1.3
5 min 84.1+4.4
10 min 75.7+3.5

The first solution is a mixture of HoO : H»O, : HCI =5:1:1 (v/v/v) asreported by . They oxidized the PDMS
for 5 minutes. The effect of the oxidation time is tested by measuring the water contact angle for different
oxidation times. The results are displayed in Table D.1. There was no significant change in the contact angle
and the PDMS did not become hydrophilic. Therefore, H,O : HO, : HCI will not render the inside of a pore
in a PDMS membrane hydrophilic.

The following solution to be tested is the so-called piranha solution, which is a mixture of an acid and
hydrogen peroxide. Different acids and ratios can be used, but for this experiment the most used combina-
tion is used with sulfuric acid with volume ratio H,SO4 : H»O» = 3: 1. A hydrophilic surface can be obtained
as suggested by the results displayed in Table D.2. However, the solution is also an etchant which makes the
PDMS surface rougher and less transparent in 5 minutes (probably faster, but the experiment was not re-
peated for oxidation times 1-5 minutes). The lower contact angle was not only a result by the formation of
-OH groups at the surface, but also the surface roughness. The geometry of the pores will also be altered.
Thus, the hydrophilic effect inside a pore cannot be isolated for analysis. Since oxidizing solutions are not the
perfect solution to making the inner pore surface hydrophilic, other methods should be considered.

D.2.2. Oxidizing one side of the membrane

Exposing one side of a PDMS membrane to air plasma results in one side being superhydrophilic for about
one hour. The water contact angle will increase to its original value before plasma treatment in 24 hours.
The other side of the membrane will remain hydrophobic. Using the same test setup as explained in Section
D.1. The following results are measured as quickly as possible after plasma treatment and are summarized
in Table D.3. Putting the hydrophobic side facing the agarose gel, resulted in the droplet spreading over the
hydrophilic surface without flow through the pores. When the membrane is flipped such that the hydrophilic
side is facing the agar, it resulted in a fast flow of the water-based solution. The flow through the pore is so
high that the liquid spreads first outwards between the membrane and agar interface, before diffusing into
gel. This result means that the flow through the pore can be controlled by the wettability of the large surface of
the membrane with the condition that the thickness of the membrane is not too large. When the membrane
is increased to a thickness of 300 um the flow through the pore becomes very slow and without spreading on
the agar surface first. Since 200um is the thinnest membrane that can be fabricated with replica molding
and this membrane was the most affected by air plasma, only membranes of this thickness are used in the
following experiments.

The next step is to test whether there is flow through the pore in the case when the hydrophilic side is
not superhydrophilic. From the results of the grafting process it was found that the PDMS surface grafted
with APTES and dextran has a water contact angle of 62+4° one day after the grafting procedure. The PDMS
membrane was oxidized on one side only, so APTES would be bonded to that side, and consequently dextran.
The results are summarized in Table D.4. Compared to membranes tested quickly after plasma treatment,
membranes with dextran had generally a slower flow. For d200 the flow was very slow and diffusion in agar
was barely visible. There was no significant spreading on the agar surface. Increasing the pore size to d300,
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Table D.3: Diffusion through PDMS membrane oxidized on one side by air plasma. The time after air plasma is 30 minutes to 1 hour.

Geometry Side facingup Diffusion Comment

h200d200 Hydrophobic  Yes Fast, immediately
h200d200 Hydrophilic No Spreads over surface
h200d400 Hydrophilic No Spreads over surface
h300d200 Hydrophobic  Yes Very slow

Table D.4: Summary of the results the diffusion in agarose gel for PDMS membranes of thickness 200 pm grafted with APTES and dextran.
The measurements were made one day after functionalization and dried in air for 1 day.

Sample Side facingup Diffusion Comment

d200 Hydrophobic  Yes Very slow

d200 Hydrophilic Yes Very slow

d300 Hydrophobic  Yes Faster than d200
d300 Hydrophilic No

d400 Hydrophobic  Yes Fast, immediately
d400 Hydrophilic Yes Only 1/4 pores

the flow was faster than d200 with significant staining in the agar. The dye did not spread on the agar sur-
face first and a droplet was still on top of the membrane after 15 minutes, whereas in recently plasma-treated
membranes the dispensed droplet went through immediately. This result was the closest to the desired func-
tionality for the intended application. The results with d400 was found to be similar to the plasma-treated
samples. Generally, when the hydrophilic side was facing up of dextran-treated membranes the result would
be less repeatable and consequent than with plasma-treated membranes. Some would have some staining in
agar, but overall the permeability was lower when the hydrophilic side was facing up instead of down.

Images are taken at time intervals over 15 minutes. Using image analysis a relative diffusion rate can be
estimated. An example is shown in Figure D.4. A pixel can be translated to values in grayscale, rgb or hsb that
can be used to quantify the local concentration. The most appropriate method is chosen by comparing the
individual images as shown in Figure D.5. In grayscale the color gradient is completely lost. In rgb the useful
information is split between green and blue with green retaining more information of the higher concentra-
tion area and blue of the lower concentration area. For hsy, the saturation as shown in Figure D.5h displays
the color gradient from high to low concentration close to the original. Therefore, the saturation values are
used for the following analysis of the diffusion through the membrane into the agar.

The saturation values of the images are extracted over several lines that start at the pore opening at the
agar side and going radially outward. These saturation values are averaged for each distance from the pore
which can then be used to create a saturation profile graph. The saturation values are normalized by taking
the average saturation value a line close to the interface for a droplet dispensed directly onto agar as one and

(a) t=5 min (b) t=10 min (c) t=15 min

Figure D.4: Eample of diffusion through PDMS membrane d300h200 functionalized with APTES and dextran.
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Figure D.5: Comparison between different different strategies: grayscale, rgb, and hsb, to quantify pixels
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Table D.5: Summary of the results the diffusion in agarose gel for PDMS membranes of thickness 200 pm grafted with APTES and dextran.
The measurements were made 7 days after functionalization stored in air.

Geometry Side facingup Diffusion Comment

h200d200 Hydrophobic  No
h200d200 Hydrophilic No

h200d300 Hydrophobic  Yes Very slow
h200d300 Hydrophilic No

h200d400 Hydrophobic  Yes Medium fast
h200d400 Hydrophilic Yes Medium fast

the agar as zero. The calibration image is taken for every series in case of changes in the settings between
sessions.

In Figure D.6 the change in the concentration is shown over distance from the pore opening and time. The
concentration is the highest near the pore and it decreases below the agar base line after which it increases
again to towards zero. As seen from Figure D.5h the lowest concentration area shows darker than the agar in
terms of saturation. The dip below the zero base line depicts the edge of the diffusing dye. As time passes, the
concentration near the pore increases, but slope representing the concentration gradient becomes less steep,
since diffusion is driven by the concentration gradient.

1 T T T T

t=15s
t=5 min

0.8 t=10 min | 4
t=15 min

Normalized saturation

0.2 1 1 1 1
0 0.5 1 1.5 2 2.5

Distance [mm]

Figure D.6: PDMS membrane d300h200 diffusion in agar, hydrophilic side facing agar, stored in air for 1 day.

The same experiment is performed on the same samples 7 days after the grafting procedure stored in
air. These results are summarized in Table D.5. The flow through the pores has decreased significantly. The
flow through pores of diameter 300 um is very little. In pores of 400 um diameter there is a medium fast flow
through the pore, but there is no difference between the hydrophobic and hydrophilic side. No staining in
agar was expected, because the water contact angle was measured to return to a hydrophobic value within 4
days. This shows that the contact angle plays an important role, but there is another smaller factor that can
influence the permeability. Maybe there is still some dextran left inside the pore, because the tiered structure
inside the pore can enhance the retention of dextran. The fact that both sides of d400 had staining in agar can
indicate that the difference was inside the pore. The amount of staining was similar for both sides as shown
in Figures D.8 and D.9.
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Figure D.9: PDMS membrane d400h200 diffusion in agar, hydrophobic side facing agar, stored in air for 7 days.



Membrane on ex vivo brain

This chapter includes the method for testing the permeability of the PDMS membranes on mouse brains. The
experiments are performed at UVA so some slightly different chemicals may have been used. Furthermore,
the brain extraction is briefly described, but keep in mind that this procedure was performed by a profes-
sional.

E.1. Materials

¢ JsoFlo (isoflurane) - inhalation anesthetic
¢ Injectable anesthetic

¢ 0.1 M phosphate buffer pH 7.2

» Agarose (Sigma-Aldrich, cat. no. A9793)
¢ Paraformaldehyde

¢ Potassium permanganate 0.1 M

e Pliers

* Tweezers

* Clippers

¢ Scalpel

e Pump + tubings

¢ Containers

E.2. Method

Preparation Before the brain extraction a large batch of PBS is prepared. Next, agarose is weighed and
heated in PBS until the boiling point by continuous stirring. The heating plate is set to low and stirring is
continued until use. The tubings connected to a pump are filled with PBS in order to get rid of air bubbles.

Brain extraction The mouse is first exposed to IsoFlo on a tissue in an enclosed box. It is then injected in
the abdomen with a stronger anesthetic. Each limb is secured with tape and before moving on it is made sure
that the anesthetic is working properly. The chest is cut and opened to reveal the heart. A hole is made in
the jugular vein and connect the tubing filled with PBS with the left heart chamber to pump PBS through the
body until all blood is removed. The brain is then extracted by removing the head first and carefully removing
the surrounding tissue.

Permeability of membrane The brain is placed in a Petri dish which is then partially filled with liquid agar
using a disposable pipette, while making sure the temperature is not too hot (warm to the touch). It is left to
solidify without moving the petri dish. After it has solidified, place it in the fridge for another few minutes to
make sure the agarose has solidified. If the membrane is wet, it is dried using a cleanroom cloth. Using tweez-
ers the membrane is carefully placed by resting one side on the agar before placing the rest of the membrane.
The membrane is pressed down without pressing directly on the brain by pressing around the perimeter of
the brain on the agar. One droplet of 2ul is pipetted on each hemisphere and left for 10 minutes. The excess
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droplet is removed using a cleanroom cloth. The membrane is removed and the brain is placed in a fixation
fluid for 5 days.

E.3. Results

There were only three mouse brains available, thus a selection had to be made. The series should include
a pristine, dextran-modified and plasma-treated membrane. The chosen membranes were all d300h200,
because the membrane with dextran gave the most desirable result in the case with agar. The plasma-treated
membrane was treated the day before, because there was no plasma cleaner available at the location of the
experiment. The membrane was transported in a bottle of DI water to prevent hydrophobic recovery.
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