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Abstract

Oral administration is the preferred administration route by patients and is often associated
with high patient compliance. The oral route is a challenging administration route as the
gastrointestinal tracts physiological properties often hampers drug absorption. Microcontainers
as a drug delivery system have been introduced to improve oral absorption of drugs.
Microcontainers are cylindrical micrometer-sized reservoirs, facilitating unidirectional drug
release. The unidirectional drug release of the microcontainers is believed to enhance
absorption, as the drug can be delivered directly into the mucosa. It has been shown that
microcontainers embed themselves into mucus in the small intestine, which might explain the
enhanced oral bioavailability of drugs. The characteristics of the unidirectional release and the
microcontainers behavior in mucus require investigated, in order to clarify their effect on drug

absorption.

In this work, we explore the microcontainers behavior in the small intestine in relation to
mucoadhesion and their orientation of unidirectional drug release. Different mucoadhesion
strategies have been investigated in this PhD project, including microcontainers with different
functionalized polymers, surface topography and morphology. The strategies have been
evaluated in relation to mucoadhesion, impact on unidirectional drug release and how the drug
release profile is affected. In order to determine the impact of different strategies on
mucoadhesion a new ex vivo perfusion setup was developed, to enable evaluation of the
microcontainers behavior in the small intestine. A texture analyzer was used to determine the
adhesion forces of different topographies. From repeating measurements it was observed that
the force measurements were strongly affected by disturbing factors such as tissue variations
and the time interval between measurements. A statistical design was then developed in order
to correct for the disturbing factors and enable a reproducible and reliable evaluation of the
topographies adhesion force to mucosa. Microcontainers are fabricated in epoxy-based SU-8
and therefore not suitable for oral intake. For this reason, fabricating microcontainers in
biocompatible and biodegradable polymers has been crucial to demonstrate the versatility of
microcontainers. In this PhD, | investigated the impact of using different polymeric materials
for microcontainers, in relation to their behavior in the small intestine, including

mucoadhesion, orientation and degradation.

This thesis presents novel experimental models and validation strategies to improve

investigation of mucoadhesive microcontainers. This approach led to a number of interesting



conclusion. First and foremost, this work attests to microcontainers strong ability to adhere to
mucosa, with only minor improvements observed when varying the size, shape and material of
the microcontainer. Interestingly, applying mucoadhesive polymers onto the microcontainers
cavity shows great potential for improved adhesion to mucosa ex vivo. Additionally, we were
able to conclude that biodegradable and biocompatible microcontainers fabricated in
poly(lactic-co-glycolic acid) (PLGA) and poly-g-caprolactone (PCL) show similar adhesion to
the mucosal lining as the SU-8 fabricated microcontainers. While the results indicated a slightly
stronger ability to adhere for SU-8 microcontainers compared to the biodegradable and

biocompatible microcontainers, this was not supported statistically.

The overall conclusion is that, microcontainers show strong adhesion to mucosa and modifying
the microcontainers in terms of functionalized polymeric coatings and varying morphology
appears to only show minor improvements of the abilities to adhere to the mucosal surface in

the small intestine.



Resumé

Oral levering er den mest fortrukne administrationsvej for patienter og medfgrer ofte god
compliant behandling. Den orale administrationsvej er udfordret af mave-tarm kanalens
fysiologiske egenskaber som ofte svaekker absorptionen af leegemiddelstoffer. For at forbedre
oral absorption af legemiddelstoffer er mikrocontainere blevet introduceret som
legemiddelstof leveringssystem. Mikrocontainere er cylinder formede mikrometer store
reservoirers der har en abning til frigivelse af laegemiddelstoffer. Den ensrettede frigivelse af
leegemiddelstoffer fra mikrocontainere menes at fremme absorptionen da stofferne kan leveres
direkte ind i slimlaget af mucus som daekker tarmoverfladen i tyndtarmen. Studier har vist at
mikrocontainerne kan sette sig fast i mucus laget i tyndtarmen hvilket kan forklare en bedre
oral biotilgaengelighed af leegemiddelstoffer. Den ensrettede frigivelse og mikrocontainernes
opfarsel i mucus laget skal dog undersgges yderligere for at kunne afggre dets effekt pa
absorptionen af leegemiddelstoffer.

Dette arbejde har fokuseret pa at undersgge mikrocontainernes opfersel i tyndtarmen i forhold
til deres adhaesion til mucosa samt deres orientering af den ensrettede frigivelse af
legmiddelstoffer. Igennem dette PhD projekt er forskellige mucoadhasions strategier blevet
undersggt. Dette har inkluderet mikrocontainer med forskellige funktionelle polymer
overfladestrukturer og morfologier. Disse strategier er blevet evalueret i forhold til
mucoadhasion samt deres indvirkning pa den ensrettede frigivelse af leegemiddelstof og
hvordan det pavirker frigivelsen. For at kunne bestemme disse adhasions strategiers
indvirkning pa mucoadhasionen er en ny ex vivo perfusions model udviklet for at evaluere
mikrocontainernes opfarsel i tyndtarmen. En texture analyzer er blevet benyttet til at bestemme
adhasions kraften af forskellige overfladestrukturer. Under gentagne malinger blev det
observeret at adhasions kraefterne blev pavirket af forstyrrende faktorer sa som vaevs variation
og tids intervallet mellem malingerne. Derfor blev der udviklet et statistisk design for at kunne
korrigere for forstyrrende faktorer og muliggere reproducerbar og troveerdige malinger af
overfladestruktures adhasions kreeft til mucosa. Mikrocontainerne er fremstillet i SU-8 som er
en epoxy-baseret polymer, hvilket gar at de ikke er godkendt til oral indtagelse. Af denne grund
har der veret stor interesse i at kunne fremstille mikrocontainere i bionedbrydelig og
biosammenlignelige polymer for at kunne vise alsidigheden af mikrocontainer. | dette PhD
projekt er mikrocontainere fremstillet i forskellige polymere blevet undersggt i forhold til deres

opfarsel i tyndtarmen. Dette indbefatter mucoadhasion, orientering samt nedbrydning.



Denne afhandling praesenter nye eksperimentelle modeller og validerings strategier til at
forbedre undersggelsen af mucoadhzsive mikrocontainer. Denne fremgangsmade farte til flere
interessante konklusioner. Fgrst og fremmest fremhaver denne afhandling at mikrocontainerne
har en steerk evne til at adheerer til mucosa og &ndring af mikrocontainernes form, starrelse og
materiale viser kun en lille forbedring i adhasionen af mikrocontainere. Mucoadhasive
polymere tilfgjet mikrocontainernes abning viste potentiale i at forbedre mikrocontainernes
adhaesion til mucosa ex vivo. Endvidere viser bionedbrydelige og biokompatible
mikrocontainere fremstillet i poly(lactic-co-glycolic acid) (PLGA) og poly-e-caprolactone
(PCL) lignende adhasion til mucosa som SU-8 fremstillede mikrocontainer. Resultaterne
kunne indikere at SU-8 mikrocontainerne havde en smugle sterkere adhaesion end de

bionedbrydelige og biokompatible mikrocontainer men det var dog ikke eftervist statistisk.

Den samlede konklusion er at mikrocontainere viser steerke adhaesions evner til mucosa og det
at modificer mikrocontainerne i forhold til at pafere funktionelle polymer og variere deres
morfologier viste, at det kun i mindre grad forbedrede adhzsionen til den mucosale overflade

I tyndtarmen.
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1. Introduction

Oral administration is the most preferred route of drug delivery, as it is more convenient for
the patients than using the intravenous administration route. As a consequence, choosing the
oral route results in high patient compliance, which is crucial for achieving optimal treatments
(1). From an economic perspective, production of e.g. solid dosage forms for oral intake is less
costly, resulting in lower expenses for the patients, which can have a major impact on the choice
of treatments as well as on compliance (2,3).

The pharmaceutical field is facing a growing challenge in delivery of new active ingredients
orally. Around 40% of approved drugs are classified as poorly soluble (based on the
biopharmaceutical classification system (BCS)) and around 90% of drugs in the pipeline show
poor solubility (4,5). In addition, a high number of these drugs demonstrates poor permeability
as well, which also compromises the effect of the drugs (6). An increased interest in oral
delivery of peptides and proteins also calls for new drug delivery systems that can improve oral

bioavailability.

The challenge in delivering drugs orally is not only related to the properties of the drugs but
also by the characteristics of the gastrointestinal (GI) tract. The small intestine is an excellent
absorption site for many drugs but some drugs are recognized by the GI tract as harmful
molecules and are not easily permitted access (7,8). The existing challenges provide evidence

for the need of new oral drug delivery systems that can improve oral delivery (9).

Microcontainers as drug delivery devices can facilitate protection against the harsh acidic
environment and enzymatic degradation in the stomach. Microcontainers are cylindrically
shaped devices with one cavity allowing unidirectional drug release. Controlling the
unidirectional release into the mucus layer located on the epithelium wall, enables direct
delivery close to the absorption site. The microcontainers have to adhere to the mucosal
surface, which is believed to increase retention time at the target site. This would allow
protected delivery of peptides to the intestinal wall as well as allow poorly soluble drugs to be
released slowly as the retention time is increased (10,11). Optimizing and controlling the
adhesion of the microcontainers to the mucosal surface in the small intestine is an important

aspect when facing delivery of challenging drugs such as peptides (12).



1.1.  Aim and hypothesis

In this thesis, it is hypothesized that by applying surface modifications on drug delivery
devices, such as microcontainers, the adhesion and delivery of the drug into the small intestinal

mucus layer will be enhanced, thus improving drug bioavailability.

The overall aim of this work is to develop, characterize and evaluate the ability of
microcontainers to adhere to the mucosal surface in the small intestine. The project has been

divided into five parts with the following aims:

1) Develop models to evaluate the mucoadhesive strength of the microcontainers as
well as their orientation in order to emphasize the unidirectional drug release into
the mucus layer.

I Design and evaluate novel microcontainers in various shapes and sizes for improved
mucoadhesion.

[11)  Estimate the mucoadhesive abilities of microstructures to determine the impact of
a structured surface on microcontainers to enhance mucoadhesion.

IV)  Evaluate mucoadhesion of microcontainers after modifying the surface chemistry
with mucoadhesive and/or mucopenetrating polymers.

V) Design, fabricate and assess biocompatible and biodegradable microcontainers in

regard to mucoadhesion.

1.2, Outline of the thesis

In this PhD project, the behavior of the microcontainers in the small intestine will be explored
and strategies to improve their abilities to adhere to the intestinal wall will be investigated. The
main results are presented through four original research papers (Paper I-1V) and an overview
of the PhD project is illustrated in Figure 1. Two additional papers (Paper V-VI) have been
produced during this PhD project. These are not included in the PhD thesis as the work is either
confidential (Paper V) or not within the story line of the thesis (Paper V1), and will therefore,
not be mentioned further. Paper V compiles the PhD project with an in vivo study.

The following background section includes an introduction to oral drug delivery and provides
an insight into the mucus layer and its main purpose in the GI tract. The concept of
mucoadhesion is introduced as well as the different possibilities of improving adhesion of

microcontainers. A short summary of microdevices as drug delivery systems, covering both



mucoadhesion and development of biodegradable and biocompatible microdevices, completes

the section.

In paper I, mucoadhesion of microcontainers with different shapes, sizes and fabrication
materials were evaluated on a newly developed ex vivo perfusion model. In Paper 11, tensile
adhesion force measurements of microstructures were performed, which led to the
development of a statistical design to perform reliable adhesion measurements. In Paper 111,
microcontainers were functionalized with various polymeric coatings to enhance
mucoadhesion. Additionally, different polymeric coating thicknesses were also investigated
and compared in this paper. In Paper 1V, we explored biodegradable and biocompatible

microcontainers and their ability to adhere to mucosa as well as their degradation.
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Figure 1: Schematic overview of the outline of this PhD thesis. The main goal of this thesis is to explore the behavior of the
microcontainers in the small intestine and strategies to improve their abilities to adhere to the mucosal surface. Experiments
have been conducted to investigate this, which resulted in four papers. Development of a new ex vivo perfusion model to
explore mucoadhesion of microcontainers with different morphology was presented in Paper |. In Paper 11, a texture analyzer
was used to measure tensile forces of different surface topographies. In Paper I11, different mucoadhesive polymeric coatings
were explored to estimate their impact on the behavior of the microcontainers at the mucosal lining. Lastly, in Paper 1V, we
explored fabrication of microcontainers in biocompatible and biodegradable materials and how that affected their behavior at
the mucosal surface. All the schematic figures in this PhD thesis has been created with BioRender.com.



2. Background

2.1.  Oral drug delivery

Oral administration is the most preferred route for drug administration mainly due to high
patient compliance (13). The oral route is convenient for patients as it does not require specially
trained professionals for dosing, and this reduces the cost and time needed for patients as well
as for the healthcare professionals (14). Reduced cost of oral dosage forms is also due to the
manufacturing process since no sterile production is needed and therefore, it is cheaper than
e.g. injectables (1). Stability of oral formulations is another advantage since they often requires
less complicated storage and transportation conditions compared to many intravenous

formulations where cold temperatures during storage are required (15,16).

The gastrointestinal (GI) tracts mucosal surface in human adults is a very good absorption site
due to its large surface area, which is approximately 30-40 m? where the large intestine refers
to approximately 2 m? (17). Nevertheless, the Gl tract presents some physiological challenges
limiting oral delivery of some drugs as e.g. protein and peptides. The main purpose of the Gl
tract is to digest and absorb food and other nutrition sources, which therefore, makes it an
optimal site for drug absorption (18). Another physiological role of the Gl tract is to prevent
harmful or unknown compounds from entering the body. Oral delivery of drugs has to
overcome the defenses of the body against unknown molecules (19). The first obstacle is the
hostile environment in the stomach where the acidic pH and digestive enzymes challenge many
drugs. When reaching the small intestine more digestive enzymes are present and the place of
absorption is well protected by a complex mucus layer covering a tight epithelium layer
(13,18,20). When developing oral drug formulations, the physiological properties of the Gl
tract needs to be taken into account for optimal drug absorption. Among numerous parameters,
pH and transition time are two important factors when administering drug orally and both
properties play a central role in the work of this PhD thesis. The pH and transition time down

the Gl tract of a micrometer sized drug delivery system is shown in Figure 2.

All the challenges presented by the Gl tract are crucial for the functionality of the body and
can, therefore, not be removed or damaged. Many have tried to circumvent these challenges
and use them to our advantage. The mucus layer inhibits the diffusion of drugs and may hamper
their path to the epithelium lining. Thereby, the mucus layer retains the drug delivery system
in the small intestine, which has proven to be beneficial for drug absorption if the molecule can
reach the epithelium lining (21).



— Esophagus

Stomach:
pH<3

B . ) Small intestine:
Transit time 0.5-2 h Diodehum:

pH 6.4

Jejunum

LA |lleum
L pH73

Large intestine: QL Transit time 0.5-4 h
Cecum/Colon/Rectdm #&™

pH 5.7-6.6  ‘

Transit time 4-10 h

Figure 2: Drawing illustrating the anatomy of the human gastrointestinal (Gl) tract. The main areas in the Gl tract are shown
esophagus, stomach, small intestine (duodenum, jejunum and ileum) and large intestine (cecum, colon and rectum). Their
respective pH values are indicated (22,23) as well as the transit time of microcontainers through the Gl tract (24).

2.2, Mucoadhesion

The advantages of developing mucoadhesive drug delivery systems have been 1) prolonged
residence time at the site of absorption, 2) intensifying the contact to the underlying epithelium
layer, which has shown to increase drug absorption. In general, numerus studies have shown
an increased absorption when improving the ability of drug delivery systems to adhere to the

mucosal surface (25,26).

2.2.1. Mucus

All mucosal surfaces in the body are covered with a viscoelastic mucus layer. One of the first
physical barrier foreign molecules and bacteria encounter is mucus and to be absorbed and
reach the circulatory system, they must diffuse through it (27). However, specific molecules
such as gases and water are allowed to diffuse through the mucus layer to conserve the water
balance that keeps the underlying epithelium hydrated (28). This highly hydrated mucus layer
also works as a lubricator enabling smooth passage of food (29). Mucus consists of water (95-
99% by weight), glycoproteins called mucins (1-5%) and smaller amounts of electrolytes,
proteins, enzymes, lipids, DNA, carbohydrates, inorganic salts and mucopolysaccharides in a
heterogeneous mixture (29-31). Mucus, in the small intestine, is secreted by goblet cells
located in the lining of the intestinal epithelium and is constantly secreted with a turnover time
estimated to be between 47-270 min (32,33). The thickness of the mucus layer highly depends
on the region in the Gl tract and the thicknesses varies depending on diet. The mucus thickness
in the small intestine of a rat has been determine to the following; duodenum 170£38 um,

jejunum 123+4 pum and ilium 480+47 pm (34). Determining the mucus layer thickness in the



small intestine of humans is more complicated but studies have estimated the mucus layer to

be approximately 10 um in ileum (35).

As mentioned earlier, the key component in mucus is mucin, which consists of an O-
glycosylated polypeptide backbone, which is rich in serine, threonine and proline. Mucins are
macromolecules with a molecular mass of 0.5-20 MDa where 10-30% of the weight consists
of the peptide core and 70-80% consist of o-glycosylated oligosaccharide (29,36,37). The
oligosaccharide chains can contain approximately 1-20 monosaccharides residuals and many
of them contains negatively charged sulphate or carboxyl (sialic acid) end groups (38-40).
Therefore, the mucin network is negatively charged in the small intestine at pH 6.4 (27). The
polypeptide core is connected to cysteine rich regions with no glycosylation (Figure 3). This
allows monomers of mucin to link together by disulfide bridges resulting in a folded structure
(42). Mucin are encoded by the MUC gene family and there is a variety of them. These genes
are divided into two sub-families; the genes encoded for secretory gel-forming mucins and the
genes encoded for membrane bound mucins (42). The membrane bound mucins contain a
hydrophobic domain that anchors to the epithelium lining. In addition, the membrane bound
mucins are more hydrophilic as they lack intermolecular disulfide bridges (43). The interaction
between epithelium cells and mucins are believed to involve entanglement and adhesion with
the cell surface, which forms glycocalyx (44). Mucus is divided into two layers; a firmly
adherent layer connected with the glycocalyx and an overlying loosely adherent layer.
However, there are some discrepancy to whether the mucus layer in the small intestine consists

of one or two layers (45).
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Figure 3: Simple representation of an entangled network of mucin chains covering the intestinal epithelium lining. A zoom-
in of three connected mucin monomers attached through disulfide bonds. A final zoom-in on a single secretory mucin monomer
is also represented. The anchored membrane bound mucin chain is also illustrated. Inspired by (46).

Mucus is a complex network of entangled macromolecules that act as a trap for foreign
molecules such as active pharmaceutical ingredients (API1) (47). This network is affected by
environmental factors such as ionic strength, water content and pH (48,49). These parameters
can affect the mesh size of the network, which is approximately 200-300 nm and challenge the
diffusion of molecules through the mucus layer to a greater or lesser extent (50). Another
obstacle for molecules or particles is the ability of the mucus layer to form numerous intra- and
intermolecular interactions (Figure 4). The disulphide groups in the mucin structure promote
aggregation of mucin monomers as they form covalent bonds (51). Foreign molecules with
disulphide groups can also interact with these groups, thereby, hampering their diffusion
through the mucus layer (52). The glycosylated residues in mucin contain negatively charged
groups at intestinal pH. Positively charged particles can form electrostatic interactions with
negatively charged mucin (53-55). A large extent of hydrophilic oligosaccharide chains in
mucin can make hydrogen bonds that bind to other hydrophilic domains (53,56), and VVan Der
Waal’s forces can attract two complementary saccharide moieties causing them to attach to
each other (53). When many mucin monomers interact, a large physical entanglement of chains
occurs, which will facilitate a tight complex network compromising passage of foreign



molecules (56). The cysteine rich regions in mucins are hydrophobic domains where

hydrophobic interactions can occur between e.g. lipophilic drugs (55,56).

Figure 4: Illustration of intra — and intermolecular interactions in mucus with 1) covalent bonds, 2) electrostatic interactions,
3) hydrogen bonds, 4) Van der Waal’s forces, 5) intermingling and 6) hydrophobic interactions.

2.2.2 Adhesion

The ability of materials to adhere to the mucosal surface, also called mucoadhesion, has been
a well-known phenomenon since 1962 (57). Mucoadhesion is defined as the adhesion between
any surface and a mucosal lining. Mucoadhesion consists of a contact stage and a consolidation
stage. In the contact stage, contact is reached between a surface and the mucosal membrane
where the surface is wetted, which may lead to swelling. Adhesive interactions are made in the
consolidation stage, where the surface will interpenetrate mucus promoting entanglement into
the mucus mesh where chemical interactions may occur (58). Adhesion is a complex process

and many theories exist allowing us to explain and understand the mechanisms involved.

The wettability theory is mainly applicable to low viscosity mucoadhesive systems or liquids
and their ability to spread over a biological surface such as mucus. This theory suggests that
the adhesive component penetrates mucus irregularly, hardening and anchoring themselves to
mucosa (21,59).

The electronic adhesion theory suggests that an electron transfer occurs between mucus and
the adhesive surface, which results in the formation of a double layer of electrical charge at the
interface. The adhesive effect is believed to occur due to attraction forces across the double
layer (59,60).



The fracture theory describes adhesion as the force needed to detach two surfaces after
adhesion. At the interface, detachment of the adhesive bonds will occur, normally at the

weakest component (59,61).

The absorption theory defines adhesive attachment on the basis of chemical interactions, such
as hydrogen bonding and Van Der Waals forces (62). These forces are believed to be main
contributors to the adhesive interactions. A subsection to this theory assumes that strong

covalent bonds result in adhesion at the interface (59).

The diffusion theory explains that adhesion occurs due to entanglement of mucus and adhesive
polymer chains. This is driven by concentration gradients, which are affected by molecular
chain length and their mobility. The diffusion coefficient and contact time controls the depth

of interpenetration of the chains (59,61).

The mechanical theory suggests that adhesion occurs between liquid adhesives and
irregularities on rough surfaces. However, other factors such as increased surface area of rough
surfaces and enhanced viscoelastic and plastic properties are believed to be more central in the

adhesion process than a mechanical effect (59,63).

The complex nature of mucoadhesion makes it unlikely that only one of these theories can

describe the adhesion.

2.3. Microdevices for oral drug delivery

The pharmaceutical field faces a major challenge in delivering orally poorly water-soluble
drugs as well as poorly permeable drugs (4). This means that a large fraction of developed
drugs will be wasted due to poor dissolution and poor absorption if we, as a scientific field,
cannot succeed in delivering these problematic drugs orally in a correct manner. Furthermore,
this challenge is not just limited to small molecules but the pharmaceutical field also faces the
challenge of delivering biologics orally. The use of large molecules as biologics has increased
worldwide and they include a large percentage of candidates in pre-clinical discovery (1).
Many oral drug delivery systems, such as nanoparticles and lipid based drug delivery systems,
have been developed over the years trying to circumvent poor oral absorption of both small
and large molecules (64-66).

Microfabricated devices as drug delivery vehicles have gained increased interest in the
pharmaceutical research field, especially in regards to oral drug delivery of challenging

molecules like peptides and proteins (12,65,67). Microdevices are drug reservoirs, fabricated



in numerous different shapes and dimensions, with one open side to allow unidirectional drug
release (Figure 5A) (68-70). In Figure 5B-E is shown examples of microfabricated devices
in different shapes, dimensions and materials, which demonstrates the versatility of
microfabricated devices. Microdevices have shown to be able to protect the drug inside the
cavity by sealing off the opening with an enteric coating. This allows protection against the
acidic environment in the stomach and enables release when it reaches the small intestine (71).
Microdevices have shown to increase drug absorption of poorly water-soluble and poorly
permeable drugs, explained by their ability to release the drug unidirectional into the mucus
layer (11,72). Controlling the unidirectional drug release into the mucosal surface may enable
a high drug concentration at the intestinal wall, which reduces drug release into the lumen. In
this way, waste of drug in the GI tract might be limited as the drug can be released directly at
the absorption site (Figure 5A). This is an important aspect as microdevices might reduce toxic
effects from the fraction of non-absorbed drug located in the lumen (73).

Integration of structural cues or chemical surface modifications on the cavity of the
microdevices have shown to promote drug release directly into the mucus layer, resulting in an
increased drug absorption (74,75). These modifications have also shown to improve adhesion
of the microdevices to the mucosal lining facilitating an increased retention time, which enable
high drug absorption.

An additional advantage of microdevices are the fabrication techniques that ensure low
variations of the size of the devices allowing for more equal drug loading (68,76). Furthermore,
various fabrication methods and materials enable possibilities for fabricating microdevices
with varying sizes and shapes (72,77,78). This supports the versatility of the microdevices and
allows for creative approaches for improving drug absorption. The fabrication techniques are
often limited in relation to upscaling the fabrication for microdevices. This is especially the
case for the more advanced microdevices such as micromotors, self-folding microstructures
and star-shaped long-acting dosage forms (81-83). Numerous types of microdevices have been
developed and creative engineering has resulted in some impressive microdevices as shown in
Figure 5B-E (82).
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Intestinal epithelium

Figure 5: A) lllustration of drug release from a microparticulate system (left) and microcontainer (right). B) SEM image of
microwells fabricated in poly(L-lactic acid) (PLLA) by hot embossing (71). C) SEM image of self-folding hydrogel
microparticles fabricated in poly(ethylene glycol methacrylate) (PEGMA) and poly(ethylene glycol di- methacrylate)
(PEGDMA) (83). D) SEM image of microsquared devices fabricated in poly (lactic-co-glycolic acid) (PLGA) with the newly
developed ‘stamped assembly of polymer layers’ (SEAL) technique (84). E) SEM image of microcontainer fabricated in SU-
8 by photolithography. Reprinted/adapted with permission from Springer Nature, John Wiley and Sons, American Association
for the Advancement of Science, American Chemical Society.

2.3.1 SU-8 microcontainers

Microcontainers are one type of microdevices, which possess many of the advantages stated in
previous section. Microcontainers are fairly simple to fabricate, they can be functionalized and
they have a high drug loading capacity (6,85). Microcontainers are micrometer-sized hollow
cylindrical reservoirs with an inner cavity for drug storage (Figure 5E). They can be fabricated
in SU-8 using two-step photolithography as originally described by Tao et al. and further
modified by Nielsen et al. (76,86).

Fabrication of SU-8 microcontainers

Photolithography enables fabrication of micrometer-sized devices with spatial precision and
enables fabrication of asymmetrical devices (87). Photolithography, used for fabricating SU-8
microcontainers, is a relatively simple fabrication process. SU-8 is a negative epoxy-based
photoresist that is chemically stable and exhibits high mechanical strength. Figure 6A
illustrates the two fabrication steps that define the bottom and walls of the microcontainers.
This is done by UV exposure of uncrosslinked SU-8, where a UV mask is used for defining the
microcontainer shape. The microcontainers are fabricated on a silicon wafer (Figure 6B) and
to allow dry release of the microcontainers, the wafer is either coated with fluorocarbon (Fc)
or titanium/gold (Ti/Au) (78,88). The Ti/Au release layer ensures adequate adhesion to the

wafer during drug loading and allow harvesting of microcontainers without damaging them.
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The same is seen for Fc coated wafers, however, the microcontainers show weaker adherence
to the Fc layer. This challenges the drug loading process as the microcontainers can easily

detached themselves from the wafer (78,88).
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Figure 6: Overview of A) fabrication steps of microcontainers. Step 1) shows fabrication of the microcontainers bottom, which
is fabricated on top of a silicon wafer using UV photolithography. Step 2) shows fabrication of the walls of the microcontianers.
A release layer of fluorocarbon (Fc) or titanium/gold (Ti/Au) can be applied to allow individual removal of the
microcontainers. B) Image of a wafer holding 32 squares/chips where each chip contains 625 individual microcontainers. C)
Zoom-in of a chip. D) Zoom-in of a microcontainer.

SU-8 microcontainers can be fabricated in many different sizes and shapes such as cylindrical,
squared, triangular, more planar or with symmetrical height and width (77,78). Furthermore,
the microcontainers have evolved during the years to ease their usability and their quality,
which has resulted in the creation of thin-walled microcontainers. The once mostly studied has
an inner height of 210-270 um and inner diameter of 73-413 um (10,76,78,89). To enable
increased drug loading, the microcontainers were modified to have 230 pum in inner diameter
and 220 pm in inner height (78). In this PhD, microcontainers with varying dimensions have

been used as this project was carried out during the evolvement of the microcontainers.

SU-8 is biocompatible and has been reported to be suitable as implant material (90), but it is
not biodegradable, which is a major drawback when being administered to humans. This is of
great importance both for physiological effect on the body after long-term use but also in regard
to an environmental aspect. SU-8 has shown to be a great material to test the ability of

microcontainers as an oral drug delivery system. However, the material used for fabrication
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has to be approved for oral intake to be an actual success. Therefore, microcontainers need to
be fabricated in a material that is both biocompatible and biodegradable without complicating

the fabrication process and compromising the ability for upscaling the fabrication process.

2.3.2 Biodegradable and biocompatible microdevices

Biodegradable polymers are defined by polymers that in bioactive environments degrade over
time. Enzymatic degradation arises in the presence of microorganisms such as fungi, bacteria
and algae, where the polymer chains are broken down. Cleavage of the polymer chains can also
occur by non-enzymatic processes like chemical hydrolysis (91). After disposal, biodegradable
polymers will degrade and will not interfere with the ecosystem, whereas non-degradable
polymers will persist for many years after disposal. Administration of non-degradable
polymers into our body in regard to drug delivery is not an option. Another important aspect
for microdevices is that they have to be biocompatible. As a general term, biocompatibility of
a material is when a living body accepts its presence (91). There is a huge interest in fabricating
microdevices in biocompatible and biodegradable polymers like poly-L-lactic acid (PLLA),
poly-g-caprolactone (PCL) and poly(lactic-co-glycolic acid) (PLGA) as they are approved by
the US Food and Drug Administration (FDA) for applications in oral drug delivery (92,93).
Change in polymeric materials often compromises the fabrication process of microdevices as
well as size dimensions because the physiochemical properties of the polymers often determine

both factors.

Fabrication techniques of biodegradable microdevices

In the last years, there has been an increased interest in fabricating microdevices in
biocompatible and biodegradable polymers. This has resulted in many different fabrication
techniques providing microdevices in different sizes, shapes and materials (84,94,95).
Fabrication of microdevices in biodegradable materials are highly controlled by the polymer
and the desired structure or shape of the microdevices. DeSimone et al. have developed the
PRINT (Particle Replication in Non- Wetting Templates) technique for fabrication of micro-
scale and sub-micro-scale structures in a mold using a polymer stamp. This technique has
succeeded in fabricating particles with precise size control from 50 nm to > 100 um, featuring
different shapes, different polymers (biodegradable polymers) and included surface chemistry
(94,96,97). Although, future applications of these particles for oral delivery are possible,
studies so far have mainly been focusing on more fundamental aspects related to

microfabrication and intravenous drug delivery. Their behavior in relation to oral drug delivery
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needs to be further investigated to establish their usability as oral delivery vehicles. McHugh
et al. have introduced the StampEd Assembly of polymer Layers (SEAL) fabrication technique
to create microdevices in complex geometrical forms in biodegradable polymers including
PLGA and PCL. This process combines soft lithography and an aligned sintering process to
produce <400 um sized polymeric structures (84). This process has been used to fabricate

microdevices for injection purposes for delivery of a controlled pulsatile antigen.

Previous studies have demonstrated fabrication of PLGA and gelatin microwells by first
defining the microstructures in SU-8 using photolithography and then replicated in
polydimethylsiloxane (PDMS), which serves as a mold for PLGA or gelatin (98). Fabrication
of microwells in both PLLA and PCL by the use of hot embossing has been shown in the
literature. Microwells are small devices consisting of a walled reservoir for drug loading
extending from a flat base. Hot embossing is a technique where heat and pressure are applied
on a 3D stamp into a polymer film (99). This results in a film sheet with microwells. One major
drawback with this method is that all the microwells are connected on the sheet. Obtaining
individual microwells is possible, however, this would require additional processing steps such

as reactive ion etching or by punching them out by applying higher pressure.

Fabrication of microcontainers in biodegradable polymers has been established in previous
studies (92,95,100,101). They have shown promising techniques for fabrication of
microcontainers in PLLA, PCL and PLGA. Petersen and coworkers addressed the issue of
fabricating individual microcontainers in biodegradable materials by using mechanical
punching and hot punching (92,95). The latter method is a modification of the hot embossing
technique. Abid et al. were able to fabricate microcontainers in both PCL and PLGA by a novel
fabrication technique based on compression molded polymer films and hot punching (Figure
7) (102). This process avoids the need for solvents or expensive batch processes and allows
patterning of PCL and PLGA microcontainers that are thermally bound to the underlying
poly(vinylalcohol) (PVA) substrate (release layer) in a single process. The PVA substrate is
water-soluble allowing for release of individual microcontainers. The fabrication process might
be implemented in a continuous manufacturing processes in a roll-to-roll configuration, which
potentially is applicable for other polymers. The PCL microcontainers are 304 + 3 um in
diameter and the reservoirs depth is 64.1 + 1.0 pum with a volume of approximately 2.7 nL per
microcontainer. The PLGA microcontainers are 275 £ 0.5 pum in outer diameter and the
reservoir depth is 56 + 1 um, which resulted in a volume of 1.8 nL (77,102). Some of the

advantages for using hot punching are that it is a simple and relatively cheap technique and it
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is a scalable process suitable for high structural replication of individual polymeric

microcontainers. In this PhD project, both PCL and PLGA microcontainers were used.
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Figure 7: A) Schematic overview of a fabrication process for creating microcontainers in biopolymers. 1) Here, a
poly(vinylalcohol) (PVA) substrate (release layer) is assembled with a compression molded poly-g-caprolactone (PCL) film
(device layer). 2) Hot punching is executed by applying heat and pressure with a nickel (Ni) stamp (stamp). 3) The Ni stamp
is demolded, 4) resulting in PCL microcontainers separated from the surrounding film. 5) The surrounding PCL film is peeled
off and 6) individual microcontainers are shown on the PVA substrate. B) SEM image of PCL microcontainer array after
removal of the surrounding PCL film. Adapted from (102) with permission.

2.3.3 Drug loading and drug sealing in microcontainers

Several drug loading procedures have been developed for microcontainers and similar
microdevices. This includes supercritical CO. impregnation (103-105), inject printing
(74,106,107), photolithography (72,108,109) and spin coating of drug-polymer mixtures that
are hot punched into the microcontainers (110). In addition, more manual techniques also exist
such as manual powder filling with spatula or brush (76,85), powder embossing (111) or
centrifugal compaction (112). Abid et al. showed that by combining a shadow mask with the
latter methods, it was possible to prevent drug powder from accessing the gaps between the
microcontainers, which allowed efficient loading of only the cavities (Figure 8A) (111). This
is a fast procedure where only minor equipment is needed. The optimal choice of drug loading
procedure highly depends on the physiochemical properties of the chosen drug and whether
the drug needs to be co-delivered together with a polymer or if the drug is very costly. Each
drug loading requires homogeneous filling that is reproducible and where the drug waste is
limited. The average drug loading capacity highly depends on the drugs physiochemical
properties such as stickiness, particle size and particle size distribution but also the cavity size
of the microcontainers. Mazzoni et al. were able to load 3.1 + 0.6 pg/microcontainer of a
powder mixture consisting of lysozyme and the permeation enhancer C10 (7:3) and Birk et al.
loaded 4.39 £ 0.77 pg of ciprofloxacin hydrochloride into each microcontainer (67,113). Both
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studies applied the manual loading technique with a brush and a shadow mask. In this PhD
project, a combination of manual powder filling with a brush and powder embossing has been

used together with a shadow mask.

The mentioned fabrication techniques of biodegradable microdevices often lack or need
optimization in relation to drug loading, sealing and release of individual microdevices (84,99).
Abid et al. have focused on these aspects when designing the fabrication technique of PCL and
PLGA microcontainers. The microcontainers are punched in PCL or PLGA leaving a
removable film of non-usable PCL or PLGA. This film is used as shadow mask for the drug
loading process to avoid drug deposition in between the microcontainers (Figure 8B-C). For
drug loading the microcontainers, drug is placed in a holder and pressure is applied on the

microcontainers, afterwards is the surrounding film of PCL removed.

Figure 8: Schematic overview of the drug loading process of microcontainers. A) Illustrates a shadow mask used drug loading
of SU-8 microcontainers, a) is the shadow mask, b) chip with microcontainers and c) holder for the chip (111). B) SEM image
of poly-g-caprolactone (PCL) microcontainer array after drug loading and before removal of the surrounding PCL film, C)
SEM image of PCL microcontainers after drug loading and removal of the surrounding PCL film (102). Reprinted/adapted
with permission from Elsevier and Royal Society of Chemistry.

Sealing the drug by applying a functionalized lid can provide protection from the harsh acidic
environment in the stomach and can provide release in the small intestine where most drugs
are absorbed (71). Studies have shown that an applying enteric coated lid onto the
microcontainers can provide efficient protection of the loaded drug until the small intestine is
reached (11,71). Various techniques for depositing polymeric films onto microdevices exist.
Ultrasonic spray coating has shown to be very efficient in coating surfaces such as the
microcontainers. High frequency sound vibrations forms a fine mist of polymeric solution that
is deposited and coalescenced onto a substrate. This allow film coating of planar as well as

non-planar surfaces with controllable coating thicknesses and high reproducibility (114).
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Sealing the drug into the PCL and PLGA microcontainers were obtained by spray coating the
cavity of the microcontainers with the enteric coating. Individual microcontainers were
harvested by dissolving the PVA substrate (101,102). However, the film layer of enteric
coating caused clusters of microcontainers but separation by manual force was possible. The

enteric coating film is brittle and easy to break without support from the microcontainers.

2.4 Strategies to improve mucoadhesion of microdevices

Many research groups have focused on improving the adhesion of microdevices to the mucosal
surface in order to prolong the residence time and, thereby, achieving improved drug
absorption. Several strategies have been developed to improve mucoadhesion of microdevices
such as: Polymeric functionalization, morphology of the microdevices and surface topography.
All three methods have, in this PhD project, been used to improve mucoadhesion of

microcontainers.

2.4.1 Polymeric functionalization of microdevices

Different mucoadhesive or mucopenetrating polymers can be deposited onto microdevices to
enable stronger adhesion to the mucus layer. Various techniques exist, among these are
ultrasonic spray coating, as previously mentioned in section 2.3.3, which has shown great
results in coating three-dimensional structures such as the microcontainers with various
polymers (115,116). This technique is very versatile and has a fast and reproducible outcome
of uniform film coatings that can cover most surfaces. However, this highly depends on the
polymer in focus.

Numerous polymers have shown great potential in adhering to mucosal surfaces. Each polymer
promotes various interaction possibilities to mucus, which also determines their adhesion
strength (117). One of the most promoted strategies is to use cationic polymers as they can
form electrostatic interactions with the anionic mucin chains (118-120). Chitosan is the most
studied cationic polymer mainly due to its adhesion ability, low toxicity, biocompatibility and
moreover that it is biodegradable (121). Chitosan is a natural polysaccharide consisting of N-
acetyl-D-glucoamines and D-glucosamine that are linked together via 1-4-B-glycosidic bonds
(Figure 9A). It is obtained from partly deacetylation of chitin in basic environment by
removing the acetate groups from chitin (122-124). Chitin is the second most abundant
polysaccharide found in nature and is produced in crustacean shells (125). Chitosan is
commercially available in different degrees of deacetylation and different molecular weights,

which both contribute to its viscosity and solubility (122,124). Another key characteristic of
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chitosan is that it swells in pH values above 6.2 and this gelation has been shown to control the
drug release through chitosan (126). Chitosan can interact with mucin in different ways. First,
physical entanglement into the mucus mesh is possible due to the long chain structure of
chitosan. Secondly, chitosan contains —OH and —NH> groups, which promote both hydrogen
and electrostatic bonding with mucin. Furthermore, hydrophobic interactions have also been

shown to play a role in the mucoadhesion of chitosan (120).

Poly (ethylene glycol) (PEG) is a hydrophilic neutral polymer, which chemical structure allows
very few options for interacting with mucin or any other molecule (Figure 9B). For this reason,
PEG has been introduced as a mucopenetrating polymer (127,128). However, studies have
shown that PEG also promotes adhesion to the mucosal lining. The interaction of PEG with
mucus is highly affected by its molecular weight (35). Wang et al. have shown an improved
penetration of polystyrene nanoparticles when coated with low molecular PEG weight (2 kDa)
and an increased mucoadhesion when coated with high molecular weight PEG (10 kDa) (129).
Mucoadhesion of high molecular weight PEG is believed to be related to penetration of the
long PEG chains into the mucus mesh where hydrogen bonding or chain entanglement can
occur (130,131).

Sodium alginate is an anionic linear polysaccharide derived from brown algae. Alginate
contains varying amounts of 1.4-linked-p-D-mannuronic and a-L-guluronic acid (Figure 9C).
These residues can vary in sequence and composition and can be arranged in different patterns
of blocks along the chain, which will affect the molecular weight (132). Alginate is
commercially available in different molecular weights and is often used as sodium alginate.
This polymer is widely used due to its low-toxicity, biocompatibility and biodegradable
properties together with low cost and its abilities to form a gel (133). Furthermore, alginate has
shown strong mucoadhesion in its solid state mainly through hydrogen bonding, hydration and
gelation (134). Alginate also possesses viscous slippery gel-like properties when in solution
promoting adhesion (135). Previously, sodium alginate has shown a potential improvement in
the relative bioavailability after oral dosing of sodium alginate microspheres loaded with
insulin (136).
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Figure 9: Presentation of chemical structures of the polymers applied in this PhD thesis together with a SEM images of the
polymers coating layer. A) Chitosan consists of a linear polysaccharide chain composed of random distribution of D-
glucosamine (deacetylated part) and N-acetyl-D-glucosamine subunits. Chitosan-coated microcontainers with an average
thickness of 7.82+0.48 pum is shown. B) Poly(ethylene glycol) (PEG) is a hydroxyl polyether chain and is coated on
microcontainers with a thickness of 30.57+3.45 um. C) Sodium alginate consists of linear polysaccharide chain composed of
varying amounts of 1.4-linked-p-D-mannuronic and a-L-guluronic acid. Sodium alginate-coated microcontainers are shown
with a sodium alginate thickness of 1.97+0.12 um. They are all examples of coatings applied on microcontainers in this PhD
project. The coating thicknesses are reproduced from Paper I1. All scale bars represent 50 um.

Numerous polymers are classified as being mucoadhesive, but in general all materials that have
the possibility of forming hydrogen bonding, hydrophobic interactions or any other type of
interactions with the mucus layer can adhere to mucus. All microdevices fabricated in
polymeric materials might show some degree of adhesion. Utilizing fabrication techniques for
a broad variety of polymers can promote the possibility of fabricating mucoadhesive

microdevices without further processing steps.

2.4.2 Morphology of microdevices

Morphology based approaches for promoting adhesion of microdevices have been utilized by
many, consequently resulting in a variety of different shapes and sizes. Both parameters are
believed to affect microdevices behavior and performance in in vivo settings, mainly explained
by the contact area to mucosa and by their movement when exposed to a flow in the Gl tract
(72,137,138). Size differences of polymeric carriers have shown to influences the flow
properties, clearance and degradation in the mucus layer located in the small intestine
(139,140). The shape of the microdevices are believed to play a part in their ability to adhere
to the mucosal surface. Many different shapes have been developed over the years such as
cylindrical, planar, squared and triangular (74,78,85). Chirra et al. introduced a flat or planar
device shape with the dimensions of 200 pm in diameter and a thickness of 7.5 pm
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(74,109,141). This planar geometry showed promising abilities of adhering in vivo in mice Gl
tract explained by 1) an increased contact area available for interaction with the epithelium in
the Gl tract and 2) decreasing the force applied on the microdevices from the fluid flow in the
Gl tract. These planar microdevices reported better adhesion to the proximal and medial
intestine compared to microspheres with the same surface area. In the colon, microspheres were
retained approximately two times more than the microdevices (Figure 10A) (72).

In contrast to the planar microdevice has high (approximately 300 pm) cylindrical
microcontainers shown an increase oral bioavailability of ketoprofen and furosemide, which
was explained by their ability to adhere into the mucosal surface (Figure 10B) (11,85). The
high microcontainers have a larger surface for adhesion compared to the more planar
microdevices and both showed great potential in adhering to mucosa. High microcontainers are
also heavier than the more planar microdevices and thus, they can promote deep embedment
into mucus. Christfort et al. developed cylindrical, cubic and triangular shaped microcontainers
with the same surface area and compared their ability to adhere in the colonic mucus layer.
They saw that the number of corners, edges and surfaces strongly influence retention of
microcontainers to the mucus layer (Figure 10C-E) (78).

More advanced shapes have also been developed to improve mucoadhesion, examples are
multiclawed devices with sharp microtips to latch onto the mucosal tissue (82). They have been
designed with thermal-sensitive grippers, called microtips, which attach themselves into the Gl
mucosa allowing extended drug release. This device showed excellent retention to the colonic

mucus layer as well as increase rectal bioavailability of ketorolac (Figure 10F).

This clearly demonstrates how both size and shape of microdevices play a great part in
improving their ability to adhere to mucus.

20



Figure 10: Overveiw of microdevices with different morphologies. A) SU-8 fabricated patches loaded with mulitiple different
drugs into the three reservoirs (72,142). B) Originally high SU-8 microcontainers (89). C) SU-8 cylindrical microcontainer
with the same surface area as D) SU-8 squred mircrocontainer and E) triangular SU-8 microcontainer (78). F) Thermal-
sensitive grippers for rectal administration that can grap onto the colonic mucosa to increase retention time (81).
Reprinted/adapted with permission from John Wiley and Sons, American Chemical Society, Multidisciplinary Digital
Publishing Institute, American Association for the Advancement of Science.

2.4.3 Surface topography of microdevices

Topography-mediated adhesion represents an alternative approach for promoting
mucoadhesion. Micro- and nanofeatures at the interfacial surface has shown increased adhesion
to mucosa mainly explained by the increased surface area. This field has been greatly inspired
by the ability of insects and lizards to adhere to surfaces by the help of hundred thousand micro-
sized hairs (143). Structuring of surfaces will result in an increased surface area but also an
increased roughness of the surface. Both are believed to improve the adhesion to mucosa as
well as prolonging the retention time (144). The concept of planar microdevices mentioned
previously was further developed with inclusion of nanostraw structures on the surface of the
devices. The authors observed an enhanced bioadhesion, when compared to similar
microdevices without nanostraws, in a Caco-2 cell flow system (Figure 11A-B) (75). Fox et
al. believe that the increased adhesion is due to penetration of the nanostraws into the mucus
layer, which prevents detachment of the devices due to increased interfacial surface area and
hampered lateral movement of the device (75). This has also been demonstrated by Fischer et
al. that silicon nanowires on glass microbeads increased adhesion to epithelium both in vitro
and in vivo. Under in vitro mucus flow, they saw that microbeads with longer nanowires
showed better resistance at higher shear forces than shorter nanowires or lectin coated
nanowires. Lectin is a carbohydrate-binding protein, which can bind to a multitude of lectin
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binding sites along the GI tract (145). When comparing microbeads with nanowires to a control
without nanowires, they saw a 100-fold increase in the force needed for dislodgement. Under
in vivo conditions, nanowire microbeads increased residence time in the Gl tract by 10-folds
when compared to control without nanowires (Figure 11C) (146,147). Vaut et al. tested
mucoadhesion of 3D printed devices with different anchor-like surface structures and they saw,
up to two-fold increase in adhesiveness to the mucosal surface when compared to a control
without the presence of the surface structures (Figure 11D-G) (148). Nano- and micro-surface
structures clearly show an improvement in surface adhesion, thereby, making it a promising
strategy for enhancing mucoadhesion of microdevices. However, this strategy is limited by the

fabrication method and the resolution of the desired structures on the device.

Figure 11: Illustration of microdevices with different topography. A) Sealed microdevice with nanostraw membranes and B)
is a zoom-in of the nanostraw membrane, illustrating the nanostraws (75). C) Nanowire-coated microspheres and the arrow
indicates an area with a reduced amount of nanowires (147). D-G) Demonstrates microcontainers fabricated with altering
surface topography. D) Surface topography with large branching edge anchors E) Small branching edge anchors applied on
the container surface F) overhang and straight anchor spikes on the surface G) Bioinspired surface design with phage-style
and straight anchor spikes (148). Reprinted/adapted with permission from American Chemical Society.

2.5 Methods to study mucoadhesion

Mucoadhesion was defined back in the 1960’s and ever since, researches have invented new
ways for analyzing mucoadhesion. Mucus is a complex network of mucin monomers and is
very easily affected by its surroundings. This highly compromises the reproducibility of
adhesion tests. Several methods have been developed to evaluate mucoadhesion, each
contributing to both limitations but also valuable insight into the nature of mucoadhesion. In

this paragraph, a few methods will be elaborated as they have played a part in this PhD thesis.
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2.5.1 Flow through method

The flow through method was first described by Rao and Buri in 1989 for testing bioadhesion
of microparticles (149). This method has often been used to estimate mucoadhesion of different
pharmaceutical dosage forms administered in regions where the mucosal surface is highly
exposed to a continuous flow, such as the GI tract. Over the years, this method has been
modified and new features have been added for optimization (150,151). The principle of the
flow through method is illustrated in Figure 12. The typical principle is that a mucosal surface
is placed on a slide/ holder that allows the tissue to be fixated in a desired angle. A chosen
dosage form, such as a microdevice, is then placed on the tissue and allowed to interact with
the surface of the tissue. A flow of simulated body fluid is then initiated and maintained. The
dosage forms retention to the mucosal surface gives an idea of its ability to adhere to mucosa
(149,152). This method has especially been used to evaluate mucoadhesion of microdevices as
their adhesion is challenging to determine by other methods such as rheology and tensile forces
(67). Microdevices are made in solid polymers and these can potentially damage the very
sensitive equipment surface and interfere with the measurements. This removes the possibility

of measuring adhesion by the use of the commercially available rheometer.

Devices in the micrometer size range makes it difficult to measure tensile forces. The devices
are too small for allowing tensile force measurements with the commercially available texture
analyzer due to force limitations of the instrument. Measuring tensile forces with atomic force
microscope is also compromised by the size of the microdevices as they are too big (153). The
flow through method has shown promising results in determining mucoadhesion of both

microparticles, dual-sided devices and microcontainers (115,150,151).

Figure 12: Schematic overview of the flow through principle, which consists of a tissue piece placed in an angle on a angle
holder (A). The tested microcontainers are placed on the tissue and a continous flow is initiated (B). Underneath is placed a
filter (C) where fluid and microcontainers are collected. An automated sample collector is shown underneach the tissue (D).
Reprinted/adapted with permission from (77).
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2.5.2  Texture analyzer

The texture analyzer is a commercially available instrument often used for measuring tensile
forces required to detach a polymer sample from a piece of tissue. The instrument consists of
a vertically movable stand that is attached on a stationary platform (Figure 13). The desired
sample is attached to a probe mounted on a movable stand. A piece of animal tissue or hydrogel
(whatever is desired to test adhesion to) is attached to the stationary platform. The movable
stand is then slowly lowered downwards to the stationary stand where the tissue is placed. After
reaching a given resistance between the sample and mucosa is the downward movement ended.
Attachment is then held between the two surfaces and after a fixed time the sample is lifted
from the tissue. The force needed to detach them is called detachment force and gives a relative

adhesion value between the two surfaces.

Despite the simplicity of the instrument, many considerations are needed before conducting
tensile force measurements as many factors can affect the outcome. Individual settings such as
contact time and contact force are required for each sample to achieve optimal measurements
(154,155). This compromises the possibility of comparing samples which, therefore, is rarely
seen in the literature. Thus, all samples are conducted with the same settings to enable
comparison (156). Comparing mucoadhesive results from the literature is not possible as test
parameters and test environments are different (154,155). In general, force measurements can
easily be affected by outer additives such as tissue variations, pH, ionic strength, temperature
and hydration or dehydration of the tissue (155). Some of the factors are controllable, however,
tissue variation and tissue conditions during the measurements are difficult to control and
measure. The use of animal tissue for testing mucoadhesion contributes to large standard
deviations of the measurements, which often results in no statistical evidence in the comparison
of adhesion forces (157). Tissue variations are a huge disturbing factor of tensile force
measurements and precautions are highly recommended when interpreting tensile force

measurements (155).
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Figure 13: Schematic illustration of the texture analyzer for measuring tensile adhesion forces between mucosa and sample
surfaces.

2.5.3  Reproducible data and experimental design

Evaluation of mucoadhesion often requires the use of a mucosal surface obtained from animals,
which often contributes to large variation in data and compromises statistical evidence in the
results. This is commonly known, especially in the pharmaceutical research field where
animals often are used in pre-test of drug delivery systems. Many groups have developed
artificial mucus simulating native mucus to prevent the need of animal tissue both from an
ethical point of view but also to obtain more reproducible data that can be compared across the
research field (158). This has resulted in some simple single component dispersions of mucin
or hyaluronic acid (159). More complex mixtures have also been developed by mixing mucin,
diethylene triamine penta-acetic acid, egg yolk and DNA (160). Boegh et al. demonstrated a
potential in vivo-like biocompatible mucus, based on relevant constituents, similar barrier
properties as mucus and similar rheological properties to porcine intestinal mucus (158).
However, using artificially-made physiological mucus can also give a poor in vivo/in vitro
correlation, as biological variation always will be a part of in vivo experiments. In vitro pre-
evaluation before ex vivo and in vivo studies is, however, a useful tool and can provide

indications to the behavior of a given drug delivery system.

Another strategy for improving reproducibility when evaluating mucoadhesion is by using the
correct statistical design. Poor experimental design is a mutual problem across all scientific
fields and awareness to poor reproducibility in research has gained much attention in the
research world. Many researchers believe that poor reproducibility can be improved by “more

robust experimental design”, “better mentorship” and “better statistics” (161). In general,
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laboratory scientists have insufficient exercise in statistical methods and study design (162).
Therefore suggest loannidis and coworkers that a statistician and/or methodologist should be
involved in all stages of a research project (162). Good experimental designs and stronger
understanding of statistical methods are needed to improve the reproducibility and validity of

data.
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3 Results and Discussion

The following section has been divided according to the papers presented in this PhD thesis
(Paper I-1V). Each subsection represents the overall purpose, as well as a part describing and
discussing selected results of the paper alongside the methods, further observations, and
challenges associated to each part of the work. Furthermore, the connection and relations

between the papers will be elaborated.
3.1 Ex vivo intestinal perfusion model for investigation of mucoadhesion of
microcontainers

This subsection presents results obtained in Paper | “Ex vivo intestinal perfusion model for

investigation of mucoadhesion of microcontainers” (full paper, see Appendix I).
Purpose

The aim of this study was to develop and evaluate an ex vivo perfusion model and to test the
mucoadhesion of microcontainers with different morphology as well as their orientation at the

mucosal surface.
Outcomes

This study was conducted to establish the foundation of this PhD project. The overall adhesion
of microcontainers had to be established to emphasize the need of improvement in regard to

mucoadhesion and how they oriented themselves at the mucosal lining.

Perfusion model

To understand the behavior of the microcontainers in vivo, a new model had to be established.
The established perfusion model was highly inspired by the flow through model developed by
Rao and Buri (149). The main difference in the two setups is that the new perfusion model
keeps the intestinal tissue intact (piece of untreated small intestine from a pig) to maintain a
closed system resembling the in vivo conditions (Figure 14). Maintaining a closed system
minimizes disturbing factors such as fast dehydration, which affects the viscosity and
adhesiveness of the mucus layer (48,49).
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Figure 14: Schematic overveiw of Paper |, illustrating A) the tested microcontainers with different morphology and fabrication
materials. B) the experimental perfusion model and C) illustrates the main outcome of the experiemental tests, which includs
orientation, mucoadhesion and drug release.

Morphology of microcontainers

To evaluate the newly developed ex vivo model, microcontainers in different heights, sizes and
materials were tested in relation to their mucoadhesion and their orientation on the mucosal
surface after exposure to a continuous flow (Figure 14). Microcontainers have shown to engulf
themselves into mucus after both in situ and in vivo studies. This indicated that microcontainers
(called high microcontainers in this study) without any modifications showed promising
adhesion to mucosa (11,85). Fabricating microcontainers in the biodegradable and
biocompatible polymer, PCL was carried out by Abid et al. (100). Comparing the ability of
mucoadhesion of SU-8 and PCL microcontainers were very interesting to establish the effect
of the fabrication materials on adhesion. To enable a better comparison, low microcontainers
were fabricated in SU-8 to resemble the height of the PCL microcontainers. Comparing low
(108 £ 11 pm) and high (257 + 4 um) SU-8 microcontainers were also interesting because, as
Chirra et al. have stated, planar microdevices (height of 7.5 um) result in an enhanced retention
time in mucus as the planar surface experience low shear stress and can remain longer in the
intestine (72,74). The triangular microcontainers were developed to investigate the impact of
edges on mucoadhesion of SU-8 microcontainers and whether they were more prone to adhere
and be engulfed by mucus (59).
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Drug loading and drug release

In this setup, it was necessary to select a model drug that possessed fast release, was easy to
load into microcontainers and was easy to detect. Paracetamol was chosen due to its low
toxicity, high water-solubility and ease of access (163). A fast release was required to be able

to detect the drug concentration through the perfusion study, only running for 30 min.

Mucoadhesion of microcontainers

The mucoadhesion of microcontainers with different heights, shapes and materials was
estimated based on their observed position on the intestinal tissue after exposure to a
continuous flow. The movement of the microcontainers gave an estimate of the adhesion of
microcontainers to mucosa. Meaning, the longer the microcontainers moved in the intestine the
less they adhered. High microcontainers were compared with low microcontainers, both
fabricated in SU-8, and they showed similar behavior. The majority was adhering in the start
section of the tissue rather than in other sections (77.6 £ 25.1 % and 80.8 + 12.9 %, respectively)
(Figure 15). Triangular and low microcontainers (also fabricated in SU-8) were also highly
dominating in the start section of the tissue compared to the other sections (67.1 + 13.8 % and
80.8 £12.9 %, respectively). Significantly more of the triangular microcontainers were present
in the middle part than observed for the low microcontainers. This could indicate that the sharp
edges were able to adhere to mucosa after disruption from the mucosal surface, which was not
observed for the low microcontainers. PCL microcontainers were compared to SU-8
microcontainers with the same height, and here, the SU-8 microcontainers appeared to be more
adhesive than PCL microcontainers. Further optimization of the PCL microcontainers might
be needed to facilitate drug release directly into the mucus layer. This could be obtained by
applying mucoadhesive coatings on the cavity ensuring adhesion between the cavity and
mucosa. This led to the development of Paper IV, where adhesion and degradation of PCL
microcontainers were investigated. The adhesion between the varying shapes and mucus is
believed to be controlled by the different contact surfaces between the microcontainers and
mucosa. The high microcontainers had a larger contact surface than the low microcontainers if
both were lying sideways and would, therefore, be expected to adhere more to the mucus layer
(75).

All four types of microcontainers showed good adhesion properties as the majority of the

microcontainers were found in the beginning of the tissue. This emphasizes the observations
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done by Mazzoni et al. and Nielsen et al. where the microcontainers show promising adhesion

to mucosa after in vivo and in situ studies (10,11).
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Figure 15: Percentage of microcontainers placed in the start, middle, end and exit on a piece of small intestine from a pig after
ex vivo perfusion studies. Graphs showing A) comparison of microcontainers with varying heights of high microcontainers
(257 + 4 ym) and low microcontainers (108 + 11 pm), B) comparison of triangular (tri) and cylindrical (low) shaped
microcontainers and they processed similar heights and C) comparison of microcontainers fabricated in different materials of
poly-g-caprolactone (PCL) and SU-8, but with similar heights. Data represents mean + SD with n=4.* indicates significant
difference.

Orientation of microcontainers

Controlling the unidirectional drug release from the microcontainers directly into the mucus
layer is believed to play a major part in achieving increased oral absorption. The orientation of
microcontainers at the mucosal surface was investigated (Figure 16). The microcontainers
were categorized into the following orientations: sideways, up/down (up: cavity pointing away
from mucus or down: cavity pointing into mucus) and deeply covered in mucus. The high
microcontainers were mainly lying sideways, whereas the low microcontainers were mostly
lying up or down in mucus. Both the triangular and low microcontainers were mainly lying up
or down in mucus and showed similar orientation in general. Significantly more of the PCL
microcontainers were lying up or down compared to the SU-8 microcontainers. The orientation
of the microcontainers was strongly controlled by the height of the microcontainers. The data
indicated that high microcontainers were mainly half embedded into the mucus, which means
that the drug was released very close to the epithelial lining, whereas the low microcontainers

were either positioned with the cavity away from mucosa or directly into mucosa.
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The orientation of the microcontainers matters in regard to drug absorption, however, the drug
release profile affects this process. Most drugs diffuse out of the microcontainers due to a
concentration gradient, and if this process occurs fast, the drug will probably not be able to be
as up-concentrated as if the drug release was slower. Simply explained, the microcontainers
will not be able to attach themselves before drug release. Paracetamol has shown to be released
from microcontainers within 2 h, however, the estimation of the time needed for the

microcontainers to be established in the mucosal surface in vivo still needs to be clarified (164).
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Figure 16: Percentage of microcontainers oriented sideways, up/down or deep in the surface of the small intestine of a pig
after ex vivo perfusion studies. Diagrams showing A) orientation of high (257 + 4 um) and low (108 = 11 pm) microcontainers,
B) orientation of triangular (tri) and cylindrical microcontainers (low) and C) orientation of poly-g-caprolactone (PCL) and
SU-8 (low) microcontainers. Data is represented as mean + SD with n=4. * indicates significant difference.

Further development of the newly designed perfusion setup could strengthen the model and
may better resemble in vivo conditions. Applying peristaltic movement to the model (not just
a peristaltic pump) could potentially give the ideal setup for testing mucoadhesive
microdevices behavior ex vivo. In addition, simulating food passage could be used to challenge
the ability of the microcontainers to adhere to mucosa, and testing the adhesion of the
microcontainers during extreme conditions, such as a high perfusion flow, increased vertical

tissue angle, could also potentially indicate the adhesion forces between the microcontainers
and mucosa.

Drug permeation

An in vitro cell model of Caco-2 cells with an applied mucus layer was investigated, in relation
to the perfusion setup, to be able to estimate the impact of adhesion of the microcontainers and
the orientation on drug permeation. This work was not included in Paper | and therefore
unpublished as more studies were needed. Permeation through a realistic mucus layer could
elucidate the impact, the unidirectional release has on drug permeation in vitro. A mucus-
secreting Caco-2/HT29-MTX-E12 co-culture monolayer is available but several studies have

experienced a secretion of a non-coherent mucus layer which, thereby, indicates poor barrier
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properties of the mucus layer (165). Jargensen et al. compared permeation of insulin across
both a Caco-2 cell monolayer and a Caco-2/HT29-MTX-E12 monolayer when dosed in
microcontainers. No significant difference was observed in insulin transport across the two cell
cultures (112). This could indicate that insulin transport was not hampered by the mucus layer
present on the Caco-2/HT29-MTX-E12 co-culture. There could be several reasons for this
outcome and one of them could be a poorly covering mucus layer. In this respect, a Caco-2 cell
culture combined with a mucus layer could be used for evaluating permeation across mucus.
A study was conducted to observe if different sources of mucus could be applied onto Caco-2
cells. Two different mucus sources were investigated, porcine small intestinal mucus was used
in its native start and as purified mucus as described by Fabiano et al. (166). Caco-2 cells
incubated with HBSS buffer or the two mucus sources were stained with alcian blue, which
showed that both mucus sources were attaching to the cell surface. Further studies were needed
to evaluate the attachment between mucins and the cell surface. Cell viability tests were
conducted to evaluate if the Caco-2 cells were compatible with the mucus sources. However,
the mucus sources interfered with the measurements, which made the viability test less reliable.
A permeation study was conducted to determine permeation of amorphous sodium salt of
furosemide (ASSF) through Caco-2 cells applied the two mucus sources. High permeation was
seen for Caco-2 cells applied mucus, which could be explained by a damage cell layer.
Unfortunately, we were not able to make Caco-2 cells compatible with the applied mucus
sources and further studies are needed to make them more compatible.
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3.2 General experimental design for testing adhesion to mucosal tissue

The following subsection presents results based on Paper 11 “General experimental design for

testing adhesion to mucosal tissue” (full paper, see Appendix II).
Purpose

The aim of this study was to provide statistical guidelines for designing, analyzing and
evaluating ex vivo experiments to obtain reproducible results with smaller standard deviations.
To validate the statistical design, tensile force measurements of different topographies were
tested and compared as a case study to emphasize the effect, these statistical guidelines have

on the results (Figure 17).

Without statistical  Statistical evaluation
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Figure 17: Shcematic overveiw of Paper Il illustrating a texture anlyzer, the surface topographies tested and that the tensile
force measurements were evaluated with and without statistical evaluation. The aim were to improve the reproduciblity of
tensile force measurements on tissue.

Outcomes

PDMS microstructures

The texture analyzer has been highly used in the pharmaceutical industry to determine
mucoadhesive forces (167). To elucidate the adhesive properties of different surface
topographies, we tested surfaces with micropillars and surfaces with microcavities (Figure 18).
Increasing the surface area has shown to promote and enhance adhesion to mucosa (168). This

is in accordance with the mechanical theory of mucoadhesion (introduced in the section 2.2.2),
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as the pillars and cavities introduce a rough surface. Clarifying the effect of surface topography
on mucoadhesion was desired before initiating challenging fabrication processes to obtain
microcontainers with surface structures. The following microstructures were investigated in
this study: T1 microcavities, T2 micropillars, T3 microcavities and T4 micropillars (Figure
18). The micropillars in T2 were longer than T4 (60 um and 15 pum, respectively) and they
have a tendency to bend, which makes the surface more smooth and less pillar-like. T4
facilitated pillar-like structures that were more closely placed than for T2. The largest
difference between the microcavity surfaces was the cavity width, which were twice as large

for T3 compared to T1.

T1

t‘lSpm P

s 4pm
5um
25 pm

Figure 18: Schematic overview of the four microstructures investigated. T1 PDMS surfaces processes microcavities, T2
PDMS microstructures has long micropillars, T3 PDMS also has microcavities and T4 PDMS surfaces show short
micropillars. Scale bars represents 10 um.

After initiating tensile force measurements, it became evident that large test variations were
affecting the results and that it was difficult to obtain reliable results. This led to Paper 11, as
it was realized that a suitable evaluation was needed to eliminate disturbing factors and make

the results more reproducible.

To determine the disturbing factors, a PDMS microstructured surface T1 was measured ten
times with the same parameters on the same piece of tissue in 4 replicates (Figure 19). These
measurements showed linear fits but all four fits were very different from one another and the
measurements were either decreasing or increasing over time. Both these observations made it
clear that tissue variations and time of the measurements affected the measured tensile forces.
Eliminating such factors could potentially improve the measurements and give a more realistic

evaluation of the effect of the topographies on tensile forces.
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Figure 19: The four graphs shows repeating peak force measurements of PDMS microstructure T1 to four different porcine
intestinal tissues (each piece represents each graph). n = 10.

Tissue variations

One way to correct for tissue variations in the tensile force measurements was to conduct
baseline measurements of the tissue before and after each measurement. A flat PDMS sample
was used as baseline sample. The flat measurements before and after each actual sample gave
an indication of the adhesiveness of the tissue (Figure 20). As stated previously, tissue
variations is a well-known phenomenon and even site to site variations on the same tissue piece

occurs.

Time variations

The time aspect was also shown to affect the measurements, as indicated in Figure 19. Over
time, the tissue will be affected by either hydration or dehydration depending on how water
rich the surrounding environment was. Furthermore, ionic strength and pH can influence the
mucus layer. To eliminate the variations due to passing time, the samples corresponding to
different topographies were measured in a random order, to make sure that time affected the
measured topographies equally. Figure 20 shows all the measurements of both flat baseline
samples and the four different topographies.
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Figure 20: Peak force (N) measurements of different PDMS microstructures (T1, T2, T3 and T4) displayed in a random rang
order, illustrated by the red dots. The black squares represents the baseline points, measured with a flat PDMS sample,
connected by a dotted line. Each graph represents results from different pieces of porcine intestinal tissue. n = 9.

Statistical evaluation

To illustrate the value of the statistical design, in Figure 21 is shown the peak forces for the
different topographies with and without statistical evaluation. Figure 21A shows raw peak
force values where tissue and time variations still interfere and affect the estimated peak forces.
Figure 21B shows the estimated peak forces corrected for tissue and time variations. Applying
the statistical design, removed the effect of disturbing factors such as tissue and time variations.
As a consequence, the peak forces were about two-fold lower than the raw peak forces,
however, T4 was now significantly higher than all the other microstructures. Eliminating the
interfering forces of tissue and time resulted in lower values as the forces only represents the
topographies peak forces. The statistical design successfully eliminated the interfering effect
of tissue and time variations. After applying the statistical evaluation, the confidence interval

became closer to 0, indicating that the measured mean is more reliable.
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Figure 21: Peak force measurements of the different PDMS microstructures (T1, T2, T3 and T4) conducted on four different
pieces of porcine small intestinal tissue. A) The plot represents raw peak force estimates and B) the graph shows peak force
estimates after evaluation with the statistical guidelines presented in this study. All the estimates are shown as estimated peak
forces + confidence intervals (95 %). n = 4.

Surface topography

The results, after the statistical evaluation, clearly demonstrates that micropillars have an
enhanced adhesion to mucosa compared to the microcavities. However, this was only the case
for one of the micropillars topography, T4, and not for T2. The micropillars of T2 was longer
than the T4 and longer pillars have an increased tendency to bend, which makes the surface
smoother and less pillar-like. The T4 topography presents pillar-like structures that are placed
more closely than for T2. Both micropillars and microcavities processes an increased surface
area compared to plane surfaced, pillars are more adhesive, which could be explained by the
higher surface roughness and the fact that they get entangled more easily into the mucus
network. Applying micropillars on microcontainers would most likely enhance the adhesion
and result in a longer retention time at the mucosal surface. Christfort et al. have recently
demonstrated how to fabricate microcontainers with microstructures and tested them in a
closed-loop intestinal perfusion model in anesthetized rats. However, no significant
enhancement in mucoadhesion was seen then compared to microcontainers without
microstructures (78). This could be explained by the size of the pillars on the microcontainers,
which were 41 um in height and 35 pum in diameter. Fox et al. have demonstrated an increased
adhesion in vitro and ex vivo when modifying the microdevice surface with pillars
approximately 60-160 nm (75). The studies presented in this thesis demonstrates an improved
adhesion ex vivo when applying micropillars on PDMS surfaces. Applying micropillars could

potentially increase the adhesion of microcontainers to mucosa, however, the size of the pillars
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appears to have an important impact on adhesion to mucosa. Further studies have to be

conducted to elucidate that statement.
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3.3 Optimization of mucoadhesive coatings on microcontainers for oral drug delivery

The following subsection presents results obtained in Paper Il “Optimization of

mucoadhesive coatings on microcontainers for oral drug delivery” (for full paper, see Appendix

).
Purpose:

The aim of this study was to determine the optimal mucoadhesive coating on furosemide-

loaded microcontainers to achieve an efficient adhesion to the intestinal lining.
Outcomes:

In previous studies, microcontainers have been coated with different polymeric coatings to
achieve specific behaviors in the Gl tract (115,116,164). Different polymers have been used,
but the impact of the polymer thicknesses on mucoadhesion has not been investigated until
now. Paper Il addresses the question whether the thickness of polymeric coatings has an
effect on drug release and the ability to adhere to the mucosal surface in the small intestine
(Figure 22).
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Figure 22: Schematic overview of the conducted experiments aimed to establish the optimal polymeric coating for obtaining
mucoadhesive microcontainers without compromising the drug release profile.

Experimental setup and drug loading

The mucoadhesiveness of the polymer-coated microcontainers was first evaluated in the ex

vivo perfusion model developed in Paper I. Evaluating mucoadhesion of the polymer-coated
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microcontainers with the perfusion model enabled easier comparison to the results obtained in
Paper 1. This elucidated the two different adhesion strategies, morphology or polymeric
coatings and their impact on mucoadhesion. The perfusion model was, however, not suitable
for evaluation of polymeric coatings that swells. Chitosan swells when in contact with aqueous
solutions above pH 6.2 (126). In the perfusion model, microcontainers were inserted into the
small intestine in a capsule that slowly dissolved and allowed slow hydration of the chitosan
coating. In this study, the swelling of chitosan showed, to improve its interaction with mucus,
but also showed to result in accumulation of microcontainers (they clump together). This
resulted in a prolonged release profile as the drug has to diffuse through the chitosan hydrogel.
Moreover, the aggregation of the chitosan-coated microcontainer will prevent them from being
spread out in the small intestine to target a larger surface area. This behavior can have a major
impact on in vivo results, and complicate the administration of chitosan-coated
microcontainers. For this reason, the flow through model was used for evaluating the

microcontainers mucoadhesion when applied polymeric coatings.

Furosemide was utilized as model drug in this study. Furosemide is a weak acid (pKa 3.5 and
9.9) with poor aqueous solubility of 5-20 pug/mL at pH 7 and has a low intestinal permeability
(BCS class 1V compound) (169-171). Furosemide is challenged by site-specific absorption, in
the stomach, but mainly in the upper part of the small intestine resulting in inter- and intra-
individual variation of oral bioavailability (20-60 %) (172,173). Granero et al. describe that
the dosage form of furosemide and food passage highly influences furosemides intestinal
absorption (172). This clearly emphasizes the need for improving the absorption of furosemide
and to reduce the varying oral bioavailability. Furosemide as a poorly soluble drug was selected
in order to investigate the ability of the microcontainers to release the drug unidirectional.
Highly water-soluble drugs will quickly be released from the cavity of the microcontainers and
will most likely be more challenging to up-concentrate at the intestinal lining. Evaluating the
effect of unidirectional drug release from microcontainers and how they orient themselves can

be difficult under in vivo conditions if the drug is highly water-soluble.

Polymeric coatings

Chitosan, sodium alginate and PEG are three well-known mucoadhesive polymers that have
shown strong adhesion to mucus. They were selected due to their diverse polymeric properties
and their different abilities to interact with mucus (see section 2.4.1). Three different
thicknesses of each polymer was spray coated on furosemide-loaded microcontainers. The
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selected coating thicknesses were based on the coating quality and data obtained from
unpublished studies. Chitosan and PEG showed smooth coherent coating layers on the
microcontainers. On the other hand, sodium alginate showed less coherent and a rough coating
layer on the microcontainers (Figure 23).

Drug release through the polymeric coatings

In this study, neither PEG nor sodium alginate affected the release profiles of furosemide
compared to non-coated microcontainers. Chitosan-coated microcontainers gave rise to a
sustained release of furosemide, and all three chitosan thicknesses showed a significant
reduction in the release of furosemide compared to release from non-coated microcontainers.
Interestingly, no significant difference was observed between the three chitosan thicknesses
after 1 h of release (approximately 40-48 % released). The release of furosemide from chitosan-
coated microcontainers was prolonged when compared to non-coated microcontainers and 100
% release was observed after 7 h. The drug in question plays a major role when evaluating the
release profile through mucoadhesive coatings. Birk et al. observed that the release profile of
ciprofloxacin through an 8.9+0.7 um thick chitosan layer was affected greatly as it took 28 h
to release 100 %, whereas ciprofloxacin was released completely from non-coated
microcontainers after 7 h (116). The desired release profiles from the microcontainers highly
depends on the intended drug response. Often a fast release is desired as transit time of the
microcontainers through the small intestine has been shown to range between 0.5 — 4 h (24).
However, a sustained release was not a problem for mucoadhesive microcontainers as they can
increase the retention time at the mucosal surface to some extend and, thereby, achieve the
desired drug response. Mucus is constantly secreted from the epithelial lining, and its turnover
time has been estimated to be between 47-270 min (33). The turnover time clearly challenges
mucoadhesive formulations with the desire of a slow release profile. The outer mucus layer,
where the microcontainers are adhering, will most likely detach itself from the more coherent
mucus layer and both mucus and microcontainers will follow the passage of fluid and food
down the GI tract. Sodium alginate and PEG are both water soluble and may not be able to
maintain the microcontainers at the mucosal surface to ensure complete drug release of a

sustained drug release profile.

Mucoadhesion of polymer-coated microcontainers

Only minor differences were observed between the different thicknesses of each polymer when

evaluated on the flow through setup. Approximately 80 % of the chitosan-coated
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microcontainers adhered to mucosa, whereas 50 % and 60 % of sodium alginate and PEG-
coated microcontainers adhered, respectively (Figure 23). All three polymer-coated
microcontainers showed a significantly higher adhesion to mucosa than non-coated
microcontainers. Adhesion has been explained by different theories (see section 2.2.2).
Adhesion of the polymers are believed to follow different adhesion theories such as the
diffusion theory that explains adhesion due to entanglement between mucus and polymer
chains, which all the three polymers are believed to do. The absorption theory describes
adhesive attachment through chemical interactions, which is applicable for all three polymers.
The electrostatic adhesion theory can be evident for chitosan as it can form electrostatic

interactions with mucin.

Testing more newly developed mucoadhesive polymers could be interesting for future studies
such as thiolated chitosan. Thiolated mucoadhesive polymers have gained much attention as

they have shown to interact strongly with mucus as disulfide bonds can be established (174).
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Figure 23: The plots illustrate the ability of polymeric-coated and non-coated microcontainers to adhere to the mucosal lining
of the small intestine from a pig. Black bar represents adhesion of non-coated microcontainers. A) Adhesion of chitosan-coated
microcontainers coated with different thicknesses. SEM images of the three chitosan thicknesses are shown underneath the
graph. B) Adhesion of sodium alginate-coated microcontainers in different thicknesses. SEM images of the three sodium
alginate thicknesses are shown underneath the graph. C) Adhesion of PEG-coated microcontainers in different thicknesses.
SEM images of the three PEG thicknesses are shown underneath the graph. Black lines with * indicate significant difference
in the adhesion of non-coated microcontainers and microcontainers coated with the different mucoadhesive polymers. Data
represent mean £ SD, n = 4-5. All scale bars represents 50 um except for A(3um) which represents 20 pm.

Tensile forces between mucus and a single microcontainer could give a great insight into the
actual mucoadhesive forces of polymeric-coated microcontainers and how the coating layer is

behaving when retained. A special load cell was developed for the commercially available
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texture analyzer to enable tensile force measurements of single polymer-coated
microcontainers. Tests were conducted, but were not reliable due to a lack of sensitivity of the
setup, thus, the results were not included in Paper I11. Further optimization of tensile force
measurements of single microcontainers is currently ongoing in the research group. One could
upscale the whole microcontainer (make them bigger) to be able to measure tensile forces, but
this would still give a false perspective on how the microcontainers would behave in in vivo

settings.

Targeting specific areas of the GI tract is a major challenge. Addressing mucosal targeting is
difficult to control as polymeric coatings can interact and adhere to many surfaces down the
Gl tract. First and foremost, surfaces coated with a mucoadhesive polymer can interact and
adhere to one another, which can prevent them from interacting with the mucosal surface.
Secondly, mucoadhesive surfaces can interact with loose mucus as well as food residuals that

are present in the intestinal lumen and, thus, prevent drug release close to the epithelium wall.

The microcontainers with polymeric coatings showed stronger adhesion to mucosa than non-
coated microcontainers ex vivo. This was, however, not evident for Christfort et al. when
evaluating PEG- and chitosan-coated microcontainers in vivo (164). No significant differences
were observed for paracetamol absorption when delivered orally in microcontainers coated
with either chitosan, PEG or Eudragit® $100. High forces are present in vivo, such as peristaltic
forces and passage of fluid/food. The force required for retaining a microcontainer to the
mucosal surface needs to be very strong to overcome the applied forces under in vivo
conditions. Addition of peristaltic movement in the flow through setup would clarify the forces

needed to enable retainment of the microcontainers at the mucosal surface.

This study highlights an improved adhesion ex vivo when applying chitosan-coatings on the
cavity of the microcontainers. Whether this is evident in vivo needs to be investigated.
Numerous research groups have studied polymeric coatings to obtain adhesion to mucosa as
well as to enhance the resident time at the mucosal surface (21,56,57,175). Many have
demonstrated increased adhesion both in vitro and ex vivo when functionalizing microdevices
with specific polymers, however, only a limited amount of in vivo evaluation of microdevices
has been reported. Chirra et al. demonstrated an increased retention of lectin-conjugated planar
microdevices in the proximal part of the small intestine in mice when compared to

microdevices without lectin (72).
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3.4 Investigation of mucoadhesion and degradation of PCL and PLGA microcontainers

for oral drug delivery

This subsection represents results presented in Paper IV “Investigation of mucoadhesion and
degradation of PCL and PLGA microcontainers for oral drug delivery” (for full paper, see
Appendix V).

Purpose

The aim of this work was to evaluate microcontainers fabricated in different polymeric
materials (PLGA 50:50, PLGA 75:25 or PCL) and to compare their biodegradation in vitro as
well as their ability to adhere to the mucosal surface (Figure 24).

Outcomes

Microcontainers have most often been fabricated in SU-8 by photolithography (11,76,78). SU-
8 is a great material for establishing proof of concept in regards to microcontainers as a
promising drug delivery system. However, SU-8 is not biodegradable and not approved for oral
intake by the FDA. Therefore, throughout this PhD project, it has been of major importance
that the microcontainers could be fabricated in biocompatible and biodegradable material.

Mucoadhesion Biodegradation
( X ‘FI_ Start 2 weeks 4 weeks 5 weeks
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Figure 24: Schematic overview of the conducted experiments aimed to establish the ability of biodegradable microcontainers
to adherer to mucosa as well as to establish the duration of degradation.

Fabrication of PLGA microcontainers

To ensure successful fabrication of microcontainers with the hot punching process, the
polymers have to fulfill certain criteria such as, the underlying PVA substrate must process a
higher Tq4 than the T4 of the device polymers (PCL and PLGA). This ensures that the PVA
substrate was not influenced by the hot punching process. Tqof PVA is 85°C, and the PCL

were punched for obtaining the microcontainer structure at 70°C. This punching temperature

44



allowed the PVA substrate to maintain its elastic-like properties and mechanical stability,
which was required for punching. The PLGA microcontainer were punched at 80°C, which
still enables the PVVA to maintain its desirable properties. The PCL and PLGA microcontainers
were punched onto a PVA layer to enable release of individual microcontainers. PVA is highly
water soluble and after fabrication of the microcontainers were they harvested by dissolving
the underlying PVA layer. The underlying polymer requires high water solubility for obtaining
individual microcontainers. The device polymers mechanical properties (e.g. elastic properties)
was of great importance in order to be able to peel of the surrounding film layer. The adhesion
between the PVA and PCL/PLGA layers has to be sufficient enough for removing the

surrounding film without removing the punched microcontainers (100).

PLGA has been widely used in the pharmaceutical field in numerous drug delivery systems
such as nanoparticles (176,177). The polymer is approved by FDA for medical applications,
such as tissue engineering and drug delivery. This is mainly due to its biodegradability and
non-toxicity in humans (178,179). PLGA is a co-polymer consisting of various ratios of lactic
and glycolic acid. In this study, PLGA 75:25 and 50:50 was used, as this most likely would
affect the adhesion and degradation (180). PLGA 75:25 contains 75 % of lactic acid and 25 %
of glycolic acid meaning it is more hydrophobic than PLGA 50:50 and, therefore, it is expected
to have a slower degradation than PLGA 50:50 (Figure 25).
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Figure 25: Chemical structure of A) poly-e-caprolactone (PCL) and B) poly(lactic-co-glycolic acid) (PLGA).

Fabrication of microcontainers in other polymers such as carbopol or other more mucoadhesive
polymers could be of great interest. However, this would challenge the hot punching technique
and optimizations would be needed such as the integration of a polytetrafluoroethylene (PTFE)
film, which was done in this study for fabricating PLGA microcontainers. The PTFE film

prevented the PLGA from adhering to the nickel stamp used for punching the microcontainers.

Generally, increasing the hot punching methods versatility in regards to shape, surface
structuring and fabrication material could open for numerous possibilities for improving the
behavior of the microcontainers in the Gl tract and improve their adhesion to mucosa. The

height of the PCL and PLGA were significantly lower (approximately 100 um) than the
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original SU-8 microcontainers (approximately 300 um). The hot punching technique is
challenged in fabricating higher walls of the microcontainer as they will break or collapse. The
same could be the case for surface structuring, however, fabrication of various shapes should
be possible but further studies are needed to elucidate this statement.

Adhesion of biodegradable microcontainers to mucosa

The adhesion of biodegradable microcontainers was compared to the SU-8-based
microcontainers (100 um high) by using the ex vivo perfusion model developed in Paper |
(Figure 26A). No significant differences were observed between the four types of
microcontainers and all of them showed great adhesion to mucosa as they primarily were
located in the beginning of the intestinal tissue. PCL and PLGA 75:25 showed a slightly lower
adhesion in the beginning of the tissue compared to PLGA 50:50 and SU-8. Instead, a large
fraction of PLGA 75:25 was found in the middle part as well as the end of the tissue, and many
of the PCL microcontainers were found to exit the tissue (found on the filter paper). SU-8 is
highly hydrophobic thus, one would expect an improved adhesion to mucosa due to
hydrophobic interactions with mucus components. PLGA has a hydrophilic structure compared
to PCL and can form hydrogen bonds with mucus, however, PCL can form hydrophobic
interactions with mucus. PLGA 50:50 contains more hydrophilic functional groups, such as
carboxyl and hydroxyl, which could facilitate hydrogen bonding and thereby promote adhesion
to mucosa. Large adhesion differences between the four types of microcontainers were not
expected to be explained by their abilities to form chemical interactions with mucus as they are
very similar. Other parameters such as weight, height or surface roughness could also influence

their adhesion to mucosa.

Orientation of biodegradable microcontainers

In Paper I, it was shown that the size of the microcontainers highly influenced their orientation
on the intestinal tissue. Results from Paper IV support this conclusion. All four types of
microcontainers were mainly oriented with the cavity up or down into the mucus layer (Figure
26B). Yet, 20.2 + 5 % of the SU-8 microcontainers and 7.7 + 3 % of PCL were oriented
sideways, whereas only 0.4 £ 0 % of PLGA 75:25 and 1.3 + 0.4 % of PLGA 50:50 were lying
sideways. This corresponds well with their respective heights with SU-8 being 131 + 0.4 um,
PCL 92 + 2 um, PLGA (50:50) 73 £ 6 um and PLGA (75:25) 56 + 1 um. This supports the
observation from Paper | where microcontainers with a greater height are more likely to be

positioned sideways.
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Figure 26: Adhesion and orientation of microcontainers (%) fabricated in either poly-g-caprolactone (PCL) (blue), poly(lactic-
co-glycolic acid (PLGA) 75:25 (light blue), PLGA 50:50 (blue green) or SU-8 (grey). A) Percentage of microcontainers
placed in the start, middle, end, and exit of a piece of porcine small intestine after an ex vivo perfusion study. B) Percentage of
microcontainers oriented sideways or up/down. Data is presented as mean + SD with n = 3-4.

Degradation of biodegradable microcontainers

Degradation is of great importance when working with oral devices, both due to a health issue
and an environmental concern. Degradation is a key factor to avoid accumulation of

microdevices in the body, as well as avoiding accumulation of polymers in the environment.

Previously, the in vivo transit time of the SU-8 microcontainers (originally height of 257 + 4
pum) through the GI tract of rats was investigated (24). They observed that microcontainers
started to leave the stomach 0.5-2 h after oral dosing and they entered cecum after 3-4 h. In
addition, it was observed that the microcontainers left the cecum and colon after 8-10 h. The
study was terminated at 10 h, thus, it is not known when or if all the microcontainers exited the
Gl tract (24). This is especially important for less degradable materials, such as PCL, as they
can up-concentrate in the Gl tract and cause harmful side effects. However, it is believed that
the constant secretion of mucus and transit of food/fluid through the GI tract can prevent
microcontainers from being retained in the system for longer periods.

This degradation study was conducted in biorelevant medium with pancreatic lipase to
resemble the intestinal fluid. Preliminary evaluation of degradation of the PCL microcontainers
in biorelevant (FaSSIF) medium without enzymes showed that they were completely
unaffected for 20 days. Yet, the presence of enzymes, such as lipase, is paramount as they
degrade polymers. PLGA 50:50 microcontainers presented signs of degradation after two
weeks immersed in the FaSSIF medium with lipase (Figure 27). The first signs were loss of
structural integrity, which was more and more evident from week to week. After four weeks,
all the PLGA 50:50 microcontainers were degraded. In comparison, PCL and PLGA 75:25
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microcontainers only showed minor deformation of the walls after two weeks. After four
weeks, PCL and PLGA 75:25 microcontainers started to break apart and showed loss of the
structural integrity. After five weeks, the shape of the microcontainers had completely changed
and only small polymer lumps remained. Finally, none of the three polymers could be detected

after six weeks.

The observed degradation of the three polymers was faster compared to what was expected
from other degradation studies reported in the literature, however, many of these studies did
not add lipase to the medium, which might explain the differences (181,182). The added lipase
includes a mixture of enzymes, which can hydrolyzes ester bonds in polyesters (183). PCL is
degraded by hydrolytic mechanisms, enzymes and microorganisms under physiological
conditions (184,185). PLGA is degraded through hydrolytic degradation and through
enzymatic degradation (186,187). Therefore, an increased degradation rate for both PCL and
PLGA was expected when adding lipase to the FaSSIF medium. The PCL microcontainers
degraded more slowly than the microcontainers fabricated in PLGA, which is in accordance
with the degradation rates reported in the literature (187). As expected, PLGA 50:50 degraded
faster than the PLGA 75:25 microcontainers, presumably due to the higher amount of
hydrophobic groups in PLGA 75:25. An even faster degradation could be expected in vivo in

the GI tract due to the presence of other enzymes and bacteria.
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Figure 27: SEM images evaluating the morphology of poly-¢-caprolactone (PCL), poly(lactic-co-glycolic acid) (PLGA) 75:25
and PLGA 50:50 microcontainers before degradation, after two weeks, four weeks, and five weeks, in simulated intestinal
media with pancreatic lipase.
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The adhesion of the different microcontainers indicated that further optimization of adhesion
might not be needed, however, in vivo experiments has to support this. Abid et al. demonstrated
that PCL microcontainers displayed the same promising features in regards to a delayed and
sustained in vivo absorption as obtained from the original SU-8 microcontainers (10,100). Both
these studies explain the sustained absorption by the ability of the microcontainers to adhere to

the mucosal surface.
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4 Conclusion

Reliable ex vivo models are essential in order to estimate the mucoadhesive behavior of
microcontainers in the small intestine. In this PhD thesis, a novel porcine ex vivo small
intestinal perfusion model for evaluation of mucoadhesion and orientation of microcontainers
was developed. The perfusion model enabled investigation of how different modifications or
functionalization’s of microcontainers affected the adhesion to mucosa and their orientation at
the intestinal lining (Paper 1). A texture analyzer was utilized to investigate the adhesion forces
of various surface structures to mucosa. Unfortunately, no significant differences in adhesion
forces were found between the different surfaces. This was presumably due to the large
standard deviations observed caused by large variations in tissue structure and time variations
between the sample measurements. To improve this, a statistical guide was developed to be
able to eliminate the highly disturbing factors; tissue and time variations. By applying the
statistical tool, we succeeded in eliminating noise factors, shown to highly affect the adhesion
force measurements (Paper 1) and more reliable tensile force measurements were obtained.
The peak forces were reduced indicating the elimination of noise from the measurements and

statistical difference were now observed between the measured samples.

Different adhesion strategies were tested in the PhD project to obtain mucoadhesive
microcontainers with drug release into the mucosa. Microcontainers with different shapes and
sizes were investigated to elucidate the impact of varying morphology on the behavior of the
microcontainers in the intestine (Paper I). Neither size nor shape differences appeared to affect
the ability of the microcontainers to adhere to mucosa. In general, microcontainers with varying
heights (300 pum vs. 100 um) and shape (cylindrical vs. triangular) showed strong adhesion to
mucosa, which minor differences. Different surface topographies were tested and compared in
regard to their mucoadhesive strength. Micropillars applied on a PDMS surface showed more
than a 2-fold increase in adhesion when compared to microcavities and micropillars with a
smoother surface (Paper Il). Microcontainers were functionalized with well-known
mucoadhesive polymers (chitosan, sodium alginate or PEG). All the polymers were applied in
three different thicknesses to estimate the impact of thickness on adhesion to mucosa and drug
release (Paper I11). Chitosan-coated microcontainers showed the strongest adhesion to mucosa
compared to PEG- and sodium alginate-coated microcontainers. Interestingly, it appeared that
the thicker the chitosan coating, the better the adhesion to mucosa. No differences in
mucoadhesion were found between the different thicknesses of PEG- and sodium alginate-

coated microcontainers. The release profile of furosemide was sustained through the chitosan-
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coating, whereas PEG and sodium alginate did not influence the drug release. In general, all
polymeric functionalization’s resulted in great adhesion to mucosa when evaluated ex vivo.
Estimating the impact in vivo is essential, as the applied forces in vivo might dominate the

forces between mucosa and the microcontainers modifications.

The majority of published studies has been conducted using SU-8-based microcontainers.
However, these prototypes are not suitable for oral intake. To fully realize the microcontainers
as drug delivery devices, one needs to fabricate these in biodegradable and biocompatible
materials. Thus, microcontainers were fabricated in PCL and PLGA, and evaluated in regards
to their mucoadhesion, orientation and degradation (Paper 1V). Microcontainers fabricated in
SU-8 and PLGA 50:50 showed stronger mucosal adhesion than the PCL and PLGA 75:25
microcontainers. PCL, PLGA 75:25 and PLGA 50:50 microcontainers degraded within six
weeks in biorelevant fluids with pancreatic lipase added. PLGA 50:50 was the fastest with a

complete degradation after only two weeks.

The overall conclusion is that, microcontainers show strong adhesion to mucosa and modifying
the microcontainers in terms of functionalized polymeric coatings and varying morphology
appears to only show minor improvements of the abilities to adhere to the mucosal surface in
the small intestine.
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5 Future perspectives

Investigating and evaluating different adhesion strategies ex vivo implies the need for in vivo
evaluation to determine its impact in vivo where more advanced forces are applied such as
peristaltic movement and passage of food/fluids. This could help establish the need for
modifying microcontainers to promote stronger adhesion to the mucosa. Further investigations
in vivo of the studied adhesion strategies could determine the actual impact on the
microcontainers adhesion and drug absorption.

The impact of unidirectional release on drug permeation still needs to be investigated. We
believe, the unidirectional drug release promotes drug absorption but further studies
investigating the actual release profile of the unidirectional release when ensuring direct
delivery into mucus are needed. Development of cell culture models could elucidate the
questions in regard to drug permeation when ensuring unidirectional drug release in the mucus

layer.

In regards to using polymeric coatings to improve the adhesion to mucus, further studies are
needed to emphasize the time of adhesion and the time needed for the mucoadhesive coating
to dissolve and loose its mucoadhesive strength. A Caco-2 cell system with flow could help
clarifying the impact of the polymeric coatings in relation to adhesion. Peristaltic movement
has a major impact on the behavior of the microcontainers but are also lacking in a cell culture
systems. Development of a setup simulating more realistically peristaltic movement could help
elucidate the microcontainers movement in the GI tract. Scientist become more and more
advanced in developing artificial organs and mechanical instruments, which hopefully could
result in more realistic in vitro or ex vivo models to evaluate physiological processes in the
human body. Complex digestive models have been developed, such as the TNO gastrointestinal
model (TIM), where many of the GI tract physiological properties are simulated, however,
simplified. A mucus layer that resembles in vivo conditions needs to be added to be able to

evaluate mucoadhesion of microdevices.

We have succeeded in developing biodegradable and biocompatible microcontainers, however,
so far the versatility of the fabrication process is limited to approximately 100 um high
cylindrical microcontainers. Further development of the fabrication process is needed to enable
fabrication of varying shapes and sizes. Applying a mucoadhesive coating underneath an
enteric coating can be challenging as the mucoadhesive coatings are exposed to the gastric fluid

since the enteric coating cannot cover the mucoadhesive coating completely. This would result
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in hydration of the mucoadhesive coating resulting in a swelling or a dissolved coating layer,
which would limit the protective function of the enteric coating. Future studies to modify the
coating process of the biodegradable and biocompatible microcontainers are needed when

applying two coatings.

In order to receive an increased oral bioavailability of challenging drugs one could combine
the microcontainers with other drug delivery systems, such as nanoparticles. Nanoparticles
loaded into microcontainers could enable mucus penetration, which would ensure drug delivery
into the mucus layer and possibly close to the epithelium lining. Fabrication of nanoparticles
with high drug loading and low affinity polymers would allow diffusion through the mucus
layer. The role of the microcontainers would be to provide protection through the Gl tract and
target the small intestine where the nanoparticles would be released. However, this would
highly complicate the delivery system and numerous fabrication steps would be required. On
the other hand, this illustrates the versatility of the microcontainers as a vehicle in oral drug

delivery.

This work has emphasized the value of integrating a strong statistical design into the
experimental work. This needs to be more common in the experimental research field as this
will provide better experimental evaluation and make science more reproducible. For
implementing stronger statistical designs the whole research field will have to change its
perspective on experiment planning, as external help might be needed. More published research

as Paper 11 could help provide statistical designs for others to implement in their research.
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ARTICLE INFO ABSTRACT

Keywords: Micro fabricated delivery systems have shown promise in increasing oral bioavailability of drugs. Micrometer-
Microdevices sized polymeric devices (microcontainers) have the potential to facilitate unidirectional drug release directly
Microcontainers

into the intestinal mucosa whereby, drug absorption can be enhanced. The aim of this study was to develop an ex
vivo model to investigate mucosal adhesion and orientation of microcontainers. Furthermore, to investigate how
microcontainers with varying height, shape and material behave in regards to mucoadhesion and orientation.
Microcontainers were placed at the top of an inclined piece of porcine small intestine. The tissue was perfused
with biorelevant medium followed by microscopic examination to observe the orientation and amount of mi-
crocontainers on the tissue. The mucoadhesion of the microcontainers were evaluated based on the observed
position on the tissue after being exposed to flow. When comparing the varying types of microcontainers, good
adhesion was in general observed since most of the microcontainers were located in the beginning of the in-
testine. Microcontainers fabricated from the epoxy-based photoresist SU-8 had a slightly better adherence than
those fabricated from poly-e-caprolactone (PCL). The orientation of the microcontainers appeare to be dictated
mainly by the height. In general, the model showed promising results in evaluating mucoadhesion and or-

Oral drug delivery
Ex vivo intestinal perfusion
Mucoadhesion

ientation.

1. Introduction

Oral administration is the preferred route for drugs, as it offers low
production costs and high patient compliance due to self-administration
(Liu, 1997; Thanki et al., 2013). However, oral administration has
various limitations and challenges. Numerous physiological parameters
in the gastrointestinal tract such as a harsh acidic gastric environment
in the fasted state, digestive enzymes and a highly viscous mucus layer
have shown to compromise the oral bioavailability of many drugs
(Sjogren et al., 2014; Zhou, 1994). One strategy to overcome some of
these challenges is to use microdevices as oral drug delivery systems
(Nielsen et al., 2018). Several studies have shown an increased oral
bioavailability of pharmaceuticals when using these platforms (Chirra
et al., 2014; Mazzoni et al., 2017; Nielsen et al., 2016). Microcontainers
are one type of such microdevices. These are micrometer-sized hollow

shapes, fabricated in polymeric materials with an inner cavity for drug
storage (Nielsen et al., 2014, 2012). Only one side of the micro-
container is open, allowing unidirectional drug release. Coating of the
open cavity with an enteric polymer can provide protection against the
acidic environment as well as enzymatic degradation in the stomach
and allow for release in the small intestine (Nielsen et al., 2016). Uni-
directional release is believed to result in an increased local drug con-
centration at the intestinal wall (Ainslie et al., 2009; Nielsen et al.,
2018). This is, however, only possible if the unidirectional release is
occurring directly into the mucus layer. Another advantage of using
microcontainers as an oral drug delivery system is that polydispersity
can be avoided. The fabrication technique allows for very precise sizes
and shapes of the microcontainers enabling uniform drug loading.
There are many possibilities for changing and optimising micro-
containers to achieve a direct drug release into the mucus layer. The

Abbreviations: PCL, poly-e-caprolactone; FaSSIF, Fasted State Simulated Intestinal Fluid; Si, silicon; PVA, Poly(vinyl alcohol); LYD, Landrace x Yorkshire x Duroc;
SEM, Scanning electron microscope; HPLC, High performance liquid chromatography
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fabrication technique of the microcontainers make them a very flexible
and versatile drug delivery system (Ahmed et al., 2002; Chirra and
Desai, 2012; Tao et al., 2007). Previous studies have shown that e.g.
size, shape and material of polymeric carriers affect their behaviour and
performance in in vivo settings (Champion et al., 2007; Pereira de Sousa
et al., 2015). The surface chemistry of polymeric drug carriers for oral
delivery has been extensively studied, as it has been demonstrated to
influence the interaction between the polymeric carrier and the mu-
cosal surface, hence drug absorption (Champion et al., 2007; Pereira de
Sousa et al., 2015). Furthermore, the size of the polymeric carriers in-
fluences flow properties, clearance and degradation in the mucus layer
in the small intestine (Dunne et al., 2000; Patil et al., 2001). Few studies
have investigated nanosized polymeric carriers with different shapes,
and it is believed that shape differences will affect the movement of
these carriers when exposed to a flow (Champion and Mitragotri,
2009). The above mentioned studies have been conducted on nano-
particles. However, the same parameters can be important for micro-
containers and their behaviour in the small intestine (Chirra et al.,
2014).

Previously, it has been reported from in situ and in vivo studies in
rats that the microcontainers embed deeply into the intestinal mucus
layer, resulting in increased absorption and thereby, enhanced oral
bioavailability of ketoprofen and of an amorphous sodium salt of fur-
osemide when compared to controls using the free drug (Mazzoni et al.,
2017; Nielsen et al., 2016). These results have shown that dosing of a
drug in microcontainers can indeed increase oral bioavailability. This is
believed to be associated with an enhanced mucoadhesion of the mi-
crocontainers.

In rats, the size ratio (small intestinal diameter in rats 0.3-0.5 cm
and in human 5cm) between the intestinal lumen and the micro-
containers is significantly smaller than in humans (Kararli, 1995). To
provide a better in vitro/in vivo correlation of how the microcontainers
are interacting and orientating themselves in the intestinal mucus layer
in humans, the size ratio should be larger (Swindle et al., 2012). Using
intestinal tissue from pigs (small intestinal diameter 2.5-3.5 cm) is one
way to achieve this, as the size ratio is more similar to human intestine
(Kararli, 1995). Furthermore, humans and pigs have comparable di-
gestive processes as well as similar viscoelastic properties of their
mucus layer (Lai et al., 2009).

Many well documented methods have investigated ex vivo mu-
coadhesion. One of these has been developed by Rao and Buri, who
used an open piece of small intestine from a rat to measure bioadhe-
siveness of coated particles (Rao and Buri, 1989). This method has been
modified by others to test e.g. mucoadhesion of a dual-sided planar
macro device, spray dried chitosan particles and nanoparticles (Lee
et al., 2016; Madsen et al., 2013; Nielsen et al., 1998). Many of the
studies use the same setup but the experimental parameters such as the
angle of the tissue, flow rate, tissue size and duration of the experiments
are varying and depends on the formulations being investigated. The
drawback of this approach is that the tissue is cut open, and the mucus
layer is thereby exposed to stress and the realistic in vivo setting of the
intestine is lost. When opening the intestinal tissue the mucus layer will
be affected by hydration which will change the viscoelastic properties
and ionic strength of the mucus (Lieleg and Ribbeck, 2011). The
parameters used in this study has been inspired by perfusion studies
conducted in situ on rat intestine and in general from physiological
conditions in pigs. The flow rate was e.g. calculated in relation to the
size ratio between a rat and pig intestine (Sinko et al., 1995). Fabiano
et al. have developed another simple setup for testing mucoadhesion of
nanoparticles with an applied water flow through a mucus layer
(Fabiano et al., 2017). However, this setup is limited by the size of the
drug delivery systems as larger microdevices, such as microcontainers,
are less affected by the water flow through the mucus layer compared to
nanoparticles. The developed models lack the information on how mi-
crocontainers will orient themselves in the intestine and how they
perform when exposed to a flow in the lumen.
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Another very important aspect of testing microcontainers and their
behaviour ex vivo is to evaluate drug release profiles. Methods to im-
prove mucoadhesion of microcontainers, such as using mucoadhesive
surfaces, must not compromise the release profile. Therefore, evalua-
tion of the drug release profile from microcontainers is a desirable
feature in a new model.

The aim of this study was to develop and evaluate a novel ex vivo
porcine intestinal perfusion model to test mucoadhesion and orienta-
tion of microcontainers. Four types of microcontainers were tested and
compared with respect to height, shape and material. Also, drug con-
centration was measured over time in the perfused fluid, and a drug
release profile from the microcontainers was recorded. These in-
vestigations served two purposes: evaluation of (1) the porcine ex vivo
small intestinal perfusion model and (2) microcontainer behaviour
when exposed to the porcine ex vivo small intestinal perfusion model.

2. Materials and methods
2.1. Materials

Fasted State Simulated Intestinal Fluid (FaSSIF) powder was pur-
chased from Biorelevant.com, (London, UK). Monobasic sodium phos-
phate dehydrate, sodium chloride, acetonitrile anhydrous 99.8%, tri-
chloroacetic acid 99.0%, poly-e-caprolactone (PCL) (Mn = 80,000 g/
mol) and paracetamol were all acquired from Sigma-Aldrich (St. Louis,
USA). Trifluoroacetic acid =99.9% was obtained from Carl Roth®
(Karlsruhe, Germany) and gelatine capsules size 9 were purchased from
Torpac® (Fairfield, USA). Stainless steel Spectra/Mesh® woven filters
with a mesh opening of 213 uym and a thickness of 178 um were from
Spectrum®Labs.com (CA, USA). Poly(vinyl alcohol) (PVA) Mowiflex
C17 was kindly provided by Kuraray (Tokyo, Japan). Silicon (Si) wafers
4-inch (100) single-side polished were obtained from Topsil
(Frederikssund, Denmark), whereas SU-8 2035, 2075 and SU-8 devel-
oper were purchased from Microresist Technology GmbH (Berlin,
Germany). The 3D printed components used in the custom-made setup
were made from polylactic acid (PLA) and polyethylene terephthalate
glycol (PETG), which were obtained from Devil Design (Ryszka Mateja
Sp. J., Poland).

2.2. Fabrication of SU-8 and PCL microcontainers

Microcontainers with different heights and shapes were fabricated
in two different materials (Table 1). SU-8 cylindrical microcontainers
were fabricated as previously described with two steps of conventional
mask-based photolithography on a silicon (Si) wafer with a fluor-
ocarbon coating deposited by plasma polymerisation (Keller et al.,
2007; Nielsen et al., 2016). This allowed for dry release of individual
microcontainers from the support substrate (Keller et al., 2007). The
triangular microcontainers were fabricated in a similar fashion but the
UV exposure was conducted with a maskless aligner. The dimensions of
the various microcontainers are shown in Table 1 and were character-
ized using an optical profiler (PLu Neox 3D Optical Profiler from Sen-
sofar, Spain) as well as optical microscopy (Nikon Eclipse L200, NY
USA). After fabrication, the wafer was cut into squared chips using a
dicing saw (DISCO, automatic dicing saw, DAD 321, Japan). Each chip
of cylindrical microcontainers contained 625 microcontainers and had
a size of 12.8 x 12.8 mm. Chips of triangular microcontainers con-
tained 625 microcontainers and had a size of 25 x 25 mm.

Microcontainers in the biodegradable polymer PCL were fabricated
by a hot punching process as previously described (Abid et al., 2019;
Petersen et al., 2015). These microcontainers were fabricated on a
water soluble PVA substrate containing 1600 microcontainers. To ob-
tain individual microcontainers, the whole substrate was soaked into
water and stirred at 1200 rpm for 35 min to dissolve the PVA, leaving
only the free floating PCL microcontainers. The microcontainers were
then filtered with a woven stainless steel filter and dried at 37 °C before
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Table 1
Design parameters of the microcontainers used in this study.
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Name Shape Tllustration Material Weight (ug) Outer diameter (um) Total height (um)
High Cylindrical SU-8 21.1 + 1.4 326 £ 1 257 * 4

Low Cylindrical SU-8 7.5 = 0.1* 316 = 5 108 + 11

Tri Triangular SU-8 7.0 £ 0.6* 368 = 4 131 = 0.4

PCL Cylindrical PCL 3.7 + 0.4 304 £ 3 92.0 £ 2

* No significant difference between the weights. P-values below 5% (p < 0.05) were considered statistically significant.

Fig. 1. Schematic of the ex vivo intestinal perfusion model. A piece of intestinal
tissue is placed on an angle adjustable tissue holder (A), which is connected to a
tube (B). A gelatine capsule loaded with microcontainers was placed at the top
part of the tissue (the inserted box). A filter was placed below the tissue holder
(C). An auto sampler with test tubes facilitates sampling of the perfused fluid
over time (D).

further use.

2.3. Drug loading and capsule filling

Only the high SU-8 microcontainers were loaded with paracetamol
as model drug and compared with empty high microcontainers. The
drug loading procedure was performed as described previously by Abid
et al. (2017). A silicon chip with 625 microcontainers was gently placed
in a holder and a shadow mask was aligned to the cavities of the mi-
crocontainers. Paracetamol powder was distributed with a brush across
the shadow mask thereby, loading the cavities of the microcontainers.

Afterwards, the mask was gently removed and excess drug in between
the microcontainers was removed with pressurised air. The chip was
weighed before and after loading to determine the amount of drug
loaded into the microcontainers.

The four microcontainer types (both with and without paracetamol)
were filled into gelatine capsules. The capsules were weighed before
and after filling to determine the amount of microcontainers in one
capsule.

2.4. Visualisation of microcontainers

The height, shape and dimensions of the different microcontainers
and the loading quality of the high microcontainers were investigated
using scanning electron microscope (SEM) (TM3030Plus Tabletop
Microscope, Hitachi®, Tokyo, Japan). The inspection was done using
the SE detector and an acceleration voltage of 15kV to obtain high
quality images.

2.5. Porcine small intestinal ex vivo perfusion model

The ex vivo study was conducted at the Department of Health
Technology at the Technical University of Denmark under the license
number DK-10-13-0th-736416. The Department of Experimental
Medicine, University of Copenhagen, kindly donated the small intestine
from Landrace X Yorkshire X Duroc (LYD) pigs. The pigs were
15-16 weeks of age and the weight was 50-55 kg. The small intestine
was cut into pieces with a length of approximately 18 cm and stored at
—20 °C until further use.

A specially designed setup, including a humidity chamber and tissue
holder, was developed and fabricated for these experiments (Fig. 1)
(Vaut et al., 2019). A heating lamp was placed inside the sealed
chamber and was programmed to maintain a temperature of
37 = 1.1°C. A humidifier was also located inside the chamber to keep
the humidity high and stable. The tissue holder was fabricated in
glycol-modified polyethylene and was 19.5cm long and 3.3cm in
width. In one end of the tissue holder, a small connector was attached
to a tube, which was connected to a peristaltic pump (Watson Marlow
120S/DV, Falmouth, UK). From the connector, the holder was
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narrowed (11.8 mm) to be able to fasten a piece of porcine small in-
testine. The tissue holder can be set at different angles to change the
position of the tissue. A self-constructed filter holder with a woven
stainless steel filter with a pore size of 213 um was placed underneath
the exit of the intestine. A custom-made auto sampler was also devel-
oped for sampling the perfused fluid over time.

2.6. Perfusion experiments

Perfusion experiments were conducted in the designed setup. Two
hours prior to an experiment, FaSSIF was prepared at pH 6.5 and kept
at 37 °C until further use. An 18 cm long piece of small intestine from a
pig was thawed for 30-50 min at room temperature followed by im-
mediately placing and fastening it to the tissue holder. Then, the tissue
was placed at an angle of 20° in the pre-heated chamber with an
average humidity during the experiment of 60.9 * 11.5% (Nielsen
et al., 1998). Next, the intestine was flushed with FaSSIF for 15 min
(4.1 mL/min) to remove all residues. After the washing procedure, the
tissue holder was placed at an angle of 10° and flushed for 5min
(1.55mL/min) to obtain a water rich environment for dissolving the
microcontainer-filled capsule. A capsule filled with microcontainers
was then placed approximately 2 cm from the start of the intestine.
After 15 min, the tissue holder was placed back at an angle of 20° and a
flow of FaSSIF 1.55 mL/min was initiated (Sinko et al., 1995). After
30 min of perfusion, the tissue holder was gently removed and the
tissue was detached from the holder. The piece of tissue was then cut
into pieces with a length of approximately 2 cm, opened and divided
into sections named start, middle, end and exit (each section consists of
three pieces except for the exit part which is the microcontainers found
on the filter). The tissue was placed onto microscope glass slides and
dried in air for approximately 1h before visualisation on a microscope
(see Section 2.7). The number of microcontainers in each piece was
counted and their orientation was noted. The orientation of the mi-
crocontainers was classified as: (I) sideways, (II/III) with bottom up/
down or (IV) deeply embedded into the mucus layer (Fig. 2). A mi-
crocontainer was defined as lying ‘sideways’ when the open side of
container was placed facing horizontally into the mucus layer, partly or
fully embedded in the mucus layer. The orientation ‘bottom up/down’
was used when the open cavity of a container was facing towards the
mucus or out towards the lumen of the intestine.

For the paracetamol-loaded microcontainers, samples were taken at
different time intervals from the perfused fluid to investigate the drug
concentration over time. Samples were taken after 1, 5, 10, 15, 20, 25
and 29 min and the samples were collected for 1 min to receive ap-
proximately 1.55mL. The first sample was collected from flow initia-
tion to 1 min after initiation.

2.7. Fluorescence and light microscopy of the microcontainers on the
intestinal tissue

Fluorescence microscopy was used to locate and visualise the mi-
crocontainers fabricated in SU-8. A U-RFL-T mercury/xenon burner was

I II III v
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Mucus

Fig. 2. Schematic of the microcontainer orientation on the porcine intestinal
tissue. (I) sideways, (II) with bottom down, (III) with bottom up and (IV) deeply
embedded in the mucus layer.
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utilised with a U-LH100HG microscope (Olympus®, Tokyo, Japan), and
CellSens Entry software (version 1.12, Olympus®, Tokyo, Japan) was
used to take images of the microcontainers. A DAPI filter was employed
to identify the SU-8 microcontainers in the mucus layer as well as
clarifying the orientation of them.

A light microscope (Zeiss Axio Scope.Al, Carl Zeiss, Gottingen,
Germany) with a C-DIC filter and AxioVision SE64 software (version
4.9.1 SP1) was used for visualising the PCL microcontainers on the
intestine.

2.8. High performance liquid chromatography (HPLC) for quantification of
paracetamol

The amount of paracetamol in the perfused fluid over time was
determined by UV-detection on a HPLC (Shimadzu, Kyoto, Japan).
Protein precipitation in the samples was conducted with 10% (w/v)
trichloroacetic acid in a 1:1 ratio. The samples were centrifuged at
14,000 rpm for 10 min and analysed on the HPLC.

The HPLC system was equipped with a SIL-20AC HT automated
sample injector and a SPD-M20A photodiode array detector.
LabSolutions Lite (version 5.82) software was employed to analyse the
data (shimadzu, Kyoto, Japan), and paracetamol was detected at
250 nm with a reverse-phase Kinetix® C18 column with the dimensions
of 100 X 4.6 mm (Phenomenex®, Torrance, CA, USA). The mobile
phase consisted of 95% (v/v) trifluoroacetic acid 0.1% (v/v) and 5% (v/
v) acetonitrile with isocratic elution. The flow rate was 0.5 mL/min
with an injection volume of 20 pL. The retention time was 6.6 min and
paracetamol was quantified using a standard calibration curve in the
linear range of 0.5-75 pg/mL.

2.9. Statistics

All data presented in this study are expressed as mean * standard
deviation (SD). Statistical analysis was carried out using Student t-tests
in GraphPad Prism version 7.04 (CA, USA). P-values below 5%
(p < 0.05) were considered statistically significant.

3. Results and discussion

The developed porcine ex vivo small intestinal model can provide
information on mucoadhesion, orientation of microcontainers and drug
release profiles.

3.1. Microcontainer characterization

SEM images show the design of the four types of microcontainers
(Fig. 3). The different design parameters are listed in Table 1.

The differences in shapes, heights and material resulted in different
weights of the microcontainers (Table 1). The shape, height, material
and thereby also weight of the microcontainers are believed to play a
role in how the microcontainers are behaving in the small intestine, and
this could influence the mucoadhesion.

3.2. Mucoadhesion of microcontainers

The mucoadhesion of the microcontainers was evaluated based on
the observed position of the microcontainers on the intestinal tissue
(Fig. 4). The movement of the microcontainers is an estimate of how
mucoadhesive the microcontainers are. The longer they move in the
intestine the less adhesive they are. The high and low microcontainers
were in general behaving very similar (Fig. 4A), and significantly more
were found in the start of the intestine (77.6 + 25.1% and
80.8 + 12.9%, respectively) compared to the other sections. However,
there was a tendency that more high microcontainers were found in the
middle (19.5 * 22.6%) of the intestine when compared to the low
microcontainers (9.7 *+ 5.6%). More of the low microcontainers were
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observed to exit (5.8 = 7.3%) the intestine than the high micro-
containers (1.8 = 2.0%). When comparing the adhesion abilities of the
tri and low microcontainers (Fig. 4B), there were again significantly
more microcontainers found in the start of the intestine (67.1 + 13.8%
and 80.8 + 12.9%, respectively) compared to the other sections. Sig-
nificantly, more of the tri microcontainers were observed in the middle
section compared to the low microcontainers (P = 0.049). Only small
amounts of the tri and low microcontainers were observed in the end
and exit section. The data indicates that the tri microcontainers adhered
less in the start of the intestine as more of the microcontainers had
moved to the middle section. When comparing the adhesion abilities of
PCL and SU-8 microcontainers with the same height (Fig. 4C), the SU-8
microcontainers seem more adhesive. A larger number of PCL micro-
containers were observed in the sections further down the intestine,
whereas the low SU-8 microcontainers were more abundant in the start
of the intestine. Significantly more of the PCL and low microcontainers
were found in the start of the intestine (65.0 + 14.2% and
80.8 + 12.9%, respectively) compared to the other sections.

In general, all the different types of microcontainers showed good
adhesion properties. Between 65 and 81 % of the microcontainers were
located in the start of the intestine. However, the graphs indicate var-
iations between the microcontainers’ ability to adhere to the mucosal
surface. The high microcontainers seemed to adhere more to the in-
testinal surface as their movement practically stopped after reaching
the middle part of the intestine. In contrast, more of the low micro-
containers, that were not adhering in the beginning, moved all the way
through the intestine and were found to exit the intestine. The high
microcontainers have a larger surface that can adhere to mucus and, in
addition, they are heavier than the low microcontainers, which could
result in increased adhesion. The height of microcontainers is believed
to influence how they adhere to the mucosal surface. Thick micro-
devices have been reported to increase the shear forces, per mass, and
to be more likely to dislodge themselves from a mucosal surface when
exposed to flow conditions (Chirra and Desai, 2012). However, this
effect was not observed in our model for the high microcontainers.
When comparing the tri and low microcontainers, it was expected that
the triangular shaped microcontainers would adhere more to the mu-
cosal surface than the cylindrical shaped due to the sharp edges. These
two types of microcontainers had similar weight but significantly dif-
ferent shapes. The data suggest that the tri microcontainers adhere less
in the start section and adhere more in the middle section as compared
to the low microcontainers. This suggests that tri microcontainers
moved easier with the flow at the beginning, but the sharp edges also
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Fig. 3. SEM images of the four types of
microcontainers. A) 257 * 4pm in
height SU-8 microcontainers. B)
108 = 11pym high SU-8 micro-
containers. C) 131 * 0.4um high tri-
angular SU-8 microcontainers. D)
92 = 2um high microcontainers fab-
ricated in PCL.

made it more likely for them to adhere to the surface in the middle.

There was a tendency that the PCL microcontainers were adhering
less to the mucosal surface than the SU-8 microcontainers of similar
height. The chemical structure of the two polymers can affect the mi-
crocontainers’ ability to adhere to the mucus layer. SU-8 is a very hy-
drophobic polymer and can create numerous hydrophobic interactions
with mucus (Abgrall et al., 2007). PCL is believed to interact less with
mucus as it is less hydrophobic, thus, SU-8 might be more mucoadhe-
sive when compared to PCL (Norris and Sinko, 1997; Sigurdsson et al.,
2013).

Another factor that can influence the tendency of the PCL micro-
containers to adhere less to the mucosal surface than the SU-8 micro-
containers is there weight difference. The PCL microcontainers had a
weight of 3.7 + 0.4 pg which make them significantly lighter than the
low SU-8 microcontainers with a weight of 7.5 + 0.1 pg. This might
make the PCL microcontainers more prone to move with a continuous
flow. This aspect was difficult to circumvent since the weight will be
affected when changing either the height, shape or material.

One possible explanation for the lack of significant difference be-
tween the ability of the different microcontainers to adhere to the
mucosal surface could be physiological variations of the tissue. The
model has been simplified to limit the amount of affecting parameters
meaning that the intestinal segment in this model is lacking motility
and presence of food. Moreover, the amount of fluid is constant, and all
the parameters are rarely the case in vivo. Further studies are needed to
clarify the effect of such parameters.

One challenge, with this setup and when working with micro-
containers, is to achieve an acceptable recovery. The recovery is an
estimate of the amount of microcontainers added to an experiment and
how many of the microcontainers that can be found again. However,
this experimental setup enabled good results in this regard, as the
average recovery for all the experiments was above 75%. Table 2 states
the recovery of the different microcontainers which indicates the cap-
ability of the model.

3.3. Orientation of microcontainers

Several studies have emphasized the importance of controlling the
direction of drug release from microdevices (Ahmed et al., 2002; Ainslie
et al., 2009; Chirra et al., 2014). Most drug delivery systems have omni-
directional drug release which results in a loss of drug into the lumen.
This will reduce the drug absorption into the systemic circulation and
thereby, the oral bioavailability. By achieving a unidirectional release

PCL
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Microcontainers (%)
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Fig. 4. Percentage of microcontainers located in the start, middle, end and exit of the porcine small intestine after perfusion studies. A) Comparison of micro-
containers with a height of 257 * 4 um (high) and 108 *+ 11 um (low). B) Triangular (tri) and cylindrical (low) shaped microcontainers with similar heights. C)
Microcontainers with similar heights fabricated from PCL and SU-8 (low). Data is represented as mean * SD with n = 4.* indicates significant difference.
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Table 2
The average recovery + SD of the various types of microcontainers (n = 4).
High Low Tri PCL
Recovery (%) 90.6 = 7.4 84.6 = 5.2 83.2 = 121 86.9 = 5.3

from microcontainers directly into the mucus layer, one would expect
an increased drug absorption (Chirra et al., 2014; Chirra and Desai,
2012). Microcontainers oriented sideways (I) or with the open cavity up
(II) or down (III) are illustrated in Fig. 5. It was uncertain to distinguish
between cavity facing up or down, and these microcontainers were
therefore grouped together.

The orientation of all the microcontainers found in the different
sections of the intestine on the mucosal surface is shown in Fig. 6. The
high microcontainers were mainly lying sideways (I) (P = 0.0006) and
showed a significant difference compared to the low microcontainers
that were primarily oriented with the cavity up or down (II)/(III)
(P = 0.001). No significant difference was observed when looking at
the amount of high and low microcontainers found deeply embedded
(IV) into the mucus layer (Fig. 6A). When comparing the orientation of
the tri and low microcontainers, no significant differences were ob-
served (Fig. 6B), and both tri and low microcontainers were primarily
lying with the cavity up or down (II)/(III). Significantly more of the SU-
8 microcontainers (low) were oriented sideways (I) when compared to
the PCL microcontainers (P = 0.03). However, significantly more of the
PCL microcontainers were oriented with the cavity up or down (II)/(III)
(P = 0.003). PCL microcontainers could not be seen as clearly as SU-8
microcontainers when embedded deeply in mucus. SU-8 is auto-
florescent, and this is not the case for PCL. Therefore, microcontainers
located deep in the mucus layer was not included in Fig. 6C.

The data indicated that the height of the microcontainers was a
dominant factor in determining the orientation of the microcontainers,
compared to shape and material. From the results obtained, it is clear
that the microcontainers with low height were more prone to adhere
with the cavity up or down (II)/(IIl), while the high microcontainers
were lying sideways (I).

The data for the high microcontainers showed that 60 + 12% of the
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microcontainers were lying sideways (I) (partly embedded) and
13 = 6% were deeply embedded (IV) into mucus. This means that
approximately 73% of the microcontainers were orientated with the
open cavity very close to the mucus layer and could deliver drug di-
rectly into the mucus layer. The amount could most likely be even
higher, as 26 = 8% of the microcontainers are lying with the cavity up
or down (II)/(IID). If it is assumed that half of these were oriented with
the cavity down, it resulted in approximately 86% of the high micro-
containers releasing the drug into the mucus layer. If the same as-
sumption is done with the low microcontainers then 66% of the mi-
crocontainers would be oriented with the open cavity very close to the
mucus layer and could deliver drug directly into the layer. These in-
dications state how important it is to evaluate the orientation of the
microcontainers as further optimization might not be needed to in-
crease the oral bioavailability. These results correlated well with the
results obtained in previous in vivo studies with the microcontainers,
where an increased oral bioavailability was obtained when using high
microcontainers (Nielsen et al., 2016). Another advantage of the high
microcontainers is that they have a high loading capacity compared to
more planar microdevices (Chirra et al., 2014; Nielsen et al., 2018).

3.4. Drug loaded microcontainers

The model developed in this study can provide information about
the drug release profile from the microcontainers. The high micro-
containers were loaded with paracetamol to investigate the effect of
loading the microcontainers with a drug. The average paracetamol
loading capacity for each microcontainer was 3.1 + 1.1 pg (n = 3000)
and paracetamol-loaded microcontainers are shown in Fig. 7A. The
loaded microcontainers were compared to empty high microcontainers
to investigate how these microcontainers moved in the intestine when
exposed to a constant flow (Fig. 7B). As can be seen in Fig. 7B was their
ability to adhere to the intestinal surface similar. The orientation of the
drug-loaded microcontainers was also similar to the empty ones
(Fig. 7C). The drug-loaded microcontainers were mainly oriented
sideways. It was possible to measure the concentration of paracetamol
in the perfused fluid over time. The highest drug concentration was
measured as soon as the flow was initiated, followed by decreasing drug

Fig. 5. Microscopy images of micro-
containers located in the intestinal tissue. A)
Image of 257 = 4 um high microcontainer
with a cylindrical shape lying sideways (I).
B) 257 * 4pm high microcontainer lying
up or down (II)/(III). C) Image of micro-
containers with a triangular shape with one
lying sideways (I) and one lying with the
cavity up or down (II)/(III). D) Four PCL
microcontainers lying up or down (II)/(I1I).
A), B), C) Show SU-8 microcontainers in-
vestigated with fluorescence microscopy
with a DAPI filter and 5 x in magnification.
D) Show PCL microcontainers with a light
microscope with a C-DIC filter.
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Fig. 6. Percentage of microcontainers that were oriented sideways (I), up/down (II)/(III) or deep (IV) in the surface of the porcine small intestine after the perfusion
experiment. A) Comparison between 257 * 4 um (high) and 108 + 11 um (low) high microcontainers. B) Triangular (tri) and cylindrical microcontainers (low). C)

PCL and SU-8 (low) microcontainers. Data is represented as mean *

concentrations over time, and after 21 min there was no drug present in
the samples (Fig. 7D). This was expected since paracetamol is highly
water soluble and is easily released from the microcontainers in an
aqueous environment (Shaw et al., 2005; Szatek et al., 2011).

4. Conclusion

In this work, a porcine ex vivo small intestinal perfusion model for
evaluation of mucoadhesion and orientation of microcontainers was
developed. The model is a promising alternative to well-established
mucoadhesion models and is suitable for investigating microdevices.
The model showed promising results in evaluating mucoadhesion, or-
ientation and the drug release profile of microcontainers. Comparisons
of microcontainers with different height, shape and material properties
were carried out both to evaluate the porcine ex vivo small intestinal
perfusion model and to identify parameters affecting mucoadhesion
and orientation of the microcontainers. In general, all the different
types of microcontainers showed good adhesion properties, as they
were mainly located in the start of the intestine. The orientation of the
microcontainers was mainly controlled by the height of the micro-
containers and was less affected by shape and material. Loading the

B

100+
80+
60+
40+

204

Microcontainers (%)

O

SD with n = 4.* indicates significant difference.

microcontainers with paracetamol did not affect the orientation nor the
mucoadhesion. These results indicate that the microcontainers fabri-
cated from SU-8 are mucoadhesive, which is in line with the in vivo
results obtained in previous studies. However, when changing the
material of the microcontainers to a more biodegradable polymer, such
as PCL, one might need to improve the mucoadhesion with surface
modifications to control the orientation of the microcontainers.
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Abstract
The awareness of poor reproducibility in some experimental setups has gained much attention

during the past years and novel guidelines are needed to improve experimental reproducibility.
Especially, when working with animals or animal tissue a poor reproducibility is often
observed. The aim of this study is to develop statistical guidelines for designing, investigating
and assessing ex vivo tensile adhesion force studies to gain reproducible outcomes. The
presented statistical design is validated by tensile force measurements of various surface
topographies conducted with a texture analyzer, as a case study. The interfering factors on
tensile forces measurements are observed after repeating measurements of
polydimethylsiloxane (PDMS) microstructures on four different pieces of porcine intestinal
tissue. Measurement results highlight that tissue variations as well as the time point of the
measurements are affecting the adhesion. In order to eliminate these two factors from the
measurements a statistical model is developed and made available as an R-script. Flat PDMS
surface structures are measured before and after measuring the PDMS microstructures to
establish a baseline. Correcting the peak force measurements of the PDMS microstructures
with the statistical model makes the measurements more sensitive and enhances the results
reliability and eliminate tissue and time variations. The developed statistical guidelines
facilitates a precise and more reproducible evaluation of surface topographies as varying
factors are eliminated during analysis. In conclusion, the topographies has a real effect on tissue
adhesion, which is not evident without the statistical model and pillar-like topographies

presents stronger adhesion forces to mucosa compared to both flat and cavity-liked structures.
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1. Introduction
Measurements of tensile adhesion forces between pharmaceutical dosage forms/drug delivery

devices and animal mucosa, have been widely conducted since the 1990°s for determining ex
vivo mucoadhesion'. The assessment of mucoadhesive properties is an important aspect when
developing advanced drug delivery systems for mucosal delivery’. The advantages of
implementing mucoadhesion in drug delivery systems is the increased residence time at the
mucosal surface at the desired target site, improved bioavailability and the possibility of
targeting particular body sites and tissues. All this can result in better treatments for the patients

with less side effects and reduced drug administration frequency’.

Several methods have been developed to evaluate the adhesion properties between a drug
delivery systems and a mucosal surface. Mucoadhesion of both semi-solid and solid
formulations has been investigated extensively in pharmaceutical field with a commercialized
method called the texture analyzer. Other methods for measuring adhesion have been used over
the years, and includes the rotating dice method, flow through method and rheology*’. Both
the rotating dice and the flow through techniques vary from lab to lab as they are not
commercially available. This imposes a challenge on data reproducibility and comparing
results with other research groups is unreliable. The rotating dice method estimates the ability
of drug delivery devices to adhere to a surface e.g. tissue, however, the method is far from in
vivo conditions. The rotating dice consists of a rotating sample holder that is rotated at 125 rpm
in simulated fluid®. The rotation disc method can, evaluate mucoadhesive properties of
different drug delivery systems. Previous studies have seen correlating ranking orders of
mucoadhesive polymers from both the rotating dice method and tensile force studies, which
demonstrates the methods potential*. The flow through method simulates in vivo settings to
estimate the behavior of drug delivery devices at the mucosal surface. The drawback with this
method is the lack of peristaltic movement, which is needed to apply the needed force to
simulate in vivo conditions. The rheology approach evaluates the strength of interactions
between mucus and polymers’. A mucoadhesive polymer is believed to be more viscous when
mixed with mucus compared to the viscosity of the individual polymer and mucus. This
synergism is used to evaluate the properties of the mucoadhesive polymers. This evaluation

strategy is far from in vivo conditions as drug delivery systems not always will be mixed with



mucus but only show slight attachment at the surface, however, this depends on the drug
delivery system. Overall, the texture analyzer is often the method used to evaluate tensile
adhesion forces, as higher reproducibility should be expected as it is a commercialized method

and the texture analyzer can measure precise tensile forces’.

Despite the simplicity of the texture analyzer for the tensile force measurements, many factors
needs to be considered before conducting the experiments. Each test sample requires
individually optimized test settings making the comparison between samples less reliable. The
settings include contact time and contact force, which play an important role in the adhesion
force abilities'® 2. The test environment, including pH and ionic strength are also important
factors and has to be optimized for each experiment as well'’. In addition, the biological
variation of the animal tissue needs to be considered as well. Although, tissue heterogeneity is
often mentioned in published adhesion studies using tensile strength measurements, measures
are generally not accounting for this effect, nor is the extent of this effect demonstrated'. There
are examples of studies, where potential differences between mucosa of individual animals
have been taken into account!® and site-to-site differences on mucosa of the same animal are
known'“. In addition, hydration or dehydration of tissue can damage the structure and thereby,
affect the adhesion measurements. Furthermore, the aspect of time when working with tissue
is of great importance as studies have shown variation in the structure of the tissue over time'®.

In general, tissue is highly sensitive to outer forces, which can compromise its properties.

The above-mentioned factors are just some that can potentially affect the tensile adhesion
forces and give unreliable results. Awareness must be drawn to the experimental designs when
working with the texture analyzer to improve the reproducibility. Poor experimental design is
a common problem across all scientific fields and not just seen in regard to the texture
analyzer'®. The awareness of poor reproducibility in research has gained much attention during
the past five years. A multitude of factors are believed to contribute to irreproducible research
results but most researchers believe that “more robust experimental design” and “better
statistics” will improve reproducibility!’. In general, it is a problem that laboratory scientists
have insufficient training in statistical methods and study design'®. Therefore, it is suggested
that a statistician and/or methodologist should be involved in all stages of a research project!®.
Not only are many experiments poorly designed and insufficiently evaluated in regard to
statistics, but many experiments are also challenged due to ethical aspects. Many studies
conducted on or with animals are limited in sample sizes and biological variations, which

challenges the reproducibility of ex vivo experiments. Good experimental designs and better
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statistical methods are, therefore, highly needed to improve the reproducibility and validity of

ex vivo data.

The aim of this study is to improve reproducibility for standardized tensile forces
measurements with a texture analyzer by applying new experimental and statistical guidelines.
These guidelines are applicable for most experimental instruments/methods involving tensile
forces to biological tissue. This study provides tools for designing, analyzing and evaluating
ex vivo experiments by using statistical tools to get reproducible results with less standard
variations. Mucoadhesion of different polydimethylsiloxane (PDMS) samples with
microstructures is measured and compared, as a case study, to emphasize the effect of our

guidelines.

2. Results

2.1 Characterization of PDMS microstructures
Rapid prototyping using PDMS-based soft lithography is a popular tool, as it allows for fast

and cheap manufacturing of micropatterned surfaces using simple processes'®. In this study,
four microstructures; T1 microcavities, T2 micropillars, T3 microcavities and T4 micropillars
are manufactured in PDMS (Figure 1A-D). Each structure of cavities and pillars consist of
different dimensions as seen in Figure 1. The fabrication of the microcavities, possesses some
limitations in regard to demolding of the polymer resulting in a poor structural yield. This is
shown for structure T3. The T3 surface has microcavities of approximately 10 um in cavity
width, whereas T1 microcavities are approximately 5 um in cavity width. Demolding seems to
affect T3 more than T1, which might be explained by the difference in the width of the cavities.
Both T2 and T4 have micropillars on the PDMS surface and are illustrated in Figure 1B and
1D, respectively. T2 micropillars are bending, which results in a smoother surface. T2
micropillars are 60 pm long, which is much more than T4 micropillars that are 15 um long and,

therefore, not bending.



Figure 1: SEM images of the PDMS microstructures: A) T1 shows microcavities of 5 pm in width, B) T2 has long micropillars
on the surface (60 pm), C) T3 presents microcavities of 10 um in width and D) T4 has short micropillars (15 pm).

2.2 Tensile force measurements
The tensile adhesion forces of all four microstructures to porcine small intestinal mucosa are

investigated in this study. For obtaining the right experimental settings, optimization tests are

performed for determining the contact force and contact time.

2.2.1 Optimization test
Three different contact forces are tested to find the most optimal one for the PDMS samples.

The average peak forces measured at the three different contact forces are shown in
supplementary material, Figure S1. The highest peak force is measured at a contact force of
0.10 N where lower standard deviations are observed. After selecting, the most optimal contact
force at 0.10 N, three following contact times are tested; 60 sec, 180 sec and 300 sec. Contact
time is defined as the time the PDMS sample and the tissue are in contact with each other
before the sample is withdrawn from the tissue. The average peak force measured at the three
contact times is shown in supplementary material in Figure S2. The highest peak force is
measured with a contact time of 180 sec. The measured peak forces after 60 and 300 sec of
contact time show lower forces. It appears from the results that 60 sec of contact time is too
little time for the PDMS samples and the mucus layer to interact sufficiently. A contact time

of 300 sec does not improve the peak force between the PDMS sample and the mucosal surface.



Therefore, a contact time of 180 sec is selected for future studies. All the optimization
measurements show large standard deviations, which is expected when combining

measurements from four different pieces of tissue.

Stability tests are performed to establish the effects of repeated measurements on a single piece
of tissue. Four pieces of tissue are exposed to ten adhesion measurements of the PDMS sample
T1. The data indicates that ten measurements on one piece of tissue is acceptable as the
measured forces follow a linear trend over time. Additionally, a high variance of the adhesion
on the four pieces of tissue are observed with the strongest being ~0.025N and the weakest
being ~0.006N. Curiously, we also observe both an increase as well as decrease in peak force
as the number of measurements increases. This indicates that both tissue and time variations
affect the measurements of a structured sample (Figure 2). The following two terms refers to

the same; repeating measurement effect and time effect.
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Figure 2: Graphs illustrating repeating measurements of PDMS microstructures (T1) on four different pieces of porcine
intestinal mucosa. The peak force is measured for each repetition and each graph show measurements on a new intestinal tissue
piece.

Table 1 reports the intercept and slope of the linear fits, where the intercept indicates the basic

adhesiveness of the piece of tissue, and the slope indicates the effect repeated measurements



have on the peak force. The intercepts of the repeating measurements show that the basic
adhesion varies to a large degree between the different pieces of tissues. The lowest observed
intercept is 0.55-107% (tissue piece 2) and the largest 2.34-107 (tissue piece 4), hence, almost
five times higher. There is no clear tendency in the time evolution. For three pieces of tissues
(2 -4), the 95% confidence interval excludes zero meaning that a significant change in adhesion
is observed with repeated measurements. This is not observed for tissue piece 1. A negative
slope is obtained on one tissue piece (4) and two positive slopes on two other pieces of tissue
(2 and 3), meaning that repeated measurements both increase and decrease the adhesion
depending on the tissue. The evidence here simply suggests that there is a large variability of
tissue and when using tissue for statistical analysis, there is a need to minimize the impact this

natural variability will have on the statistical analysis.

Table 1: Statistical values for tissue pieces. The intervals on intercept and slope are the 95% confidence intervals. All numbers

reported have been calculated using an R-script, version 4.0.2 and fitted with a linear model using ordinary least squares.

Tissue piece 1 Tissue piece 2 Tissue piece 3 Tissue piece 4
R? 0.27 0.83 0.43 0.66
F-stat 2.94 39.65 6.14 15.62
Intercept (10%) 1.42+0.26 0.55+0.13 1.21 +£0.47 2.34+0.18
Slope (10™) -3.10+4.17 5.84+2.14 8.19+£7.82 -4.86 + 2.84

2.2.2 Adhesion measurements of PDMS microstructures
The stability test (Figure 2) indicates the troublesome variations of both tissue and time. To

enable further establishment of the adhesion forces of the microstructure surfaces, a statistical
design that reduces the variability of the factors is needed. Large standard deviations are
common when conducting tensile adhesion forces ex vivo and significant evidence is rarely
observed!>?. This could most likely be coursed by disturbing factors that affect the adhesion
force of the samples. In this study, two factors, the tissue (or location on the tissue) and the
number of times each tissue is exposed to a sample are shown to affect the force measurements

of the microstructures.

2.2.3 Statistical evaluation of adhesion measurements
A type of baseline of the tissue could help determine the tissues adhesiveness. In order to

“calibrate” the tissue, flat PDMS surfaces are measured before and after each actual sample

measurement. These flat PDMS surfaces create a baseline that can estimate the state of the
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tissues at the time where the actual sample is conducted. Time variation can be eliminated by
measuring all the repetitions in a random order (available in an R-script), which allows all the
samples to be measured at different time points. All the adhesion force measurements of the
PDMS microstructures have been following this design. The flat PDMS measurements
(calibration samples) and the peak force measurements of the PDMS samples are shown in
Figure 3. The adhesion force values of the flat PDMS samples are displayed in a linear
regression model. The baseline of tissue 1, 2 and 4 are very similar and has a peak force of
approximately 0.02 and 0.03 N. The baseline of tissue 3 is lower and observed around 0.01 and
0.02 N. However, all the measurements of the microstructures are also low on tissue piece 3
compared to the other pieces of tissue. This could indicate that tissue 3 is less adhesive than

the other three pieces of tissues.

Microstructure T4 shows the longest distance from the baseline when compared to the other
microstructures suggesting that T4 has the strongest adhesion forces to the mucosa compared
to the other microstructures. T3 shows weakest adhesion forces to the mucosa on all four pieces
of tissue. Microstructure T1 demonstrates strong adhesion on tissue 1 and 3, which is less
evident on tissue 2 and 4. T2 displays strong adhesion on tissue piece 4, but has low adhesion

to tissue pieces 1, 2 and 3.
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Figure 3: Peak force (N) measurements of the four different PDMS microstructures (T1, T2, T3 and T4) in a random order
and they are displayed as grey dots. Each graph shows results from one piece of porcine intestinal tissue. The black squares
connected by a dotted line represent the baseline points. The baseline points are made using flat PDMS samples to “calibrate”

the tissues and points are connected by a dotted line made with linear regression. n = 9.



The experiment is analyzed using analysis of variance fitted with ordinary least squares?!-.

Three different analysis models that have access to experimental data in varying degree are

examined:

e One-way Analysis of variance (ANOVA), where the peak force is estimated using the
topography of the microstructures alone.

e Latin square ANOVA, where the peak force is additionally explained using the tissue
and repeated measurement, where both are modeled as categorical factors.

e Latin square ANOVA, where the peak force is additionally adjusted using a linear
model fitted to the flat microstructures. For example (Figure 3), for tissue piece 1, the
peak force for T2 and T3 would be adjusted to roughly zero, whereas both T1 and T4
would be adjusted to roughly 0.01.

The statistical estimates are reported in Table 2. The R-scripts used to compute the different
models can be found in the supplementary material. From simple to complex models, it is
observed that the mean squares of the residuals are being reduced for each piece of information

the model has access to.

The linear correction additionally reduces the amount of variance explained by the time and
tissue, from 5.21-107 to 4.37-107 for time, and from 8.20-10” to 3.05-10 for tissue, where
the largest reduction is seen for tissue. This is expected behavior as, observed on the stability
test (Figure 2), the tissue variation is stronger than the time effect. It is also noticed that the
Prob>F values are, as expected, (marginally) higher when the linear correction is conduced

compared to the uncorrected design.

Table 2: Test of effect using ANOVA on the three models. The label ‘Prob>F” indicates the p-value for the established test:

small values are considered evidence that there is significant effect(s) in the model, in this case, topography (p < 0.05).

Effect One-way ANOVA  Latin square, no Latin square, linear
correction correction
MS Prob>F MS Prob>F MS Prob>F
Topography 2.38-:10%  0.011 2.39-10* 0.003 2.56:107 <0.001
Time 521-10° 0.097 4.37-107 0.065




Tissue 8.20:107 0.041 3.05-10° 0.124

Residuals 4.13-10° 1.56-10° 1.05-10°

Multiple comparison tests are performed to obtain confidence levels that compare means of the
model effects. The goal of these tests is to determine whether group means differ and to identify
the topography with the highest mean peak force. A Tukeys multiple comparisons test is used
on the topographies, where we report the comparisons with p-values lower than 0.05(Table
3)?. The one-way ANOVA model is only able to detect one difference (T4 is different than
T3), whereas both Latin Square models are able to identify significant difference between T4
and the other microstructures. Additionally, the linear corrected model observes lower values
for all comparisons, implying that the linear correction has reduced the variance of the model
and increased the detection capability. Thereby, this can identify smaller differences in

topography compared to the model where no corrections are made.

Table 3: P-values using Tukeys multiple comparison test for the differences in topography.

One way ANOVA Latin square, Latin square,

no correction linear correction
T4vs T1  0.147 0.035 0.009
T4vs T2  0.056 0.013 0.003
T4vs T3  0.008 0.002 <0.001

Figure 4 shows topography estimates using the linear corrected ANOVA model with no
intercept that estimates topographies effects relative to the flat PDMS samples. The estimate
represents the estimate of the peak force of the microstructures with the 95% confidence
interval stated. Here, it is observed that only T4 has a significant elevated peak force compared

to the other microstructures.
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Figure 4: The graph illustrates the peak forces measured of the four different PDMS microstructures (T1, T2, T3 and T4)
conducted on four different pieces of porcine small intestinal tissue. The table shows the mean of the estimates of last squares,

which also has been illustrated in the graph. Lower and upper values are also shown in the table.

Noise caused by tissue and time effects are eliminated from the data shown in Figure 4.
Microstructure T4 shows the significantly strongest adhesion forces to the intestinal tissue,
compared to T1, T2 and T3. Surface microstructure T1, T2 and T3 show no significant
difference to the adhesion forces measured with the flat PDMS samples. Before applying the
statistical correction of the data, only T3 and T4 are significantly different. Elimination of the

noise made it easier to evaluate the mucoadhesion of the microstructures.

3. Discussion
Tensile force measurements between pharmaceutical dosage forms and mucosa have been

extensively studied and many face the same limitations as reported here, when conducting the
experiments with a texture analyzer. The importance of optimizing instrumental parameters
such as contact force and contact time is clearly stated!>**?>. A major challenge is that different
research groups use different instrumental parameters and experimental designs, which makes
comparisons unreliable?>%¢, Lastly, large variations are seen when applying biological tissue'.
There is awareness of these major challenges, however studies mainly focus on the
instrumental parameters and how that influences the tensile forces'>?°. The experimental
design presented in this study enables easy removal of different disturbing factors. Eliminating
tissue and time variations would improve the reproducibility of the peak force measurements

and give a better evaluation of the different dosage forms.

The statistical design presented in this study is developed with the purpose of being applicable

for others in the research field. The design is user-friendly, also for non-experts in statistical
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evaluation. For this reason, the statistical design is coded into R-scripts to make the process
more user friendly. The statistical correction of the data enables detection of weaker forces as
the actual force between two surfaces are not hidden in noise. One could imagine a statistical
model where the linear correction and test for topography is carried out jointly. However, this
would assume that the noise for each tissue is roughly the same, which is highly unlikely. It
should be mentioned that the presented model requires more measurements compared to
standard Latin square. Both flat and microstructured surfaces need to be measured, and the
design require n(2n+1) (n begin the number of tested topographies) measurements. As an
example, if a new topography is added to the experimental setup, then the number of
measurements increases from 36 (n=4) to 55 (n=5), whereas a standard Latin square model

would require 16 (n=4) and 25 (n=5), respectively.

There are many approaches to increase and improve the adhesion of a material such as changing
the surface chemistry as well as changing the surface topography?’®. Topography-based
adhesion is widely studied especially in regards to implants and drug delivery microdevices?®.
Improving the roughness or creating micro/nano topographies on microdevices seems to
enhance the adhesion to the mucus layer and other biological surfaces. Nanowire-based
bioadhesives show great potential in oral drug delivery, because they provide strong adhesion
of the system to the mucosal surface’”. Many of these topographic structures are inspired by
nature, e.g. the ability of a gecko to adhere to surfaces®. Polydimethylsiloxane (PDMS) is
widely used for fabricating implants and microdevices, as it is a biocompatible and non-toxic
polymer. It is used as an elastomer and is known for being non-adhesive with makes it a perfect

material for determining mucoadhesion of different topographies>’.

To address the outcome of the case studies, an enhancement in mucoadhesion is expected for
both cavity-like structures and pillar-like structures since the surface area of both surfaces are
increased’!*2. Pillar-like structures are, however, believed to have the strongest adhesion as

they enable penetration into the mucus layer, which is not the case for the cavities*.

4. Conclusion
This study demonstrates guidelines of how to evaluate adhesion measurements to mucosal

tissue. The guidelines show the importance of knowing the weaknesses of the
method/instruments being used and, thereby, making it possible to circumvent them in the
measurements. Furthermore, the study present how to statistically evaluate the data to receive

results that are less affected by noise and interfering parameters such as time and tissue
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variations. The use of design of experiment (DoE) shows that topography has a real effect on
tissue adhesion and that issues such as biological tissue variations and time variations are
possible to eliminate. The case study of the PDMS microstructures demonstrates how pillar-
like topography enhances adhesion of PDMS compared to both flat and cavity-like structures.
The purpose of these guidelines is to improve the validity of adhesion to mucosal tissue

measurements and to make them more reproducible.

5. Materials and Methods

5.1 Mold fabrication used for fabrication of PDMS microstructures
For the PDMS microstructures, silicon (Si) and nickel (N1i) based molds are fabricated to obtain

four distinct microstructures (T1 — T4, see section 2.1) as illustrated in Figure 5.
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Figure 5: Schematic of the four different PDMS microstructures and their pattern. T1, T2 and T4 have been fabricated with a
negative photoresist, whereasT3 has been fabricated with a positive photoresist.

The Si mold is fabricated using a photolithographic mask followed by defining pattern
geometry followed by a reactive ion dry etching process (DRIE Pegasus, SPTS Technologies
Ltd.) and subsequent, photoresist strip (Plasma Asher, Diener electronic GmbH & Co KG).

A lithographic pattern (t =2 um) is defined on a Si substrate utilizing a positive (AZ MiR 701,
MicroChemicals GmbH, Germany) or a negative (AZ nLOF 2020, MicroChemicals GmbH,
Germany) photoresist, allowing for a wide variety of micropatterns being obtained from the
same chromium mask. Three different Si molds are prepared in order to manufacture PDMS
topographies T1-T3. The first topography (T1) has cavity-like structures (negative
photoresist), the second topography (T2) consists of pillar-like structures (negative photoresist)

and the third topography (T3) has cavity-like structures (positive photoresist). The patterned Si
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substrate is etched using a dry etching process, resulting in 50 um (T1-T3) high three-
dimensional microstructures. Dry etching of the silicon substrate is performed at 0°C for 8 min
(T1, T2) and 5 min (T3). The chamber is cleaned before and after each silicon etching process.
The photoresist mask is subsequently removed from the obtained Si mold using a plasma Asher

for 40 min at 1000 W, 400 mL/min oxygen and 70 mL/min nitrogen flow.

The fourth topography (T4) is manufactured utilizing a nickel (Ni) mold. The Ni mold is
fabricated from a Si mold in identical fashion as T1-T3. T4 uses a positive photoresist and the
surface is subsequently dry etched for 1 min to obtain 10 um high structures. In order to transfer
the micropattern into Ni, first nickel vanadium (NiV, t = 100 nm) is sputtered (Wordentec) on
the patterned Si wafer as a seed layer. Subsequently, 340 um of Ni are electroplated
(Electroplater Techno Trans) and, finally, the Si masters are etched away using a standard
potassium hydroxide (KOH) wet etching process leaving a Ni mold with a tight array of
micropillars (T4). In order to prevent adhesion between PDMS and the Ni mold, a Teflon
monolayer (1H,1H,2H,2H-perfluorodecyltrichlorosilane (FDTS)) is added as an anti-stiction

layer through molecular vapor deposition.

5.2 Fabrication of PDMS microstructures
Polydimethylsiloxane (PDMS) (Sylgard 184, Dow Corning Corporation, Michigan, United

State) pre-polymer (monomer base) is mixed with a cross-linker (curing agent) in a ratio of
10:1. Bubbles introduced during mixing are subsequently removed through a degassing process

in a vacuum chamber before pouring the mixture into the molds.

In order to obtain a leveled PDMS surface as well as simplify mold handling and demolding,
a custom made mold housing is manufactured from poly(methyl methacrylate) (PMMA)
utilizing a CO; laser. The mold housing is composed of a circular base (d = 6.5 cm) connected

to a circular edge (h = 4 mm) fastened with screws.

The Si and Ni molds containing the microstructures are placed on the bottom of the mold
housing with the structured side facing up. The degassed PDMS mixture is subsequently
poured on top of the mold followed by a second degassing step. Finally, the PDMS is cured for
10 h at 70°C.

The cured PDMS slab is removed from the mold and structured areas (PDMS samples) are cut
out using a circular surgical punch (d = 6 mm). The final circular PDMS samples utilized for

testing have a diameter of 6 mm and height of 4 mm.
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5.3 Characterization of PDMS microstructures
PDMS microstructures are characterized using a Scanning Electron Microscope (SEM) (SEM

Supra from Carl Zeiss, Germany). Prior to imaging, gold was sputtered for 30 sec on the PDMS

sample.

5.4 Tensile force measurements
Mucoadhesion measurements are evaluated by tensile tests with a TA.XT plus texture analyzer

(Stable Micro Systems, Surry, United Kingdom). The maximum force (adhesiveness,
detachment force (N)) and the work (work of adhesion) required to detach a piece of porcine
intestinal mucosa from a PDMS sample are measured. All the adhesion measurements of the
PDMS microstructures are conducted on porcine small intestinal tissue kindly donated from
the Department of Experimental Medicine, University of Copenhagen, Denmark. The fresh
tissue is cut into pieces of 4-5 cm and frozen at -20°C until further use. Before each experiment,
the tissue is thawed at room temperature for 40-45 min. The tissue is then longitudinally cut
and the outer muscular layer is peeled off. The intestine is then placed on a custom made tissue
holder (obtained from the workshop of DTU Health Tech, Kgs. Lyngby, Denmark) with the
mucus layer upwards and held in place. The entire platform as well as the tissue is then covered
with Dulbecco’s Phosphate Buffered Saline (PBS), pH 7.4 (Sigma-Aldrich, St. Louis,
Missouri, United States). The tissue is stabilized in the buffer for approximately 15 min before
testing. All the PDMS samples are cut into circular samples of § mm in diameter and connected
to a TA probe with carbon pads. All the measurements are performed in the same fashion as
explained previous in the literature!!>**3 All the adhesion tests are conducted with a 500 g
load cell to increase the sensitivity of the instrument and the compression tests are conducted

with a 5 kg load cell (both purchased from Stable Micro Systems, Surry, United Kingdom).

5.4.1 Adhesion measurements of PDMS microstructures
Adhesion tests are performed to measure mucoadhesion between PDMS microstructures and

porcine small intestinal tissue. Adhesion tests are completed on both plain and structured
PDMS surfaces using a texture analyzer. The parameters used in these tests are listed in Table

4.
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Table 4: Instrumental parameters for a texture analyzer used for conducting the adhesion measurements of the PDMS
microstructures.

Caption Value

Pre-test speed (mm/sec)  0.50
Test speed (mm/sec) 0.10

Post-test speed (mm/sec) 0.10

Applied Force (N) 0.10
Contact time (sec) 180
Trigger force (N) 0.1

5.4.2 Optimization tests

Previous studies have shown how important, it is to adjust all the parameters for tensile force
measurements to each sample or material '"'%%_ Accordingly, optimization tests for the
PDMS microstructures are carried out. The elastic modulus of PDMS differs with varying
ratios of PDMS and cross-linker. The studied mixture of PDMS and cross-linker is exposed
to a compression test to clarify how the PDMS specimen behaves under compression. This
can give a statement of how affected the samples are when exposed to forces. Compression
tests of plain PDMS surfaces are performed directly on the tissue holder without tissue (data

shown in supplementary material, Table S1).

The most affecting parameters are the contact force and the contact time. Three values for each
parameter have been selected from the literature and are tested to establish the optimal values'!.
For the contact force, 0.05 N, 0.1 N and 0.2 N are tested with a contact time of 180 sec. After
selecting the contact force, the contact times of 60, 180 and 300 sec are tested and the most
optimal are selected. All the optimization test are conducted on T2 microstructures and the rest

of the parameters used to conduct these measurements are listed in Table 2.

Stability tests are also carried out on T1 PDMS microstructures, in order to establish the
number of measurements that can be performed on a single piece of tissue (on the same spot)
and still obtain acceptable results. Four different pieces of tissue are tested and ten

measurements per tissue are conducted, using the same parameters. The PDMS surfaces are
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looked at after each measurement to see if residuals from the mucosal surface where adhering

to the surface.
5.5 Design of Experiments and statistical analysis

DoE is a systematic, standardized procedure to ensure solid and supportable conclusions. The
purpose of this approach is to minimize consumption of runs, time and expenses. Using a
consistent DoE provides important information about the effect on a response variable due to
other factors. In all experiments, interfering factors can affect the results, originating some
unwanted variabilities. To make the experimental error as small as possible and control or
compensate for the interfering factors, the randomized complete block design (RCBD) is used.
In this sort of design, each block (i.e. the intestinal tissue, in this case) contains all the
treatments (i.e. PDMS microstructures with different topographies), see Table 5. In this way,
the accuracy of comparisons between the different treatments selected is improved, by
eliminating the variability among different blocks. For each block (i.e. tissue), the order in
which the different treatments are tested is randomly determined, so that a time factor can be
eliminated. The design chosen for these experiments are called Latin Square Designs. It is
testing each structure exactly once, in each block. For example, considering four different
treatments A, B, C, D, the software randomizes the order in which they should be tested, and

an output table with the Latin square order is generated (Table 5).

Table 5: A schematic overview of the randomized order of the samples. All the four PDMS microstructures are tested in a
random order on a single piece of tissue.

Tissue 1 | T2 |T1| T4 | T3

Tissue2 | T3 | T2 | Tl | T4

Tissue3 | T4 | T3 | T2 | Tl

Tissue4 |T1 | T4 | T3 | T2

All statistical analysis have been performed on 64-bit Windows 10 using R, version 4.0.2. The

R scripts and data can be found at https://data.dtu.dk
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Optimization test of the measurements

The goal of the compression tests are to calculate Young Modulus (E) of the PDMS surface.
The surface area of each specimen is A = 28.27 mm? (diameter = 6 mm, circular area) and the

average height is 4 mm. The parameters used for the compression tests are listed in table 1.

Table S1 displays the instrumental parameters used for conducting the compression test of PDMS.

Caption Value

Pre-test speed (mm/sec)  0.50
Test speed (mm/sec) 0.10
Post-test speed (mm/sec) 0.10
Trigger force (g) 3.0

Stress and strain is determined through the measurements and young modulus are calculated in

accordance with previous studies .

The calculated elastic modulus of PDMS is estimated to be 2.241 £+ 0.097 (n=4) MPa which
matches the literature®>. This indicates the homogeneity of the PDMS structures and the
compression test indicates that the adhesion test will not have any influence on the PDMS

samples.
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Abstract

Microcontainers facilitate unidirectional drug release and enable enhancement in oral
bioavailability. Promoting the mucoadhesive abilities of microcontainers will most likely result
in a higher drug release into the mucus layer leading to an increased drug absorption. The aim
of this study was to optimize the mucoadhesive properties of microcontainers by coating them
with one of the following polymers; chitosan, sodium alginate or PEG. The polymers were
spray coated in three different thicknesses on furosemide-loaded microcontainers. The
microcontainers were investigated with respect to mucoadhesion, using an ex vivo flow
retention model, and drug release. Chitosan-coated microcontainers showed stronger
mucoadhesion (between 72.8-90.6 % of the chitosan-coated microcontainers adhered) to
intestinal tissue compared to PEG, sodium alginate and non-coated microcontainers (39.3 %
adhered), and showed a prolonged release of furosemide for up to 7 h. For PEG-coated
microcontainers, 59.4-62.4 % were adhering to the mucosa, whereas for sodium alginate-
coated microcontainers 43.2-47.3 % adhered. For PEG and sodium alginate, the release of
furosemide from the microcontainers were not affected, as they showed similar release as non-
coated microcontainers. The coating thicknesses of chitosan, PEG and sodium alginate appear
to have a minor effect on mucoadhesion and only chitosan-coated microcontainers showed

adhesion differences between the thicknesses.

Keywords; mucoadhesion, poly(ethylene glycol), chitosan, sodium alginate, microdevices,

furosemide.



Introduction

Microdevices have over the past decade attracted more and more attention as advanced oral
drug delivery systems (Chirra et al., 2014a; Mazzoni et al., 2017; Nielsen et al., 2016; Sarah L
Tao et al., 2003). Microcontainers are one type of such devices. They are cylindrical hollow
shapes in micrometer size, fabricated in polymeric material. The inner cavity, used for drug
storage, has a single open side for unidirectional drug release facilitating a high drug
concentration close to a desired target site (often the small intestine) enabling an increased drug
absorption (Chirra and Desai, 2012a; Eleftheriadis et al., 2019; Nielsen et al., 2014, 2012).
Ideally, the unidirectional drug release should be directly into or close to the intestinal mucus
layer. This emphasizes the need for having mucoadhesive microcontainers that promote
adhesion of the open cavity to the mucosal surface and enhance the resident time at the mucosal
surface (Ahmed et al., 2002; Leh, 2000).

Since the discovery of mucoadhesion, researchers have tried to understand and enhance the
ability of materials to adhere to the mucus layers (Florey, 1962; Park and Robinson, 1984).
Numerous polymers have shown to retain formulations at the mucosal surfaces and improve
drug absorption (Peppas and Buri, 1985; Smart, 2005). Selecting the right mucoadhesive
polymer for a specific drug delivery system requires several considerations such as adhesion
strength, low toxicity, physiological settings, mechanical forces and physical/chemical
properties of the polymer. The mucoadhesive properties of a polymer are important for
retaining the drug formulation at a desired target, but have shown to hamper drug release, which
can compromise the desired drug effect.

Mucoadhesive polymers can make numerous interactions with the mucus layer depending on
the polymer in focus (Sigurdsson et al., 2013). The most promoted strategy is the use of cationic
material for electrostatic interaction with the anionic regions in the mucus (Lehr et al., 1992;
Sogias et al., 2008). Chitosan is the most studied cationic polymer due to its strong adhesion
to the mucosal lining, and its ability to enhance and prolong intestinal absorption of various
drug delivery formulations, such as nanoparticles and chitosan-coated liposomes (Behrens et
al., 2002; Prego et al., 2006, 2005; Thongborisute et al., 2006). Sharma et al. demonstrated an
improved oral relative bioavailability of carvedilol where a 9.76 fold increase was observed
after oral administration of carvedilol-loaded chitosan nanoparticles when compared to marked
carvedilol tables (Sharma et al., 2019).



The mucoadhesive properties of polymers containing anionic carboxyl groups are related to
their ability to form hydrogen bonds to the mucins side chains. Sodium alginate is such a
polymer. Alginate is a linear polysaccharide facilitating entanglement of the polymeric chains
into the mucus layer where hydrogen bonding can occur. Furthermore, it is a viscous slippery
gel-like solution, which also promotes adhesion (Cho et al., 2010). Previously, sodium alginate
microspheres loaded with insulin showed a potential improvement in the relative
bioavailability of 8.8 % after oral dosing when compared to the typical oral bioavailability of
proteins (1-2 %) (Déat-Lainé et al., 2013). The blood glucose levels were significantly lower
after oral dosing of sodium alginate microspheres when compared to insulin in free solution.
Poly(ethylene glycol) (PEG) has also gained a lot of attention in relation to mucus penetration
and mucoadhesion. PEG is a hydrophilic neutral polymer allowing for very few possibilities
of interactions with other molecules. However, studies have shown that some PEG surfaces
facilitate adhesion to the mucosal surface, which is believed to be related to penetration of long
PEG chains into the mucus mesh where hydrogen bonds can occur. The penetrating PEG chains
can also facilitate adhesion due to entanglement in the mucus mesh (Sahlin and Peppas, 1997;
Serra et al., 2006). The molecular weight of PEG play an important role in the adhesion process
since the chain length of PEG affects adhesion. Studies have shown that PEG with low
molecular weight of approximately 2 kDa penetrates into mucus, whereas larger molecular
weight of PEG (~10 kDa) promotes mucoadhesion (Bourganis et al., 2015; Netsomboon and
Bernkop-Schniirch, 2016).

The aim of this study was to establish the most optimal mucoadhesive coating on the cavity of
furosemide-loaded microcontainers to achieve good adhesive properties to intestinal tissue.
Either chitosan, sodium alginate or PEG were spray coated onto furosemide-microcontainers
in three different thicknesses. For evaluating the optimal polymer for coating and the ideal
thickness, the coated microcontainers were tested with respect to i) mucoadhesion, using an ex

vivo retention model and ii) drug release.
2. Material and Method
2.1 Materials

Furosemide was obtained from Fagron Nordic (Copenhagen, Denmark), and poly(ethylene
glycol) (PEG) 12,000 Da was purchased from FLUKA of Fischer (Hampton, NH, USA).

Sodium chloride, acetic acid, sodium phosphate monobasic dehydrate, chitosan (deacetylated



75-85 %, low molecular weight) and sodium alginate were all from Sigma-Aldrich (St. Louis,
Mo, USA). Fasted state simulated intestinal fluid (FaSSIF) was acquired from biorelevant.com
(London, UK). SU-8 2035, 2075 and SU-8 developer were purchased from Microresist
Technology GmbH (Berlin, Germany) and the silicon (Si) wafers 4-inch (1 0 0) single-side

polished were obtained from Topsil (Frederikssund, Denmark).
2.2 Fabrication of SU-8 microcontainers and drug loading

Microcontainers were fabricated on silicon wafers with the epoxy-based photoresist SU-8 in a
similar fashion as previously described (Nielsen et al., 2014, 2012; Tao and Desai, 2007).
Briefly, to fabricate the bottom and the walls of the microcontainers two steps of
photolithography was conducted. The silicon wafers were pretreated with a titanium/gold
(Ti/Au) coating to enable dry removal of the SU-8 microcontainers (Christfort et al., 2020).
After fabrication, the wafers were cut into squared chips (12.8 x 12.8 mm?) each containing

625 microcontainers.

For loading the microcontainers with furosemide, a shadow mask was aligned onto the
microcontainer chip. This was applied to prevent drug powder from being deposited between
the microcontainers and only allow it to be in the cavity of the microcontainers. After aligning
the shadow mask, furosemide powder was then manually loaded into the cavity of the
microcontainers using a brush. Afterwards, the shadow mask was removed and air pressure

was applied on the chip to remove excess drug not loaded into the cavity (Abid et al., 2017).
2.3 Mucoadhesive coatings onto furosemide-loaded microcontainers

Either chitosan, sodium alginate or PEG were spray coated on the cavity of furosemide-loaded
microcontainers using a spray coater system (ExactaCoat, Sono Tek, USA) equipped with an
ultrasonic nozzle actuated at 120 kHz (Keller et al., 2013). The three polymeric solutions were
either chitosan 0.5 % w/v in 0.1 M acetic acid, sodium alginate 0.5 % w/v in water or PEG 2.66
% wi/v in water (Cui et al.,, 2006; Mazzoni et al., 2019; Salamat-Miller et al., 2005;
Solomonidou et al., 2001). All the polymers were spray coated with a flow rate of 0.1 mL/min
and a generator power at 1.3 W. A wavy line spray path was used for each microcontainer chip
having an offset of 2 mm to allow for an even coating layer on the chip with the
microcontainers. A shaping air of 0.02 bar was applied for all the polymers. Table 1 list the

instrument settings.



Table 1: The experimental settings for spray coating the three mucoadhesive polymers of either chitosan, sodium alginate or
PEG onto furosemide-loaded microcontainers. Three different thicknesses of each polymer was utilized, which is indicated

by the different numbers of used loops.

Parameters Chitosan Sodium alginate PEG
Nozzle speed (mm/s) 25 25 20
Distance between nozzle 25 25 20
Temperature (°C) 50 50 40

Loops 60/120/180 75/125/175 35/70/109
Concentration of polymer (% w/v) 0.5 0.5 2.66

A scanning electron microscope (SEM) (TM3030Plus Tabletop Microscope, Hitachi®, Tokyo,
Japan) was utilized to investigate the quality and appearance of the coating layers. All
inspections used SE detector and an acceleration voltage of 15 kV. The thickness and roughness
of the different polymeric coatings were measured by a surface profilometer (KLA-Tencor
Alpha-Step 1Q, CA, USA).

2.4 In vitro drug release from the coated microcontainers

The release of furosemide from the differently coated microcontainers was measured using a
uDiss profiler™ (pION Inc., Woburn, MA). 2 h prior to the experiments, FaSSIF was prepared
at pH 6.5 and kept at 37 °C until further use.

First, a stock solution of 10 mg/mL furosemide in water adjusted to pH 10 was prepared.
Then, calibration curves were constructed by adding accurate volumes of the stock solution
to 10 mL of FaSSIF followed by UV absorbance measurements within the range of 300-350
nm.

For the release study, a microcontainer chip was attached to a cylindrical magnetic stirrer using
doubled-sided carbon tape, and transferred to a glass vial. Here, 10 mL of FaSSIF was added
at the same time as the experiment was initiated. The studies were carried out with a stirring
rate of 100 rpm at 37°C and a path length of the in situ UV probe of 1 mm. Spectra were
collected over 7.5 h and in four replicates.



2.5 Ex vivo retention model for evaluation of mucoadhesive coatings

Small intestines from LandracexYorkshirexDuroc (LYD) pigs were kindly donated from the
Department of Experimental Medicine, University of Copenhagen, Denmark. On arrival, the
small intestine was cut into pieces with a length of approximately 10 cm and stored at —20°C
until further use.

An ex vivo retention model similar to the one described in the literature was used to evaluate
mucoadhesion of microcontainers with polymeric coatings (Madsen et al., 2013; Mazzoni et
al., 2019; Rao and Buri, 1989). FaSSIF was prepared 2 h prior to the experiments and kept
at 37°C until further use. A 10 cm piece of porcine small intestine was thawed for 30-50 min
at room temperature before longitudinally cutting it open and placing it on a supporting slide
with the mucosal surface upwards. The slide was placed in a humidity chamber fabricated
and designed by Vaut et al. (Mosgaard et al., 2019; Vaut et al., 2019). The chamber facilitated
a constant humidity of approximately 80 % and a temperature of 37°C. A peristaltic pump
was connected to the supporting slide to facilitate a constant flow across the surface of the
tissue. After placing the tissue slide in the chamber and adjusting its angle to 20°, a washing
step with FaSSIF was initiated for 1-5 min with a flow rate of 10 mL/min. Underneath the
tissue, a filter paper was placed to collect non-adhering microcontainers. The microcontainers
with or without polymeric coatings were manually scraped off the silicon chip and applied onto
a spatula where they were counted. 183 + 8 microcontainers were placed in the top part of the
tissue. After placing the microcontainers on the tissue, their location was noted and a flow of
10 mL/min of FaSSIF was initiated and continued for 5 min. Immediately after, the movement
of the microcontainers down the mucosal surface was investigated using a light microscope
(Zeiss Axio Scope.Al, Carl Zeiss, Gottingen, Germany) with a C-DIC filter and AxioVision
SE64 software (version 4.9.1 SP1). The amount of microcontainers adhering to the tissue and
the amount of microcontainers being on the filter was counted after the 5 min of flow. The
amount of microcontainers remaining on the tissue gave an estimate of the ability of the
microcontainers to adhere to the mucosal surface. The orientation and location of the
microcontainers were investigated and categorized into laying sideways, up/down or deeply

covered into mucus as described previously (Mosgaard et al., 2019).



2.6 Statistics

All data were shown as mean + standard deviation (SD). Statistical analysis were carried out
using Student t-tests or one-way ANOVA using GraphPad Prism, version 7.04 (CA, USA) and

p-values below 5% (p < 0.05) were statistically significant.
3. Results and discussion

Addition of mucoadhesive polymers to the cavity of microcontainers is believed to promote
unidirectional drug release directly into the mucus layer as well as to retain the microcontainers
at the absorption site. This will result in an enhanced drug absorption that can improve oral
bioavailability. Previously, it was shown, lectin-conjugated microdevices targeting the
epithelium significantly enhanced in vitro bioadhesion to Caco-2 cells compared to
microparticles with the same surface area. Lectin is binding specifically to N-
acetylglucosamine groups that are located on the intestinal epithelial lining, which thereby
increases bioadhesion and their retention (Chirra et al., 2014b; Chirra and Desai, 2012b; Sarah
L. Tao et al., 2003). Lectin binds to the intestinal epithelium lining whereas in this study the
polymers were targeting the mucus layer at the intestinal lining.

3.1 Drug loading and mucoadhesive coating of microcontainers

The microcontainers were successfully fabricated with dimensions of an individual
microcontainer being an average cavity diameter of 234.3+2.2 um, outer diameter of 324.7+2.2
pm and total height of 252.0+1.7 um (Fig. 1A). Each chip was loaded with 3.71 = 0.55 mg (n=
40 chips) of furosemide corresponding to 5.9 pg/microcontainer and the loading quality is
shown in Fig. 1B. Furosemide is a weak acid (pKa 9.9 and 3.5) and classified as a class IV
compound in the biopharmaceutical classification system, meaning it has low permeability and
poor agueous solubility (Matsuda and Tatsumi, 1990). Furosemide is a challenging drug to
deliver orally and by prolonging the residence time at the mucosal surface an increased

absorption might occur.



Figure 1: SEM images of A) empty microcontainers sitting on a silicon chip and B) microcontainers loaded with furosemide
(in average 5.9 pg furosemide/microcontainer).

Chitosan, sodium alginate and PEG are polymers which possess low toxicity, are
biocompatible and biodegradable hence, suitable for oral delivery (Cho et al., 2010; Sharma et
al., 2003; Vila et al., 2004). Following drug loading with furosemide, the microcontainers were
coated on the cavity with three different thicknesses of either chitosan, sodium alginate or PEG.
The resulting coatings are shown in Fig. 2 and the thicknesses are listed in Table 2.

The polymer concentration of chitosan and sodium alginate was lower than the PEG
concentration as both chitosan and sodium alginates produces viscous solutions, which can
compromise the spray coating process. The chitosan concentration contributes to the coating
thickness of chitosan on the microcontainers. The chitosan thicknesses coated on the
microcontainers were between 3-8 um (Table 2). Previously, it was shown that coating
microcontainers with a chitosan thickness of 6.9 = 1.1 um led to a two-fold increase in
mucoadhesion when compared to microcontainers without chitosan (Mazzoni et al., 2019). In
another study, an enhanced adhesion of microcontainers was observed when they were coated
with chitosan (8.9+0.7 um thickness) (Birk et al., 2020). Both studies showed a sustained drug
release profile with the use of chitosan.

Chitosan is hygroscopic and swells when in contact with water above pH 6.2 and thereby,
forms a hydrogel on the cavity of the microcontainers (Gupta, 2010). The coating layers of 3
pm and 5 um chitosan resulted in smooth thin coatings where furosemide crystals were visible
below (Fig. 2). The chitosan coating layer of 8 um covered the cavity of the microcontainers
with an almost coherent film. The coating roughness was studied for all three thicknesses by
profilometry, which revealed a low surface roughness. Chitosan’s low surface roughness may

be explained by chitosan droplets ability to be able to mobilize for a long time, which allow



the droplets to coalesce and form a dense smooth layer before drying on the microcontainer
surface (Bose et al., 2013).

Table 2: The thicknesses of the polymeric coatings of chitosan, sodium alginate or PEG. Each polymer were coated in three
different thicknesses, which are seen in the names of the different coatings. Data represent mean + SD and n=3.

Name Polymer  Coating thickness (um)

C(3um) Chitosan 2.96 £0.19

C(5um) Chitosan 5.27 £0.86

C(8um) Chitosan 7.82+£0.48

A(1pm) Sodium 1.07+£0.14
alginate

A(2um) Sodium 1.97 £0.12
alginate

A(3um) Sodium 2.87+0.24
alginate

P(6pm) PEG 5.76 + 0.44

P(22um) PEG 22.17 +1.98

P(31pum) PEG 30.57 + 3.45

Sodium alginate showed less ability to form a film than chitosan and PEG, and this resulted in
an uneven coating layer on the microcontainers. This was substantiated by profiolmetry
measurements showing high surface roughness of the sodium alginate coating layer (Fig. 2).
The surface tension of a polymeric solution can affect the coating coalescence, which makes
the coating surface less coherent and smooth. McGrath et al. tested the film forming properties
of carboxymethylcellulose sodium salt (CMC) on a plain silicon surface. Here, the CMC
solution gave large uncoated areas where some droplets had dried in solution as well as larger
areas where droplets had coalesced well and formed a coherent coating surface. Furthermore,
the edges of the coated areas were jagged, indicating that the coating layer had retracted from
the silicon during drying (McGrath et al., 2011). The same was evident for the sodium alginate
coating solution investigated in this study. McGrath et al. explains this behavior by the CMC
solutions high surface tension. This was believed to promote cohesion of the coated droplets

and prevent an even spread of the droplets across the silicon surface (McGrath et al., 2011).
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Another study showed that CMC and sodium alginate have similar surface tension, which
supports the similar coating behavior of CMC and sodium alginate (Lee et al., 2012). Both
sodium alginate and CMC are salts, which could also explain the uneven coating. Salts can be
difficult to spray coat to a coherent film due to crystallization during film formation. In this
study, we made the following observations; a thickness of 1 um resulted in an irregular coating
but seemed to cover the open cavity, a thickness of 2 um appeared smoother than the other two
thicknesses and the furosemide crystals were covered, a thickness of 3 um gave the roughest
surface and furosemide crystals seemed uncoated. The smooth appearance of the 2 um thick
coating layer of sodium alginate could be explained from the amount of salt present. A 1 um
thick layer of sodium alginate might be too thin to observe a salt effect in the film and for the

3 um thick layer, the amount of salt present on the surface was enough for creating cracks.

Microcontainers were spray coated with PEG in the thicknesses: 6, 22 and 31 um (Table 2).
Christfort et al. have previously used a thick PEG coating of 73+14 um on drug-loaded
microcontainers, however no significant difference in mucoadhesion was observed in vivo
when comparing to microcontainers without PEG (Christfort et al., 2021). A thinner PEG
coating of 17.0£5.6 um has earlier let to a two-fold increase in ex vivo mucoadhesion when
compared to microcontainers without PEG. This thickness was obtained with a PEG
concentration of 0.7 % wi/v in dichloromethane, where the current study used 2.66 % w/v in
water (Mazzoni et al., 2019). It was expected that more PEG chains were present at the coating
surface with higher concentrations; therefore, a high PEG concentration was chosen here. In
this study, a PEG thickness of 6 um resulted in a thin uniform layer where furosemide crystals
were still visible, whereas for a thickness of 22 um the cavity of the microcontainers was
covered with a thin layer and the furosemide crystals were less visible (Fig. 2). A PEG coating
thickness of 31 um covered the entire microcontainer with an even layer. The surface roughness

was low for PEG when compared to sodium alginate coatings.
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Figure 2: SEM images of the different polymeric coatings for different thicknesses. The first row of images shows chitosan-
coated microcontainers with C(3um), C(5um) and C(8um). Second row of images shows microcontainers coated with sodium
alginate, A(1um), A(2um) and A(3um). The third row of images displays the PEG-coated microcontainers with P(6um),
P(22pm) and P(31um). The chitosan and PEG coatings showed low surface roughness compared to sodium alginate. All scale
bars represent 50 um except for A(3um) which represents 20 pm.

3.3 In vitro drug release from the coated microcontainers

Drug release profiles are of great importance when evaluating mucoadhesive coatings and their
thicknesses. The release profile can give an idea of whether the coating layer is too thick to

obtain a sufficient drug release.

Chitosan-coated microcontainers gave an initial release within the first hour of 42.9+5.1 % for
C(3um), 48.8£3.1 % for C(6pum) and 39.5+5.1 % for C(8um) (Fig. 3A). However, no
significant difference between the three chitosan thicknesses were observed within this time
frame. Furosemide was sustained released for all three thicknesses and after 7 h, 85.4+8.7 %
for C(3um) was released, whereas 95.0+0.3 % and 91.1+9.5 % was released from C(6pm) and
C(8um), respectively. No significant difference was observed between the chitosan-coated
microcontainers after 7.5 h. For the non-coated microcontainers 92.1+1.2 % of furosemide was
released within the first hour. The release profile of the chitosan-coated microcontainers
showed that all three thicknesses were significantly different from the microcontainers without
coating after 1 h (P = <0.0001 for all three thicknesses). The ability of chitosan to swell when
in contact with water has shown to affect its adhesiveness and drug release profile (Gombotz
and Wee, 1998; Lehr et al., 1992). In accordance, it has previously been shown that chitosan
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induces sustained release of both ciprofloxacin (25.9+5.6 % after 90 min) and lysozyme
(70.6+6.6 % after 2 hours) (Birk et al., 2020; Mazzoni et al., 2019). With ciprofloxacin loaded
into the microcontainers and coated with chitosan, a complete release of ciprofloxacin was
observed after 28 h (99.5£9.1%), whereas for non-coated ciprofloxacin-loaded
microcontainers, a complete release took 7 h (Birk et al., 2020). The sustained release profile
through a chitosan layer is greatly dependent on the drug and its physical and chemical

properties.

Sodium alginate-coated microcontainers resulted in a fast release of furosemide and within the
first hour 90.0£6.9 % was released through A(1pm), and 99.6+£1.6 % and 99.2+6.5 % were
released through A(2um) and A(3um), respectively. No significant difference was observed
between the three coating thicknesses (Fig. 3B), nor when compared to the non-coated
microcontainers. This was expected as sodium alginate is water soluble, which allows for

unaffected release rates.

The release profiles of furosemide from PEG-coated microcontainers are shown in Fig. 3C. A
fast release of furosemide was observed within the first hour and 99.4+19.6 %, 114.1+8.9 %
and 91.8+2.2 % were released from P(6um), P(22um) and P(31pm), respectively. No
significant difference was observed between P(6um) and the other two thicknesses. However,
P(22um) showed significantly higher release than P(31um) and from non-coated
microcontainers after 1 h of release (P = 0.0028 and P = 0.0027). No significant difference was
observed between microcontainers without coating and P(6pm) and P(31um). An unaffected
release profile of furosemide from PEG-coated microcontainers was expected as PEG is water

soluble, and therefore, solubilizes fast in the aqueous medium (Efremova et al., 2002).
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Figure 3: In vitro release of furosemide from microcontainers as a function of time. The microcontainer were either without
coating or coated with either chitosan, sodium alginate or PEG. Furosemide release from microcontainers coated with A) three
different thicknesses of chitosan, B) three different thicknesses of sodium alginate and C) three different thicknesses of PEG.
Black curve in all three graphs represents the control release profile (microcontainers without coating). Data represent mean +
SD,n=4.

3.4 Mucoadhesion of microcontainers using ex vivo retention model

Several studies have stated the importance of being able to control the direction of drug release
from microdevices (Ahmed et al., 2002; Ainslie et al., 2009; Chirra and Desai, 2012c). By
controlling a direct drug release into the mucus layer, one could expect an increased absorption
and thereby, an increased oral bioavailability (Chirra et al., 2014a; Chirra and Desai, 2012c).
Coating the cavity of the microcontainers with a mucoadhesive polymer will not just result in
an increased residence time but will also secure attachment between the cavity of the
microcontainers and the mucosal surface. A flow retention model using porcine small intestinal
tissue was used to evaluate the ability of the coated microcontainers to adhere. Mucoadhesion
was determined from the amount of microcontainers adhering to the mucosal surface after

exposure to a continuous flow.

Fig. 4 shows the ability of the different polymers to adhere to the tissue and the dependency of
thicknesses. 72.8 + 14.4 % of the C(3um) microcontainers adhered to the tissue after 5 min of
flow, but here, a large standard variation was observed. C(5um) and C(8um) showed similar
strength of adhesion where 90.6 + 4.4 % and 79.9 £ 3.4 % were adhering, respectively. The
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high variability between the same samples can be explained by varying mucus thicknesses on
the tissue, which can lead to different adhesion of the microcontainers. All three thicknesses of
chitosan were significantly different from the microcontainers without coating where only 39.3
+ 3.3 % were adhering (C(3um) P=0.0027, C(5um) and C(8um) P=<0.0001). The
microcontainers coated with the thickest layer C(8um) adhered better than C(3um) and
C(5um). The ability of chitosan to adhere to mucosal surfaces is well-known and therefore,
strong adhesion was expected from the chitosan coatings. Sogias et al. showed that chitosan,
was not only adhering from electrostatic interactions, but the adhesion was also strengthened
by hydrogen bonding and hydrophobic interactions (Sogias et al., 2008). The ability of chitosan
to swell and interact with mucus improves the adhesion but the question is if it is always in its
favor. Preliminary studies (not included) have shown that a thick layer of chitosan can result
in accumulation of microcontainers (as they clump together), which thereby, can prolong the
release profile and prevent efficient delivery to a large surface area in the small intestine. This
is especially important when administering the microcontainers in a capsule where chitosan
slowly will hydrate and stick together. This limits the use of chitosan as a mucoadhesive

polymer on microcontainers.

It can be observed that 50.3 + 6.0 % A(2um)-coated microcontainers adhered to the mucus on
the small intestine (Fig. 4). There was no significant difference between the three coating
thicknesses of sodium alginate, but there was a significant difference between the non-coated
microcontainers and the A(2um)-coated microcontainers (P=0.018). In general, sodium
alginate was not expected to show stronger adhesion than chitosan and PEG due to a poor
coating layer and low thickness when compared to the chitosan- and PEG-coated
microcontainers. Sodium alginate will dissolve when exposed to the intestinal fluid, which
limits the duration of adhesion (Cho et al., 2010). It is clear from the results that not only the
ability of the polymer to adhere but also the coating quality of the polymers is important. This
can explain the low adhesion and the large standard deviations observed for microcontainers

coated with sodium alginate.

All three coating thicknesses of PEG resulted in similar adhesion strengths (Fig. 4). For P(6um)
microcontainers, 59.4 + 18.1 % was adhering, however, no significant difference were
observed when comparing to the non-coated microcontainers. Both P(22um) with 63.3 + 4.5
% and P(31um) with 62.4 +10.7 % of adhering microcontainers showed significant difference
to the non-coated ones (P=0.0001 and P=0.0062). The data suggest that P(22um) and P(31um)

have similar adhesion to mucosa. In general, the thickness of PEG did not affect the adhesion
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to mucosa, and therefore, it can be concluded that the thinnest layer of PEG would be the most
optimal as the production time and use of excipients can be reduced. Previously, adhesion of
microcontainers coated with either PLGA+PEG or PLGA+chitosan has been compared and
they showed similar adhesion strength of the two polymer combinations, however, only
approximately 35-40 % of the microcontainers were adhering to the mucosal surface (Mazzoni
et al., 2019). In this study, 60 % of the PEG-coated microcontainers were adhering and 80 %
of chitosan-coated microcontainers were adhering. Indicating a stronger adhesion shown in this
study compared to the previous studies. This could either indicate that the different coating
thicknesses affected the mucoadhesion or simply be due to biological variations. Minor
variations in the setup and interpretation of the results could also explain the variations in

adhesion.

Coating the microcontainers with chitosan gave the strongest adhesion to the mucosal surface
in general. However, no significant difference was observed between chitosan-coated
microcontainers and P(22um) and P(31pum). C(5um) and C(8um) gave significantly higher
adhesion then all the sodium alginate-coated microcontainers. Furthermore, C(8um) showed
significantly higher adhesion then P(6pum) (P=0.0135). The most preferred chitosan thickness
is C(8um), since it showed the best adhesion abilities compared to C(3um) and C(5um).
Nevertheless, from C(8um), there was a sustained release profile of furosemide which might
limit its usability as a drug delivery system. No significant differences were observed between

the sodium alginate- and PEG-coated microcontainers.

The polymeric thickness deposited onto microcontainers has shown minor effect on the
mucoadhesion. Significant difference in mucoadhesion of the different thicknesses was
observed for chitosan but not for PEG and alginate. This could be explained by the investigated
thickness or that the adhesion was not affected much by the polymer thickness. Further studies
could establish whether the mucoadhesion could be improved by increasing the polymer

concentration or the molecular weight of the polymer.
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Figure 4: The ability of coated and non-coated microcontainers to adhere to the mucosal surface of the small intestine from a
pig. Black bar show results of non-coated microcontainers. Green bars are chitosan-coated microcontainers where each green
colure represents different chitosan thicknesses. Red bars are sodium alginate-coated microcontainers and each red colure
represents different sodium alginate coating thicknesses, and blue bars are PEG-coated microcontainers, where each blue
colure represents a different PEG coating thickness. Black * shows significant difference between the groups. Data represent
mean = SD, n = 4-5.

3.4.1 Distribution of microcontainers and their orientation

The flow retention model gives a clear indication of the adhesion of the microcontainers to the
mucosal surface. Furthermore, it provides an indication of how the microcontainers are
distributed on the tissue after being exposed to a continuous flow. The orientation of the
microcontainers, after adhering to the mucosal surface, contributes to the idea of
unidirectional release and whether the cavity is facing the mucus layer (Mosgaard et al., 2019).
The distribution and orientation of the different polymeric coated microcontainers are shown
in Fig. 5.

The majority (30-80 % compared to 5-13 % found distributed on the tissue) of the
microcontainers were located where they initially were placed after being exposed to a
continuously flow. This was observed for all three polymeric coatings as well as for the non-
coated microcontainers. The amount of microcontainers found in the first part of the tissue is
shown in Fig. 5A where their orientation is also shown. The orientation being sideways or
up/down of the microcontainers in the first part of the tissue was biased by how they were
initially placed. However, microcontainers deeply covered in mucus can give an idea of the
ability of the polymers to penetrate into the mucus. The amount of microcontainers distributed
down the tissue surface is shown in Fig. 5B as well as their orientation. A high amount of 68-
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82 % (68+12 % C(3um), 744 % C(6um) and 82+4 % C(8um)) of the chitosan-coated
microcontainers were found in the first part of the tissue, indicating their strong adhesion to the
mucosal surface. Their orientation was well distributed in the three orientations and 52+6 % of
C(8um) were found deeply in the mucus layer. Chitosan-coated microcontainers were
distributed along the tissue supporting their strong ability to adhere to mucosa. C(3um) were
mainly found lying sideways where C(5um) and C(8um) were found lying up/down, which

could be explained by the thicker chitosan layer on the cavity promoting up/down orientation.

Only 41-47 % of sodium alginate-coated microcontainers were located in the beginning of the
tissue (Fig. 5A) (41+20 % A(1pm), 47+£10 % A(2um) and 4513 % A(3um)). This support
the lower adhesion forces of sodium alginate when compared to chitosan- and PEG-coated
microcontainers. The orientation of the microcontainers was similar for the three sodium
alginate thicknesses and they were mainly oriented up/down or deep in the mucus (Fig. 5B).
Moreover, the sodium alginate-coated microcontainers were distributed along the tissue.
A(1um) and A(2um) showed that 9+4 % and 52 % of the microcontainers were adhering,
whereas 3+1 % of A(3um) microcontainers were adhering to the intestinal tissue. This could
be explained by the coating of sodium alginate where A(3um) showed a less coherent coating

compared to the other two thicknesses.

55-62 % of PEG-coated microcontainers were located in the beginning of the tissue (Fig. 5A)
which fits with the observation that PEG showed second strongest adhesion to mucosa when
compared to chitosan and sodium alginate (559 % P(6um), 60+4 % P(22um) and 569 %
P(31um)). 22-35 % of them were found deeply covered in mucus (316 % P(6um), 351 %
P(22um) and 22+9 % P(31um)) (Fig. 5B). PEG is known for having mucopentrating abilities
and PEG-coated microcontainers were expected to be embedded into mucus (Sahlin and
Peppas, 1997). However, the large size of the microcontainers will prevent them from
penetrating completely into the mucus layer but the PEG chains will be able to drag the
microcontainers closer to the mucus. This could explain the large amount of PEG-coated
microcontainers covered in mucus. Only 2+1 % for P(6um) and P(22um)-coated
microcontainers were seen distributed down the tissue surface which could be explained by
PEG being highly water soluble. The PEG coating will dissolve in the aqueous medium and
when they detach from the mucosal surface, PEG will no longer be present to reattach the
microcontainers to mucosa. 11+2 % of P(31um) microcontainers were found along the tissue
lying sideways, however, this was only seen for one repetition and could therefore be coursed

by tissue differences.
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Figure 5: Percentage of polymeric-coated microcontainers orientated sideways, up/down or deeply covered in mucus. A) The
orientation of the microcontainers at the start of the tissue after being exposed to a continuous flow (where the microcontainers
were initially placed on the tissue). B) Orientation of the microcontainers distributed on the tissue after being exposed to a
continuous flow for 5 min. Data represent mean + SD, n = 4-5.

All the polymeric coated microcontainers seemed to be adhering better than non-coated
microcontainers in the first part of the tissue. However, the non-coated microcontainers seemed
to be better at adhering further down the tissue when compared to PEG-coated microcontainers.
Previously, we have demonstrated that microcontainers prefer to orient themselves sideways
with approximately 60 £ 12 % of the microcontainers lying sideways (Mosgaard et al., 2019).
Therefore, this was expected but was not the case in this study since the non-coated
microcontainers were oriented in all three orientations. This could most likely be explained by
the variations in the methods used, as Mosgaard et al. used an ex vivo perfusion setup for

evaluating the microcontainers behavior, which uses an intact small intestinal tissue piece.

4. Conclusion

In this work, three well-known polymers of chitosan, sodium alginate and PEG were
investigated as mucoadhesive coatings on microcontainers for oral drug delivery. The three
polymers were successfully coated on the cavity of the microcontainers. However, sodium
alginate showed less promising coating abilities than chitosan and PEG. The three coating
thicknesses of both PEG and sodium alginate did not compromise the in vitro release of
furosemide, whereas chitosan did delay the release of furosemide for up to 7 h. By the use of
an ex vivo retention model, it was observed that chitosan-coated microcontainers were adhering
better than PEG- and sodium alginate-coated microcontainers. The 8 um thick chitosan coating
resulted in the strongest adhesion. This study provides valuable knowledge in how polymeric
coatings on microdevices can improve their mucoadhesion. Testing different thicknesses of
mucoadhesive polymers can help clarifying what effect this has on the microdevices in terms
of drug release and their ability to adhere to mucosa.
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Abstract: Microfabricated devices have been introduced as a promising approach to overcome
some of the challenges related to oral administration of drugs and, thereby, improve their oral
bioavailability. In this study, we fabricate biodegradable microcontainers with different polymers,
namely poly-e-caprolactone (PCL), poly(lactic-co-glycolic acid) (PLGA) 50:50 and PLGA 75:25 by hot
punching. The mucoadhesion of the microcontainers is assessed with an ex vivo retention model on
porcine intestinal tissue. Finally, in vitro degradation studies of the biodegradable microcontainers
are completed for six weeks in simulated intestinal medium with the addition of pancreatic enzymes.
Through SEM inspection, the PLGA 50:50 microcontainers show the first signs of degradation already
after two weeks and complete degradation within four weeks, while the other polymers slowly
degrade in the medium over several weeks.

Keywords: hot punching; embossing; drug delivery; biodegradable polymers; thin films;
microdevices; mucoadhesion; biodegradation

1. Introduction

Oral drug delivery is the most preferred administration route due to its minimally invasive
nature and high patient compliance. Moreover, it provides flexibility to accommodate various types
of drug candidates, as oral dosage forms do not require sterile manufacturing conditions and are
therefore less expensive to manufacture. However, oral drug delivery faces several challenges, such as
pre-systemic intestinal degradation, hepatic first pass elimination, as well as low solubility of some
drugs in the fluids of the gastrointestinal (GI) tract, leading to reduced oral bioavailability of the
drug [1,2]. One goal in the development of oral drug delivery systems is to reduce the dosage and
thereby minimize the adverse effects of the drug, which can be achieved by increasing the amount
of drug specifically released and absorbed at the targeted site in the GI tract. In the last decades,
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mucoadhesion has been shown increased interest in oral drug delivery as it potentially enhances
the bioavailability due to longer retention times of drug at the intended sites of absorption [3,4].
In particular, mucoadhesive drug delivery systems could be of value in delivering the growing number
of sensitive high molecular-weight compounds, such as peptides and proteins [5]. Numerous methods
have been proposed to assess the mucoadhesive properties of drug formulations in vitro and ex vivo.
These methods can be based on mechanical force determination or on particle interactions [6].

Recently, microfabricated drug delivery systems have been proposed to overcome some of the
major challenges in oral drug delivery [7]. For this purpose, microcontainer devices with precisely
controlled dimensions and shapes have been introduced [8,9]. Microcontainers are reservoir-based
devices, providing a large surface area. After the fabrication of microcontainers, active pharmaceutical
ingredients (APIs) in various forms can be loaded into the cavities. This is convenient and avoids
potential harm to the drug during the microcontainer processing steps. To control the release kinetics,
functional coatings can then be applied on the loaded microcontainers. Due to the design of the devices,
they can potentially provide unidirectional release at the intestinal mucosa, control of drug release
kinetics, and facilitate targeted delivery of pharmaceuticals in the GI tract [10-12].

Based on the demand of fabricating microdevices in biocompatible and biodegradable materials,
we recently demonstrated the successful fabrication of biodegradable microcontainers using hot
punching, which is a modified hot embossing method [12]. The novel process is based on the assembly
of compression molded polymer films, after which a single processing step produces simultaneous
patterning of the device film and thermal bonding to an underlying water soluble poly(vinyl alcohol)
(PVA) substrate. This results in replication of large arrays of microcontainers on a sacrificial film, which
afterwards can be dissolved in an aqueous solution for harvesting of the devices. Thus far, this method
has been applied for the fabrication of microcontainers with poly-¢-caprolactone (PCL).

Recently, an ex vivo method was presented for characterization of the mucoadhesive properties
of microcontainers and other microfabricated devices intended for oral drug delivery [13]. Itis a
simple, yet efficient method, where a capsule containing the devices is placed at the top end of an
untreated and inclined piece of porcine small intestine. The tissue is perfused with a simulated
intestinal medium followed by microscope examination. Using this method, a study was completed
evaluating mucoadhesion of the PCL microcontainers fabricated by hot punching. The results showed
good adhesion to the intestine with over 60% of the devices residing in the first few cm of intestine [13].
While this is promising for sustained drug delivery, it raises the concern that the microcontainers might
accumulate in the GI tract upon repeated administrations. This illustrates that the degradation of the
polymeric materials used for oral drug delivery applications is another critical factor to consider. PCL
is a polyester with a relatively low degradation rate in physiological conditions [14,15]. By adjusting
the fabrication process of biodegradable microcontainers, it could be possible to change the material to
a biodegradable polymer with faster degradation and similar, or even better, mucoadhesive properties.
A polymer that has attracted considerable interest as a base material in biomedical applications, due to
its biocompatibility and tailorable biodegradation rate, is poly(lactic-co-glycolic acid) (PLGA) [16-18].
It is a co-polymer approved by the U.S. Food and Drug Administration (FDA) for several medical
applications, such as drug delivery and tissue engineering, due to its non-toxicity in humans [16,18].
In the presence of an aqueous environment, PLGA undergoes hydrolytic degradation to produce lactic
and glycolic acid, which are products of normal metabolic pathways in the human body. Based on the
percentage of glycolic acid and lactic acid in PLGA, the physical properties, such as the hydration and
hydrolysis rate, are different [18].

The aim of this work is to evaluate the suitability of different polymeric materials for microfabricated
drug delivery devices where mucoadhesive properties and biodegradability are important. For this
purpose, we fabricate microcontainers in PLGA 50:50, PLGA 75:25, and PCL with the hot punching
process. Furthermore, we assess and compare the biodegradation in vitro and investigate the
mucoadhesion of these microcontainers ex vivo. The degradation studies are completed in a simulated
intestinal medium to evaluate the structural integrity of the microcontainers upon prolonged exposure.
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2. Materials and Methods

2.1. Microcontainer Fabrication

PVA (Mowiflex C17) was provided by Kuraray (Vantaa Finland) and PCL (M, = 80,000 g mol 1)
was purchased from Sigma Aldrich (Schnelldorf, Germany) . Circular polymer films with a diameter
of approximately 100 mm were prepared by compression molding with a hot embosser (Collin®Press,
300 SV, Ebersberg, Germany) as described earlier [12].

A series of optimization steps were carried out in order to achieve uniform PLGA 50:50 (acid end
cap, Mjp 85,000-100,000 g/mol, Akina, IN, US) and PLGA 75:25 (acid end cap, My, 75,000-85,000 g/mol,
Akina, IN, US) films with thicknesses corresponding to the height of the desired microcontainer
structures. For PLGA 50:50, compression molding temperature was varied between 70 and 90 °C and a
film thickness of 83 + 7 um was achieved with the optimized parameters, as shown in Table 1. For
PLGA 75:25, similar experiments were conducted where the temperature was varied between 90 and
110 °C, while the pressure and holding time were kept the same as for PLGA 50:50. The process was
stopped at room temperature and a thickness of 86 + 10 pm was achieved at a temperature of 105 °C.

Table 1. Parameters for compression molding of poly(lactic-co-glycolic acid) (PLGA) 50:50 and

75:25 films.
. Compression Holding Cooling Ramp Platen
Material Amount [mg] Time [min] Temperature [°C] [K/min] Pressure [bar]
PLGA 50:50 250 + 20 30 90 20 20
PLGA 75:25 400 + 200 30 105 20 20

Nickel stamps with the microcontainer patterns were fabricated using dry etching and
electroplating in a similar manner as described by Petersen et al. [19]. PLGA 50:50 and PLGA
75:25 microcontainers were fabricated using a similar process flow as for PCL microcontainers
presented earlier [12]. A simple assembly of the compression molded polymer films was performed
prior to a single step of simultaneous thermal bonding and patterning based on hot punching, as shown
in Figure 1. A 28 x 28 mm? PVA substrate was used as the sacrificial substrate and the PLGA device
film with the same dimensions was assembled on top of it. Due to the high adhesion forces between
PLGA and the Ni stamp, a polytetrafluoroethylene (PTFE) film (thickness 0.01 mm, Sigma Aldrich,
Schnelldorf, Germany) was added. It was also cut in 28 x 28 mm? to fit 4 x 400 microcontainers. The
PLGA device film was molded and punched by the Ni stamp (80°C, 600 s, and platen pressure at
12 bars). After the punching process was finished, the temperature was decreased to 50°C with a
cooling ramp of 20 °C min~!. Then, the stamp and the un-punched PTFE film were demolded from
the polymer by mechanical peeling of the surrounding film, as shown in Figure 1D.

Figure 1. Schematic illustration of: (a) the assembly of poly(vinyl alcohol) (PVA) substrate film, a
biodegradable PLGA device film, and a polytetrafluoroethylene (PTFE) film prior to the fabrication
process; (b) hot punching is performed by applying pressure and heat; (c) a demolding step of the
Ni stamp is completed, leading to separation of PLGA microcontainers from the surrounding film;
(d) mechanical peeling of the surrounding PLGA film.
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Optical profiler measurements were performed with a PLu neox 3D optical profilometer (Sensofar,
Barcelona, Spain). Vertical scanning interferometry (VSI) measurements (20x) were conducted on
five locations on the samples by attaching it to a silicon carrier wafer using Kapton tape in order to
ensure a relatively planar surface prior to optical profiler measurements. Stylus profiler (Dektak XTA,
Bruker, Karlsruhe, Germany) measurements were performed to ensure correct height determination by
VSI. The data was analyzed using the free SPM data analysis software Gwyddion (version 2.52), and
the data was levelled with respect to the indentations. Heights were determined based on profiles
extracted across the center of the microcontainers. VSI scans were performed near the center and in
each of the four corners of the samples. More detailed scans were also made for use in 3D rendering.

2.2. Harvesting of Biodegradable Microcontainers

For harvesting of the PCL and PLGA microcontainers, the PVA substrate was dissolved. The
dissolution of the sacrificial PVA was achieved by immersion in aqueous medium [12]. A sample
containing 400 microcontainers was dissolved within 30 min. Subsequently, the free-floating
microcontainers were harvested using a stainless steel filter with a mesh opening of 213 um and
thickness of 178 um (Spectra/Mesh®Woven Filters, Fisher Scientific, Roskilde, Denmark). The
microcontainers were dried at 37 °C for 1 h. For further investigation, the filter containing the harvested
microcontainers was mounted on aluminum stubs with double-sided carbon adhesive dots. Scanning
electron microscopy (SEM) was performed to study the surface and morphology of the microcontainers.
All SEM micrographs were acquired by a TM3030Plus Tabletop Microscope (Hitachi, Krefeld, Germany)
with a voltage of 15 keV using the SE detector.

2.3. Ex Vivo Mucoadhesion Studies with Biodegradable Microcontainers

The ex vivo mucoadhesion studies were conducted as described by Mosgaard et al. [13] and
conducted under the license number DK-10-13-0th-736416. An 18 cm piece of small intact intestinal
porcine tissue was placed on an angled tissue holder at 20° inside a humidity and heat controlled
chamber. The intestine was flushed with fasted state simulated intestinal fluid (FaSSIF, pH 6.5, 37 °C,
Biorelevant®), London, UK) for 15 min with a flow rate of 4.1 mL/min using a peristaltic pump. Then,
the angle was set to 10° and the tissue was flushed for 5 min at a flow rate of 1.55 mL/min. Gelatin
capsules loaded with a known amount of microcontainers were placed at the top of the intestine and
were allowed to dissolve for 15 min. The tissue holder was placed back at an angle of 20° and the
intestine was perfused for 30 min at a flow rate of 1.55 mL/min. This flow rate was calculated based on
earlier studies by Sinko et. al, reporting flow rates for rats of 0.2 mL/min and assuming a size ratio of
7.5 between a pig and rat intestine [20-22]. At the end of the study, the tissue was cut open and divided
into 3 sections named “start”, “middle”, and “end”; each having a length of approximately 6 cm.
The microcontainers found on the filter paper were referred to as “exit”. The tissue was transferred
onto microscope slides and dried overnight at room temperature before visualization under a light
microscope. The amount of microcontainers on each intestinal piece and the amount of microcontainers
exiting the tissue were assessed.
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2.4. Degradation Study in Intestinal Medium

Degradation studies were performed in FaSSIF medium with added pancreatin enzymes, as
they play a vital role in protein digestion in the small intestine and are the main enzymes used when
simulating digestion [23]. Pancreatin from porcine pancreas (>3 x USP specifications, Sigma Aldrich,
St. Louis, MO, USA, 11.92 USPU/mg activity) was added to yield a lipase activity of 600 USPU/mL.
The pancreatic extract was prepared by adding pancreatin to FaSSIF and vortexing until homogeneity
was achieved. Afterwards, the mixture was centrifuged for 7 min at 4000 rpm and the supernatant was
collected. The pH was adjusted to 6.5. The microcontainers were placed in 3 mL FaSSIF—pancreatin
medium and the vials were kept in a 37°C waterbath with constant stirring (100 rpm). The medium
was changed three times a week by filtering the microcontainers from the old medium. Once per week,
the microcontainers were dried and investigated by SEM. The investigated samples were placed back
in the vial before adding freshly prepared medium, and this was continued until no microcontainers
could be found in the medium.

3. Results and Discussion

3.1. Fabrication of PLGA Microcontainers

First, the fabrication of PLGA microcontainers by hot punching had to be optimized. The PLGA
film was molded and finally punched due to shear stress at the highest protrusion of the stamp,
which exceeded the ultimate tensile strength of the material, as shown in Figure 2a. By the addition
of the PTFE film between the stamp and the PLGA device film, it was possible to avoid adhesion
between the stamp and the PLGA device film upon demolding. After the hot punching process, the
sacrificial PTFE film could easily be peeled off. The microcontainers were physically separated from
the surrounding PLGA and remained on the underlying PVA substrate, as shown in Figure 2b-d.
Microcontainers were successfully fabricated with PLGA 50:50 and 75:25 in arrays of 20 x 20 devices in
a single-step hot punching process. The PVA substrate was dissolved in aqueous medium and the
microcontainers were harvested on a grid, showing good structural definition and integrity, as shown
in Figure 2e. SEM images revealed an excellent replication fidelity. The inner and outer diameter
were 240 + 2 um and 275 + 0.5 um, respectively, the height was 73 + 6 um, and the reservoir depth
was 56 + 1 um as investigated through optical profilometry and shown in Figure 2f,g. Compared to
the PCL microcontainers fabricated with the identical Ni stamp [12], it was observed that the PLGA
microcontainers were slightly lower. This was attributed to the PTFE film added during the hot
punching step, which was not required for PCL. The inner diameter was 10 um larger for PLGA
microcontainers compared to PCL, which was expected as the PFTE had enlarged the stamp features.
This led to different volumes of the PLGA and PCL microcontainers of 1.8 and 3.8 nL, respectively. The
weight of a single microcontainer was determined experimentally by weighing a defined amount of
devices. For PCL, the weight was 3.7 + 0.4 ng, PLGA 50:50 had a weight of 2.7 + 0.4 pug, and PLGA
75:25 weighed 3.6 + 0.04 pg. This was in good agreement with the values estimated based on the
measured dimensions and the polymer density.
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Position
Figure 2. (a) SEM micrograph of microcontainer arrays before removal of the surrounding film;
(b) microcontainer arrays after removal of the surrounding film; (c) close-up of a single PLGA
50:50 microcontainer; (d) close-up of a single PLGA 75:25 microcontainer; (e) harvested PLGA 50:50
microcontainers; (f) optical profile curve and 3D rendering of a single PLGA 50:50 microcontainer;
(g) optical profile curve and 3D rendering of a single PLGA 75:25 microcontainer.

3.2. Ex Vivo Mucoadhesion Study

After harvesting the microcontainers from the PVA substrate, ex vivo mucoadhesion tests on
porcine small intestinal tissue were performed. The ex vivo retention test was used to evaluate the
behavior of the microcontainers in the small intestine when exposed to a constant flow. The observation
of the movement of the microcontainers down the small intestine, as shown in Supplementary Materials
S2, indicates their interaction with the mucus layer. Prolonged movement of the microcontainers
down the small intestine can be related to lower mucoadhesion. The recovery rate, which is the
percentage of microcontainers that could be identified during the experiments, was 82 + 6% for PLGA
50:50, 69 + 10% for PLGA 75:25, and 88 + 4% for PCL. It is assumed that the missing microcontainers
were lost in a distributed manner through all intestinal sections and at the exit. A comparison of the
relative percentages of PLGA 50:50, PLGA 75:25, and PCL microcontainers that could be identified
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in the respective sections is shown in Figure 3. It was observed that most of the microcontainers
(between 66 and 82%) were located in the first part of the intestinal tissue, which indicates their ability
to adhere well to the mucosal surface. The microcontainers were then more or less equally distributed
throughout the rest of the intestinal sections. A slight tendency of PLGA microcontainers adhering
better in the beginning of the tissue was observed compared to PCL microcontainers. A variety of
factors could affect mucoadhesion, including the chemical structure which would lead to different
interactions on the mucosal surface [24]. PLGA has a more hydrophilic structure than PCL, which
can result in numerous hydrogen bonds with the mucus layer. PCL could, on the other hand, present
hydrophobic interactions with mucus which explains the good ability to adhere in the beginning of the
intestine [20,24]. Also, the size of the microcontainers could have an influence on the mucoadhesion.
As the PLGA microcontainers had a slightly smaller diameter, they might have been less affected by
the constant flow after adhering to the mucosal surface.

A1oo- m PCL
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5 = PLGA 50:50
£ 601
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& &
Figure 3. Percentage of microcontainers located in the start, middle, end, and exit of the small
intestine of a pig after an ex vivo perfusion study. Comparison of poly-e-caprolactone (PCL) (black)

microcontainers, PLGA 75:25 (dark grey), and PLGA 50:50 (light grey). Data is presented as mean + SD
with n =3-4.

Minor variations between the two PLGA polymers were also observed. PLGA 50:50
microcontainers seemed slightly more prone to adhere to the mucus compared to PLGA 75:25.
PLGA 50:50 has more hydrophilic functional groups, such as hydroxyl and carboxyl, which could again
allow for better hydrogen bonding, thereby promoting maximal exposure of potential anchor sites.

3.3. In Vitro Degradation Study in Intestinal Medium

The morphology of the microcontainers was analyzed by SEM before and during degradation
in FaSSIF with pancreatin, as seen in Figure 4. PLGA 50:50 microcontainers already showed signs of
degradation and loss of structural integrity in the first SEM analysis after two weeks. In comparison,
PLGA 75:25 and PCL microcontainers only had minor deformation of the microcontainer walls in both
cases. After four weeks, PLGA 50:50 microcontainers were completely degraded and thus, could not
be detected anymore via SEM inspection. At the same time, PLGA 75:25 and PCL devices showed
clear signs of degradation by changing structural integrity and even breaking apart. After five weeks,
the morphology of those microcontainers had completely changed and only small polymer lumps
remained. Finally, after six weeks, none of the three polymers could be detected through SEM. The
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observed degradation for all three polymers was faster compared to what would be expected from
typical degradation studies reported in the literature. For PCL in an aqueous environment without
any enzymes, degradation is typically slow, which would not allow complete degradation of the
microcontainers within six weeks [14,15]. This is also supported by the fact that PCL microcontainers
immersed in FaSSIF medium without enzymes were completely unaffected after 20 d, as shown in
Supplementary Materials S1. The porcine pancreatin added in the FaSSIF medium contains a mixture
of enzymes, including lipase, which readily hydrolyzes ester bonds in polyesters [23]. Furthermore,
PCL is generally known to be degraded by microorganisms, as well as by hydrolytic mechanisms,
under physiological conditions [25]. PLGA has been proposed to degrade primarily through hydrolytic
degradation, but it has also been suggested that enzymatic degradation may play a role in the
process [26,27]. Among all the tested polymers, PCL seemed to have the slowest biodegradation
rate and literature also evidences that it is a slower degrading polymer in comparison to PLGA [26].
Regarding the difference between PLGA 50:50 and 75:25, it was expected that the degradation time
would vary as different ratios of the monomers have a significant influence on hydrolysis and enzymatic
degradation. PLGA 50:50 is expected to have the highest degradation rate compared to PLGA 75:25,
which typically is approximately twice as slow due to the higher content of hydrophobic groups [27].
This corresponds well to what was observed during the degradation study. It should be noted, that
in vivo degradation would be expected to occur even faster due to presence of bacteria and other
enzymes in the GI tract.

Before degradation

PLGA 50:50 PLGA 50:50

DEGRADED DEGRADED

Figure 4. SEM micrographs of the morphology of microcontainers before degradation, after two weeks,

four weeks, and six weeks, in simulated intestinal media, containing pancreatic enzymes.
4. Conclusions

In this study, mucoadhesion and degradation of polymeric microcontainers for oral drug
delivery were investigated. For this purpose, the hot punching process for the fabrication of PLGA
microcontainers had to be optimized. Due to high adhesion forces of PLGA polymer to the Ni stamp,
an additional PTFE film was added between the stamp and the PLGA device film. This eased the
demolding process and thus PLGA microcontainers in two different compositions, namely PLGA 50:50
and 75:25, were successfully fabricated. This demonstrates the versatility of the recently developed
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single-step hot punching method. The fabricated microcontainers were assessed in an ex vivo retention
model for their mucoadhesion properties. It was found that PLGA 50:50 microcontainers showed the
best mucoadhesion characteristics compared to PCL and PLGA 75:25 microcontainers. The degradation
properties of the three types of biodegradable microcontainers were also evaluated in an in vitro
study for six weeks using simulated intestinal medium with the addition of enzymes. Through SEM
inspection, it was found that PLGA 50:50 degraded the fastest and no microcontainers could be detected
already after four weeks. PCL and PLGA 75:25 microcontainers were completely degraded after six
weeks. The results indicate that the fabrication method can indeed be used for various purposes of
oral drug delivery and that PLGA 50:50 has the best mucoadhesion and the fastest biodegradation.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4360/11/11/1828/s1,
Figure S1: Degradation study of PCL microcontainers in PBS, PaSSGF and FaSSIG media for up to 20 days; Figure
S2: Microcontainers inside the porcine intestine visualized with an optical microscope.
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