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Abstract

Tendon tears caused by age, trauma or sports-related injuries are an increasing prob-

lem. Rotator cuff injuries in particular often have a poor outcome due to the state of

the tear and surgeries leading to re-rupturing of the repaired tendon. Tissue engineer-

ing strategies aim to support the native tendon in its ability to self-repair through the

application of cells and biomaterials. In recent years the importance of mechanical

stimulation to tissue engineering constructs came into focus. In order to apply physi-

ologically relevant stresses, new bioreactors capable of multiaxial stimulation need to

be developed. One such bioreactor is presented in this work. The bioreactor consists

of a filamentous electrospun scaffold, strongly resembling the native tendon structure.

A flexible gas-permeable membrane encloses the system and maintains sterility. The

aim of this thesis was to characterize the performance of this flexible bioreactor for

tendon tissue engineering. The main objectives were to identify a seeding technique

that would lead to an even cell distribution throughout the scaffold. Next a computa-

tional model was built and applied to investigate nutrient and metabolite distribution

throughout the bioreactor, their influence on cell growth, and to gain insight in how

different flow rates impact the system. The model was validated through a set of

experiments. Lastly, factors that can improve cell retention on the scaffold needed to

be identified. We identified that following seeding, the capillary effect was a greater

determiner of cell distribution than seeding technique. The computational model was

able to give us 3D spatial insight into the system that was otherwise not available.

Furthermore it assessed the importance of the membrane being permeable to gasses,

and it could assure us that stopping the media flow was not going to affect cell growth

over a period of 20 hours. Through the validation experiment, superior outcomes were

identified from higher flow rates, but shortcomings of the model were also highlighted.

The sensors optimized for this set of experiments gave robust measurements with sat-

isfying robustness which will be used in future work. Lastly, we could not identify the

main reason for a lack of cell attachment to the scaffolds. Future work will include

further investigations into the mechanisms behind poor cell retention on our scaffolds,

and will see the expansion of the bioreactor as a mechanical stimulation platform.
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Chapter 1

Introduction

1.1 Rotator Cuff

1.1.1 Significance of Rotator Cuff Tendon Tears

Musculoskeletal problems are on the rise as the population grows older. The Rotator

cuff attaches the humerus to the shoulder blade and helps to lift and rotate the arm.

It is one of the most commonly injured soft tissues requiring surgery [1]. Rotator cuff

tendon tears can be caused by age, trauma or sports-related injuries, often involving

overhead arm rotations. They can lead to significant pain and loss of function of the

damaged tissue. This can mean the loss of independence through the inability to

perform daily tasks, and be a big threat to a professional athlete’s career. Patients

are advised to rest and exercise only to a small extent as this can be favorable in

the healing process. If this fails, only surgical treatment can repair a tear. For this

purpose, the tendon is re-anchored to the bone. According to a recent study, over

460,000 rotator cuff surgeries are performed in the the US every year. This number

is expected to rise above 570,000 by 2023, making them the second most common

orthopaedic soft tissue repair procedure [1]. Since 2001, the amount of surgeries

conducted to repair rotator cuff injuries have increased by over 500% in the UK [2].

However, the re-tear rate in this kind of treatment is reported to lie between 5-90 %
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[3, 4]. This large range is due to differences in the patients’ age, bone mineral density

and tear size amongst other factors [5, 6]. Furthermore successful rotator cuff repairs

bear a big societal and economic value. A study from 2013 estimated the lifetime

societal savings of rotator cuff repairs to 3.44 billion, based on the assumption that

250,000 repairs are performed in the U.S. each year [7]. If left unrepaired, tears can

grow in size and lead to further complications such as joint failure or the development

of osteoarthritis. Rotator cuff tears therefore pose a significant problem to society as

a whole and better treatment options need to be investigated.

1.1.2 The Rotator Cuff Structure

The human shoulder consists of three bones: the humerus, the scapula and the

clavicle. Joints form entities of two or more bones to enable movement between

them. The main joint in the shoulder is a ball and socket, the glenohumeral joint.

It connects the humerus to the shallow socket of the scapula (glenoid), which en-

ables movement in three degrees of freedom: through an axial motion (or twist),

and two spherical motions (or swing). These are also referred to as medial–lateral

rotation, flexion–extension, and abduction–adduction. Other important joints in the

shoulder include the acromioclavicular joint which connects the scapula at its bony

tip (acromion) to the clavicle, the sternoclavicular joint which connects the clavicle

to the sternum, and the scapulothoractic joint which connects the scapula to the

thorax. The rotator cuff is responsible for shoulder movement and stability, and

works together with the deltoid and pectoral muscles. It consists of four muscles;

the supraspinatus (SS), infraspinatus, teres minor and subscapularis. These originate

from the scapula and insert onto the proximal humerus. Their respective tendons pass

over the glenohumeral joint and unite together with the coracohumeral ligament, the

glenohumeral ligament complex and the articular capsule, forming a collar around

the humeral head. A true rotator cuff is defined as individual flat tendons that blend
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together to form a single insertion [8]. Humans are special in that most animals

do not have a true rotator cuff, the exception being the Orangutans, Chimpanzees

and the Tree Kangaroo, all animals requiring frequent overhead arm movements [9].

The SS muscle and tendon are responsible for initiating abduction (moving the arm

sideways away from the body), up to about 15 degrees. The deltoid muscle abducts

the arm beyond that point. The subscapularis is responsible for internal rotation of

the shoulder. The infraspinatus and teres minor are responsible for external rotation

of the shoulder [10, 11]. Damage to these muscles or tendons can therefore signifi-

cantly impact daily activities. The bursa, a small fluid-filled sac, provides a cushion

in the area between the rotator cuff tendons and the acromion and reduces friction

to prevent damage [11]. Figure 1.1 gives an overview of the described structures in a

posterior and anterior view.
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Figure 1.1: Anatomy of the shoulder and rotator cuff. The shoulder con-
sists of 3 bones, the humerus, scapula and clavicle. The humerus is inserted into
the scapula via the glenohumeral joint. This forms a ball and socket structure and
enables movement in three degrees of freedom. Further structures of the shoulder
include the acromioclavicular joint connecting the scapula to the clavicle (shown),
the sternoclavicular joint connecting the clavicle to the sternum (not shown), and
the scapulothoractic joint connecting the scapula to the thorax (not shown). The
rotator cuff is responsible for shoulder movements and stability, and works together
with the deltoid and pectoral muscles. It consists of the supraspinatus (SS), in-
fraspinatus, subscapularis and teres minor muscles (light red) and their correspond-
ing tendons (light blue). Also shown are the biceps muscles and long and short
head tendons, connecting to the top of the socket (glenoid); and the coracoid process
respectively. Original image on the left adapted from wikimedia.com and identi-
fied as being free of known restrictions under copyright law, including all related
and neighboring rights. Image on the right adapted from Jmarchn, CC BY-SA 3.0
https://creativecommons.org/licenses/by-sa/3.0¿, via Wikimedia Commons

1.2 Tendons

1.2.1 Macroscopic Structure of Tendons

On a macroscopic level, tendons are structures connecting muscles to bones or other

tissues such as the eyeball. Tendons therefore help force transmission, enable move-
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ment, stabilize complex tissues and enable shock absorption. Adult tendons appear

white in color. This is due to the relatively scarce circulation of blood within them

[12, 13]. The tendons in the rotator cuff all express different degrees of vascularization

[14, 15]. The SS tendon is unique in terms of its vascular bed. Previously a ”critical

zone” located proximal from the bony insertion site, was described as largely avas-

cuar [16]. Later studies elucidated the presence of a vascular bed, where filling of the

blood vessels depended on the positioning of the arm [14]. Other tendons such as the

Achilles tendon have since been described to possess similar zones scarce in vascula-

ture [17]. Degeneration and subsequent rupture of tendons has been associated with

hypovascularity of specific regions within certain tendons [14, 18]. This stands in con-

trast to an increased angiogenic response in chronic tendinopathy and tendon healing

[19]. The importance of the vasculature in tendon damage and repair has been re-

viewed elsewhere [20, 21]. The adult tendon vasculature must endure the mechanical

forces exerted on the tendon. The vessels are therefore embedded in the endotenon

tissue and form “curves” [22], which can be stretched accordingly. Tendons contain

nerves and mechanoreceptors, through which they provide sensory feedback to mus-

cles [23]. Activated mechanoreceptors in turn lead to a response via cells remodelling

their ECM or changes in gene expression (section 1.2.3). This is the reason tendons

in various locations of the body differ in size and make-up. Muscles responsible for

high power and endurance, such as the quadriceps femoris and triceps surae, have

short and robust tendons. While muscles of precise and delicate nature such as the

finger flexors have elongated and thin tendons [24]. The tendon structure also differs

within itself. Along the lengitudinal axis the tendon is attached to the bone via the

enthesis, and to the muscle on the other end via the myotendinous junction (MTJ)

(Figure 1.2). The enthesis consists of a continuous gradient from non-calcified tendon

to calcified bone. This gradient is grouped into 4 distinct zones; pure dense fibrous

connective tissue, uncalcified fibrocartilage, calcified fibrocartilage and bone [25]. The
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myotendinous junction is an optimized tissue that transmits force through its unique

architecture of the muscle fibers at the MTJ. Imaging techniques have shown that

foldings of tendon protrude into invaginations of the muscle membrane. This leads to

an increased contact area between muscle and tendon and a better contractile force

transmission from myofibrils to the tendon [26]. Tendons are viscoelastic, meaning

their mechanical behaviour is dependent on the rate of strain. Their viscoelasticity

is likely a result of their microscopic makeup, explained in the next section [27, 28].

Figure 1.2: Schematic image of the macroscopic structure of the Tendon,
including myotendinous junction (MTJ) and the enthesis with its different
zones: dense fibrous connective tissue, fibrocartilage, calcified fibrocarti-
lage and bone. The dense tendon zone consists of elongated tenocytes (pink), em-
bedded in an extracellular matrix (ECM). It consists primarily of collagen type I (red
lines) and proteoglycans such as aggrecan and fibromodulin, as well as glycoproteins
like lubricin and elastin. The fibrous cartilage zone II contains rounded chondrocytes
(pink), the surrounding ECM gradually changes from collagen type I to collagen type
II and collagen type III (red lines), together with aggrecan. The mineralized fibrous
cartilage zone (III) consists of Collagen type II and forms a mesh which anchors
the tendon to the bone. The transition from non-calcified to calcified fibrocartilage
(zone II and III), is called tidemark and is marked by dense calcification. Calcium
phosphate driven mineralization (small turquoise-colored dots) is pronounced in the
bone zone (zone IV). The main cell types resigning in the bone zone are Osteoblasts,
osteocytes and osteoclasts (star-shaped, pink). The bone is highly vascularized and
provides nutrients to the avascular enthesis [29] Individual collagen type I fibers in
the bone zone are not shown here[30]. Picture adapted from Bianchi et al. under the
Creative Commons Attributions License 4.0.[31]
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1.2.2 Microscopic Structure of Tendons

On a microscopic level, tendons are highly hierarchical. It is this hierarchy that gives

them their high mechanical strength and enables them to sustain repetitive loads.

Tendons consist of cells, fibres and extracellular matrix. The cell portion of ten-

dons is made up by 90% of tendon fibroblasts. The other 10% are (1) synovial cells

which are found on the fibrous sheath enveloping the tendon (2) chondrocytes, re-

siding in the enthesis, and (3) vascular cells found in blood vessels in the endotenon

and epitenon network. Together, these cell types collaborate to maintain the tendon

micro-environment. A new type of cells resident in tendons is now under investiga-

tion. A small portion of resident cells possess multi-potency and are called tendon

stem/progenitor cells (TSPCs) which have the ability to self-renew and may play an

important role in tendon healing and aging [32, 33]. Tendon healing is introduced in

section 1.2.4

Fibres in tendons are mostly type 1 collagen. The primary amino acid sequence of

collagen is glycine-proline-X or glycine-X-hydroxyproline, where X can be any of the

other 17 amino acids, and every third amino acid is glycine [34]. Chains of these amino

acids make up poly-peptide strands. A single collagen molecule, called tropocollagen,

consists of three poly-peptide strands twisted together in a left-handed helix. Three of

these strands are then twisted together and form a right-handed helix. The tropocol-

lagen strands are arranged in a parallel manner and form collagen fibrils. Most fibrils

are aligned along the long axis of the tendon, but a small number of fibrils are aligned

across in order to resist rotational forces. Longitudinal fibrils aggregate into wavy

fibres, leading to the typical crimp structure seen in tendons (figure 1.3).
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Figure 1.3: Microscopic to Macroscopic hierarchical structure of tendons.
Parallel tropocollagen strands form collagen fibrils along the long axis of
the tendon. Fibrils aggregate into wavy fibres leading to a force-absorbent crimp
structure. Fibrils bound together form fascicles. A tube-shaped connective tissue
called endodotenon encapsulates fibrils and fascicles for vascularization purposes. A
tendon consists of several fascicles, the number of which depends on the load-bearing
requirements of the anatomical site. Reprinted from Thorpe et al, with permission
from Elsevier [35].

The crimp structure is responsible for the force-absorbent quality of tendons.

Forces that lie within the physiological range will lead to an elastic deformation of

fibres. Non-physiological loads exceed this deformation capability and lead to micro-

tears in the fibres. We highlight this load-deformation response curve as found in

Wang et al.[36] in figure 1.4.
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Figure 1.4: Typical load-deformation curve of a tendon. Graph indicates the
physiological range in which tendons naturally deform. Past that point microscopic
failures occur, until the point of macroscopic failure and ultimately rupture. Image
adapted from Wang et al [36]. Permission granted.

Fibrils are bundled together into fascicles. Fascicles, as well as fibrils, are sur-

rounded by a tube-like connective tissue called the inter fascicular matrix (IFM) or

endotenon. [37]. The endotenon provides vascularization to cells located within. It

is the number and diameter of fascicles that change from tendon to tendon. Even

within the same tendon these parameters change. The microscopic structure depends

on the forces the tendons experience. Some larger, higher load-bearing tendons have

a synovial sheath around them, providing lubrication to avoid damage through fric-

tion. The reason we see differences in size and mechanical properties from tendon to

tendon is their ability to adapt to stresses via their cells and ECM.

The ECM consists mainly of collagen, proteoglycans and glycoproteins. These pro-

vide a scaffold for cells, blood vessels and nerves. The ECM’s main component is
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collagen type 1, found throughout the whole ECM. Collagen type III is found in the

endotenon and epitenon. Proteoglycans such as aggrecan, biglycan, decorin, perlecan,

agrin, laminin, versican, lumican and fibromodulin are responsible for the viscoelastic

properties of tendons, and their ability to retain water. Indeed tendons consist of 70%

water [38], and collagen accounts for 65 to 80% of the dry mass of tendon tissue [32].

Glycoproteins such as tenascin C, fibronectin and thrombospondin are responsible for

cell-cell interactions and cell-adhesion. Glycoproteins together with integrins link the

cells’ cytoskeleton to the ECM, ensuring the transduction of mechanical signals into

the cells’ cytoplasm. This process is called mechanotransduction [38].

1.2.3 Mechanotransduction and Development

Mechanotransduction refers to the ability of cells to respond to mechanical stimu-

lation by releasing biochemical signals [39]. It plays a key role in the development

and maintenance of biological tissues and is particularly evident with musculoskeletal

tissues [40]. Tendon development in the limb is a two-stage process. The first stage

does not involve mechanical stimulation and is driven by the transcription factor

scleraxis (Scx). It leads to progenitor cell specification, organization and patterning

into a densely packed fibrous tissue with a morphology ranging from broad sheets to

highly elastic cables, and regulates Col1a1 expression. Scx is not a master regula-

tor as Scx mutant mice are viable and mobile, but progenitors do fail to condense

upon Scx loss [41, 42]. The second stage of tendon development in the limb, requires

muscle presence and contraction. It leads to tendon differentiation, maturation and

maintenance. Abnormalities in the musculoskeletal development can arise due to in-

sufficient fetal movement [40]. This was first highlighted by Curt Herbest in 1901,

who discovered that a calf born with no spinal cord below the cervical region had

no muscle in the posterior half of the body. The skeletal parts were well developed

but half as heavy as normal, and the joints were ankylosed [43]. Since then, a large
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body of evidence has been compiled that strengthens these findings and expands on

the molecular mechanisms leading to under-developed tendons. These were reviewed

by others [40, 44, 45, 46]. The importance of movement for tendon development con-

tinues once baby is born. The presence of postnatal mechanical stimulation through

spontaneous muscle activity is vital for enthesis maturation [47, 48].

Mechanotherapy [49, 50, 51], in-vivo [52, 53] and in-vitro [54, 55, 56, 57, 58] studies

show also adult tendons rely on movement for tissue homeostasis and repair. Stud-

ies conducted on tendon cells suggest that mechanotransduction can be triggered in

two ways; cytoskeleton deformation and cell-matrix interactions [59]. Cytoskeleton

deformation, leads to a plethora of downstream effects. Mechanical stimulation is

sensed through actin, intermediate filaments, and micro-tubules. Actin polymerizes

and de-polymerizes rapidly, which in turn leads to the translocation of molecules into

the nucleus, interacting with Wnt [60] and TGF-beta pathways [61]. These pathways

influence cell differentiation, cell cycle regulation and migration. If the stress is large

enough to deform the nucleus, DNA can undergo conformational changes, leading to

transcriptional responses [62]. The second way for mechanotransduction to occur,

cell-matrix interactions, is enabled by focal adhesions linking cells’ intracellular actin

bundles to the ECM via integrin-containing multi-protein structures. Integrins are

trans-membrane receptors that can be activated upon mechanical load leading to fur-

ther signal transduction involving pathways such as Erk1/2, TGF-beta and Wnt [59].

A cell will then either adjust its attachment to the local matrix or remodel itself. Me-

chanical signals can also reach neighbouring cells via gap junctions. Tenocytes have

shown to remodel their gap junctions in response to mechanical stimulation; while

levels of the key protein in gap-junctions, connexin 43, were decreased, connexin

43 mRNA levels were up-regulated. This mechanism of breakdown and remodelling

shows that gap junction permeability relies on mechanical load [63]. It is suggested

that there is a tipping point between functional remodelling and fibrotic scarring in
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tendon homeostasis [64]. Today, it remains unclear which mechanism triggers gene

expression first, whether it is direct deformation of the cytoskeleton and nucleus or

indirect signalling through focal adhesion activation [59].

1.2.4 Injury and Healing with a focus on the Supraspinatus

Tendon

Rotator cuff tears are among the most common soft tissue injuries. Rotator cuff

tendon tears were reported to have a population prevalence of 22 % in 2022 [65].

The SS tendon is the most commonly injured tendon within the rotator cuff. Studies

showed that age above 50 years, diabetes [66] and overhead activities significantly

increase the risk of rotator cuff tendinopathy [67]. A meta analysis involving 3240

patients further showed that old age, smoking, male sex, diabetes and hypertension

were among the risk factors for SS tendon tears, though the pathogenesis remained

unclear [68]. Rotator cuff disease encompasses a number of symptoms starting with

tendon impingement, partial tears to full-thickness tears [69]. Rotator cuff tears can

be classified in several ways; by size (Cofield, or Bateman for full tears), shape (Ellman

or Gartsman), structures affected (Snyder), level of retraction (Patte), topography

(Patte, Habermayer), degree of muscle atrophy (Thomazeau), and fatty degeneration

(Goutallier) [70]. Tears can not only cause significant pain to the patient, but also

lead to loss of function, loss of independence and can mean the end of a professional

athlete’s career.
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Figure 1.5: Depiction of Rotator Cuff tear in the supraspinatus tendon.
Rotator cuff tears can have different causes, mainly grouped into degenerative and
traumatic. They can be classified in several ways; by size (Cofield, or Bateman
for full tears), shape (Ellman or Gartsman), structures affected (Snyder), level
of retraction (Patte), topography (Patte, Habermayer), degree of muscle atrophy
(Thomazeau), and fatty degeneration (Goutallier) [70]. This image shows a full
tear in the supraspinatus tendon. Image adapted from Nucleus Communications
www.nucleusinc.com, CC BY 4.0 https://creativecommons.org/licenses/by/4.0, via
Wikimedia Commons

Rotator cuff tears can have different causes, mainly grouped into degenerative

and traumatic. Trauma can be caused by external influences such as high impact or

sports involving an overuse of overhead arm rotations. A typical load-deformation

curve for a tendon is presented in figure 1.4. At about 4% strain, a non-physiological

strain, the crimping pattern of the collagen fibres straightens and microscopic tears

develop. Increasing the strain further will lead to macroscopic tears and eventual

complete tendon rupture [38].

For degenerative causes of tendon tears the underlying mechanisms remain unclear.

Recently 30 genes have been identified that might have an influence on tendinopathy

and could serve as therapeutic targets. Of interest here were Mmp3, TGF-beta1,

Col3a1 and TGF-beta2. Increased expression of these genes may indicate a remod-

eling process in the SS tendon, as a result of the ongoing micro-damage. Further-
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more up-regulation of Mmp3 may promote the breakdown of the extracellular matrix

(ECM), such as collagen fibers [71]. What makes tendon injuries so impactful is their

poor ability to heal.

Healing of tendons is frequently studied in animal models via induced tendon rupture

of otherwise healthy tendons. While acute traumatic tendon ruptures may appear to

occur without previous tendinopathy, studies showed that there were large numbers

of degenerative processes preceding spontaneous tendon ruptures [72]. We currently

do not have a good understanding of tendon healing in adults. What we understand

was summarized well by Schulze-Tanzil et al. [73]. Roughly, healing can be grouped

into three stages; (1) inflammation, (2) proliferation/repair, and (3) remodeling [74].

Immediately after rupturing a tendon, a blood clot forms and chemo-attractants are

released. These form a preliminary scaffold. During the inflammatory phase, cells

such as neutrophils, monocytes and lymphocytes infiltrate the injured site from the

surrounding tissue. Phagocytes digest necrotic debris while tenocyte recruitment be-

gins. The next stage takes place around 2 days after injury. Fibroblasts migrate from

the synovial sheat and paratenon to the epitenon [75]. Migrated tenocytes and fi-

broblasts proliferate, synthesize ECM and form neo-vasculature at their new site [76].

The ECM produced by tenocytes is mainly composed of collagen type III [77]. During

this process, the number of neutrophils is reduced, macrophages release growth factors

such as insulin-like growth factor (IGF), TGF-beta 1, basic fibroblast growth factor

(bFGF), platelet derived growth factor (PDGF), vascular endothelial growth factor

(VEGF), bone morphogenic proteins (BMPs) and connective tissue growth factor

(CTGF), for a continuous recruitment of cells [78]. The tendon has an increased wa-

ter content and glycosaminoglycan level at this point [79]. Neutrophhil levels decline

while macrophages remain and release growth factors for continuous cell recruitment

[78]. Around 1-2 months after the injury, the remodelling phase begins. During this

phase tenocytes and collagen fibers align along the axis of stress and larger amounts
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of collagen type I is produced [80]. The tendon becomes more and more acellular

and type III collagen as well as glycoasminoglycan contents are reduced [79]. The

newly formed tissue changes from fibrous to more and more scar-like tendon tissue.

This leads to the repaired tissue never regaining the original mechanical properties

[81]. Recent studies show that this is particularly true in adults. Comparing mouse

neonatal tendon-healing to adult tendon-healing identified the recruitment of scler-

axis (Scx)-lineage cells in the neonatal group, whereas adult Scx-lineage tenocytes

trans-differentiated into ectopic cartilage instead. Scx is a transcription factor that

plays a central role in promoting tenocyte proliferation and matrix synthesis during

embryonic tendon development [82]. This strengthens the idea that tendon regen-

eration is driven by tenocyte proliferation and recruitment from within the original

tendon. However in adult tissue the tenocytes are quiescent after injury and instead

adult fibrotic healing is induced. Furthermore TDSCs/TSPCs may be involved in

tendon healing [82]. TSCPs’ healing capabilities have been shown to vary with age.

Colony formation assays showed TSPCs numbers decreased in aged animals, and ex-

hibited a decreased proliferation rate as well as delayed cell cycle progression with

age. Importantly CD44 expression was elevated in aged TSCPs. High levels of CD44

have been shown to play a negative role in tendon healing [33]. TSPCs behave unlike

their regenerative tissues pendant. Muscle and intestine healing is regulated by tissue

specific stem cells, whereas tendon healing is marked by scar cartilage or bone forma-

tion. We can only speculate that some TSPCs don’t behave as traditional stem cells

do, but rather represent an early progenitor cell responsible for tendon growth during

postnatal development, and subsequently lost once the tendon has matured [83]. The

full extent in which TSPCs influence tendon healing is still unknown. Future studies

will hopefully elucidate events that regulate tendon healing with the potential for the

development of new therapies.
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1.2.5 Treatment Strategies

Different treatment strategies to repair tendon injuries have been proposed: conserva-

tive treatments, surgical treatments, non-steroidal anti-inflammatory drugs (NSAIDs),

cell-based therapy, growth factor delivery, and gene therapy [84]. While some of these

are used frequently in the clinic, others are under development as their medical ben-

efit is yet to be proven. Which approach is chosen depends on the individual and the

tear characteristics. Patient-related parameters like activity level, degree of impair-

ment, comorbidities, patient expectations and age should be considered. In terms

of tears the classification (size, retraction level, fatty degeneration etc) plays an im-

portant role [85]. A treatment algorithm has been attempted by Tashjian et al [86].

Hereby patients are grouped into group I: chronic full-thickness tears and older than

60 years of age, irreparable tears, receiving initial conservative treatment. Group II:

all chronic full thickness tears and younger than 60 years of age, all acute tears above

1cm, receiving early surgical repair. Group III: tendinopathy, partial thickness tears,

small full thickness tears under 1cm, receiving prolonged conservative treatment.

1.2.5.1 Conservative/Non-Operative management

Conservative treatment strategies usually involve a combination of physiotherapy,

pain relief, electrotherapy, acupuncture, and taping. It is most often chosen for

atraumatic complications not requiring surgery. The aim of conservative therapy is

to regain functional movement to complete daily tasks, and to prevent further long

term adverse outcomes. Evidence-based exercise protocols consist of four phases;

range of motion, flexibility, strengthening and advanced strengthening/propriocep-

tion. Exercises start by moving the arm passively (with the help of the healthy arm

or a physiotherapist) and gradually move to active movements [87]. For rotator cuff

tears evidence on whether surgery or conservative treatments are more effective is

limited. Due to the higher risk involved in surgeries, a conservative approach as the
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initial treatment is preferred [88]. This is especially true for patients above the age of

65, as the benefits are impeded by slow or no healing. The risk of surgery therefore

outweighs the potential benefits. Should conservative treatment not lead to improve-

ments, surgery can be performed in order to restore some of the functionality or turn

a symptomatic into an asymptomatic rotator cuff tear [87].

There is also a question of whether physical therapy following surgery should be ap-

plied immediately (early rehabilitation) or some time after surgery (delayed therapy),

with studies pointing into the direction of improved pain reduction and functionality

in the early groups [89].

1.2.5.2 Non-Steroidal Anti-Inflammatory Drugs

NSAIDs can be part of a conservative approach. These aim to control the pain.

There has been evidence that NSAIDs might impede healing [85]. A 2021 randomized,

double-blind, placebo-controlled trial involving 100 patients showed ibuprofen did not

lead to an increased risk of tendon re-tear one year post surgery [90]. However, a much

larger systematic review on clinical outcomes on soft tissue healing using NSAIDs

following surgery, involved 4451 patients. It was found celecoxib administration had

a significantly higher rate of re-tear (37%), and might inhibit tendon-to-bone healing

in rotator cuff repairs, compared to ibuprofen [91]. NSAIDs might be a double-edged

sword as their use increases ranges of motion, enabling patients to complete their

physiotherapy exercises better, despite a lack of histologic evidence of inflammation

reduction [92, 93].

1.2.5.3 Injection-based therapy

Injection-based therapies such as corticosteroid injections (CSIs) or platelet-rich plasma

(PRP) are used as part of the conservative approach to rotator cuff tears and tendinopa-

thy. Corticosteroids are mainly used to reduce inflammation and suppress the immune
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system. PRP treatment can help support wound healing in trauma and joint injury

by introducing platelets and other proteins contained in blood-plasma. However there

is debate whether or not these have an effect.

A multi-centre, pragmatic, 2x2 factorial, randomised controlled trial involving 2287

patients found that subacromial corticosteroid injection provided no long-term benefit

in patients with rotator cuff disorders [94]. A Network meta-analysis of randomized

controlled trials involving 18 studies showed that CSI lead to pain reduction and

functional improvement in the short term (3-6 weeks) but not in long-term (over 24

weeks). The analysis also showed that other injection-based therapies such as platelet

rich plasma and prolotherapy, may yield better outcomes in the long term [95].

Jo et al showed major improvements in 48 patients following PRP injection in SS

tendon reconstruction. The re-rupture rate was at 55% without PRP treatment, as

compared to 20% in patients treated with PRP [96]. A meta analysis comparing 11

studies with 597 patients found re-tear rates were only significantly decreased when

PRPs were used for the treatment of large tears and using a double-row technique.

There were no statistically significant differences overall and an increased risk for bias

was found [97]. A more recent randomized control trial showed patients who received

PRP experienced better pain relief and function at short-term follow-up (3 months),

compared to patients that received CSI. However, the long-term (12 months) effect

showed no difference between the PRP and CSI groups [98]. A recent randomized,

placebo-controlled superiority trial also concluded no patient benefit of PRP treat-

ment in the short or long term, following archilles tendon rupture [99, 100].

1.2.5.4 Surgical Treatment

Surgical treatment is needed when rotator cuff tears don’t sufficiently heal due to age

or the size of the tear. In small tears it is usually decided after a patient fails con-

servative treatment. The major aim of surgical repair strategies is to re-anchor the
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tendon to the bone and stabilize the joint throughout the healing period, to restore

function and mobility [101]. The open trans-osseous technique, inserting bone an-

chors into the head of the humerus and reattaching the remaining tendon via sutures,

used to be the gold standard in rotator cuff repair surgeries. However, the outcome

highly depended on the quality of the bone and the sutures often tore through the

soft tissue. Today surgical techniques focus on arthroscopic suture-anchor fixations

which can withstand cyclic load [102]. Suture-anchor systems need further evaluation

as length of screws, thread length, suture material and eyelet location are variable

and have led to different outcomes [89]. Not only the design of the materials but

also the surgical technique itself is variable. Biomechanical studies were performed

comparing single-row to double-row anchors, with the latter leading to improved ini-

tial fixation strength, ultimate tensile load, gap formation, and footprint area strain

[103]. However, a more recent review concludes there is a lack of statistically signifi-

cant differences between the two techniques. Furthermore the double-row technique

should be applied strictly to selected patients, due to the high cost and surgical skill

involved [104]. Re-rupture rates following arthroscopic rotator cuff surgery are high

with values ranging from 11% to 94% [105, 4]. The success of these surgeries depend

on tear size, age, muscle strength and prevalence. Tear sizes are roughly grouped into

small, medium, large, and massive tears, corresponding to <1 cm, 1-3 cm, 3-5 cm,

and >5 cm respectively [106]. The value of some rotator cuff surgeries have recently

been questioned, as a recent study found no benefit of arthroscopic subacromial de-

compression versus a placebo arthroscopic surgery. The authors concluded that this

should be communicated to patients during the shared treatment decision-making

process.

New strategies have been developed to tackle issues around failing surgeries. Addi-

tional tissue grafts can be harvested from the patient (auto) [107], another individual

(allo) [108], or a different species altogether (xeno) [109]. Where this is not possible
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or feasible, synthetic patches are used to bridge larger gaps [110].

1.2.5.5 Patch Augmentation

The aim of patch augmentation in rotator cuff repair is to assist or induce native

tissue growth and provide biomechanical support, particularly in large to massive or

otherwise irreparable rotator cuff tears. Surgically there are two ways patch augmen-

tations are used; suturing the patch on top of the tendon-to-bone repair, or suturing

the patch into the exposed area as a bridge following a partial repair [111] Current

patches can be classified into different categories: non-degradable structures, biolog-

ical scaffolds such as ECM-based patches or tissue grafts (including auto-, allo-, and

xenografts), and degradable synthetic scaffolds [2, 112]. Baldwin et al recently iden-

tified 28 different patches [112]. Cook et al identified 13 different patches currently

in use in the UK [111].

Non-degradable structures have high compliance in terms of mechanical strength.

They aim to permanently support the diseased tendon and disregard complete tissue

healing [113]. Materials include polyester [114], polypropylene (Dacron or Marlex)

[115, 116, 117], polycarbonate polyurethane [118, 119, 120], polyethylene (Mersilene

Mesh, Ethicon, Somerville, NJ) [121] and polytetrafluoroethylene (Teflon) [122, 123].

There have been concerns that these patches can cause chronic infection and loss

of integrity in the long-term [114]. The latter was highlighted in carbon-fibre im-

plants which defragmented in the body and lead to systemic chronic inflammation

[124, 125, 126]. Indeed most studies peaked between 2000 and 2010, although polypro-

pelene [117] and polytetrafluoroetylene [122, 123] have recently resurfaced. An in-vivo

model of polypropelene mesh showed to be biomechanically suitable as an interpo-

sition graft for large irreparable rotator cuff tears [117]. To bridge massive rotator

cuff tears, a teflon patch was employed and showed improved range of passive motion

and improved strength. Sadly there was no control-group reported [122]. A superior
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capsule reconstruction study compared 1-layer to 3-layer teflon graft outcomes. The

3-layer teflon grafts significantly improved shoulder function and shoulder abduction

strength, with pain relief and a lower rate of postoperative complications [123]. The

lack of suitable controls make these studies difficult to interpret. Furthermore these

non-degrading polymers can lead to long term disruption of mechanical loading, and

therefore interfere with tendon healing and strength. Long-term follow-ups are there-

fore necessary to fully assess their effect.

Biological scaffolds aim to eliminate the defragmentation problem and allow natural

tendon healing. They tend to have similar mechanical properties as native tissues,

as the ECM is maintained. Biological patches include commercially available and

FDA approved ones such as GraftJacket[127, 128, 129] (Wright Medical Technology,

Arlington, Tennessee), CuffPatch (Organogenesis, Canton, MA), Permacol (Tissue

Science Laboratories, Covington, Georgia), Arthroflex (Arthrex, Munich, Germany),

Dermaspan (Zimmer Biomet, Warsaw, Indiana), and TissueMend (TEI Biosciences,

Boston, Massachusetts) [130, 131]. Although some of these are animal derived, and

originally caused concerns [132], modern complete DNA extracting procedures led

to less and in most patients subclinical immune responses [133, 134]. Commonly

these scaffolds are derived from porcine small intestinal submucosa [135], porcine

dermal graft [136], porcine dermal ECM [133, 137] bovine pericardium–derived col-

lagen patches [116] or bovine tendon patches [138]. Results showed a reduction in

the structural failure rate compared to standard rotator cuff repair [133, 136], while

others reported no superior outcomes in patients [135]. Grafts from human donors

have also been investigated widely. Autografts from the fascia lata [139], quadriceps

tendon [140], humeral periosteal flap [141, 142], and acellular dermal allografts [143]

have been reported. Depending on tear size and graft type, some showed no healing

improvement [141, 139], while others did show improvements [143, 140].

Synthetic degradable structures show potential for patch augmentation as they aim
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to disintegrate at the same speed that the tissue takes to remodel itself. Thereby they

are highly versatile, offering malleable mechanical strengths and structures. A PLLA

synthetic patch was used to treat rotator cuff tears. It showed successful repair of

large to massive rotator cuff tears in 83% of patients at 12 months after surgery and

78% of patients at 42 months after surgery, with substantial functional improvement

[144]. Few have been used in the clinics, but many have been tested in tissue engi-

neering studies (section 1.3.2). Further research is needed to assess whether tissue

engineered synthetic degradable patches can keep what they promise.

Overall there are pros and cons for all types of patches. The literature is significantly

lacking direct comparisons. A recent study has called for a randomized control trial

assessing the effectiveness and cost-effectiveness of patch augmented rotator cuff re-

pair [111]. The group noted that due to the large variation in the patches, it was

unlikely that a single study would be sufficient to address all of the key research

questions. It was also noted that, should a randomized control study be conducted,

non-animal based patches were preferred and particularly porcine-based patches were

to be excluded. Results showed no preference for a single type of patch, neither in

terms of use nor favourable clinical evidence. Though too weak for conclusions, some

evidence was collected in favor of allograft and synthetic patches for reducing re-tear

rates, and synthetic patches for reducing pain.

1.2.5.6 Growth factor delivery

Growth factors have the potential to contribute to tendon healing by stimulating

proliferation, differentiation, ECM synthesis, and remodeling, thereby presenting a

way to complement treatment and improve the outcome [145]. We introduced the

mechanisms in section 1.2.4. However, at this point in time there are unanswered

questions regarding growth factor selection, optimum dose, duration and delivery

method. For rotator cuff injuries there are currently no growth factors approved
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by the FDA, and only very few growth factor formulations are approved overall for

clinical use (BMP2, BMP7 and PDGF for bone fractures, PDGF for neuropathic

ulcers) [146, 147].

1.2.5.7 Cell-based Therapy

Although growth factors and PRP have had some promising results, both have some

unsolved problems. The idea of cell-based therapy is the introduction of autologous

or allogous cells, to enhance repair and remodelling. Stem cells such as bone-derived

mesenchymal stem cells (BMSCs), adipose-derived (ASCs) and tendon-derived stem

cells (TDSCs) are promising for musculoskeletal repair approaches as they have the

ability to differentiate into bone, cartilage and tendon. Alternatively, fully developed

tenocytes could be used. Tennis elbow, a chronic over-use injury marked by micro-

tears and the subsequent degeneration of the wrist extensor tendons [148], treated

with the injection of laboratory grown dermal fibroblasts led to 11 out of 12 patients

showing satisfactory results [149]. Autologous dermal fibroblasts were used in a dif-

ferent study involving 46 patients with patellar tendinopathy. The treatment led to

a reduction in disability and improved pain [150]. Wang et al tested the injection

of autologous tenocytes into a small number of patients with tennis elbow. This im-

proved function and repair of the tendon tissue. However, while patient satisfaction

was reported to be high, magnetic resonance imaging (MRI) results showed the need

for further treatment [151]. In the same year, Wang reported an autologous tenocyte

injection in a young athlete with partial-thickness rotator cuff tear and tendinopathy.

After 1 year the the MRIs showed improved tendinopathy and healing of the partial-

thickness tear. The patient reported substantial improvement of symptoms and was

able to return to national-level competitions [152]. In order to bridge large defects,

cell-seeded scaffolds seem to be a promising approach. These can be implanted into

the defect and could then produce ECM from within. There are currently no clinical
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studies for this approach. However, there is promising evidence resulting from in-vivo

studies [153, 154].

In recent years the potential of tissue engineering strategies to enhance tendon regen-

eration and produce alternative rotator cuff repair strategies, taking biological healing

into account has become evident. These involve combinations of different types of

scaffolds [155], cells, and external stimulation.

1.3 Tendon Tissue Engineering

1.3.1 Cells

The main type of cells resident in tendons are tenocytes, also called tendon specific

fibroblasts. These are fully developed tendon cells. In the literature we commonly

see three types of cells used for tendon tissue engineering; MSCs, dermal fibroblasts,

and tenocytes. A study compared the suitability of mouse muscle-derived cells, der-

mal fibroblasts, and tenocytes for tendon tissue engineering. The reasoning was that

reciprocal muscle-tendon interactions are necessary for tendon formation during de-

velopment. Given that the absence of muscle in tendon development will lead to

tendon degeneration, muscle-derived cells could exert its regulatory effect by produc-

ing growth factors [40]. Therefore, muscle-derived cells were chosen as seed cells for

engineered tendon, and the result showed that they not only had good proliferation

potential, but could also form strong engineered tendon. The in-vivo results showed

that muscle-derived cells proliferated faster, and lead to better alignment of cells

along the collagen fibres. They also lead to more mature collagen fibrils and stronger

mechanical properties. The paper concludes that tenocytes and fibroblasts are still

promising candidates, but muscle-derived cells should be further investigated [156].
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1.3.1.1 Mesenchymal Stem Cells

MSCs can be extracted from embryo, fetus or adults. In adults they can be extracted

from several sites such as bone marrow, adipose tissue, synovium, peripheral blood,

muscle, periosteum or tendon (also referred to as tendon-derived stem cells or ten-

don progenitor cells) [157, 158]. MSCs have shown to be phenotypically different

depending on the tissue they originated from. Youngstrom tested MSCs derived from

tendon, bone marrow and adipose tissue. The group did so including cyclic load and

hypothesized that tendon-derived MSCs would differentiate better into a tenocyte

phenotype. It was concluded that these MSCs were indeed the most suitable in treat-

ing tendinopathies. Bone marrow and adopise tissue derived MSCs could function

as robust alternatives however [159]. Alternatively, MSCs can be obtained from in-

duced pluripotent stem cells (iPSCs) [160]. MSCs require the correct conditions for

proliferation and differentiation. They are believed to have higher levels of prolifera-

tion and collagen synthesis and have the advantage to replicate for longer compared

to differentiated cells [158]. MSCs also have a lower risk of immune reaction in the

host, whether autologous or allogenic, as they have been shown to express no class II

major histocompatibility complex (MHC) [159], and have immunosuppresive proper-

ties [161]. As MSCs can differentiate and have a high proliferative capacity, they also

pose the risk of tumorigenicity and differentiation into a different, unwanted cell types

such as an osteogenic line [162]. Currently the lack of consensus on differentiation

protocols is what is slowing down progress in the use of stem cells in tendon tissue

engineering [163]

1.3.1.2 Tenocytes

Tenocytes can be extracted from donor tendons and cultured in-vitro. These have

the advantage that they are fully developed and can be cultured without the need

for a complex cocktail of growth factors. Studies conducted with this type of cells
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will give the best insight into tendon-like behaviour. However, tenocytes pose several

problems. They are more difficult to obtain due to rarity of donor tissue and requires

an invasive procedure. Due to the scarceness of cells in tendons, the yield tends to be

low. Once obtained, cell de-differentiation during expansion is a problem [151]. Due

to their low doubling time they are also harder to grow and therefore less feasible for

some labs [164].

1.3.1.3 Fibroblasts

Dermal fibroblasts are a more readily available cell source. These are derived from

the mesoderm, like tenocytes, and have a similar cell morphology and characteristics

[156]. Fibroblasts are a very important cell type in connective tissue, responsible for

the production and maintenance of the ECM. A study testing their response to silk

fibroin PCL scaffolds showed that these cells can upregulate gene expression of tendon-

specific marker proteins such as collagen I and III, fibronectin and byclycan [165]. In a

different study they were shown to take on a tenogenic phenotype and form organized

neotendon in vitro, as well as tenogenic gene expression in-vivo [166]. In a different

study, twelve patients diagnosed with tennis elbow were treated with laboratory-

grown dermal fibroblasts. Eleven patients were healed to a satisfactory level. After

6 months, a reduction in the number of tears, angiogenesis, and tendon thickness

was observed [149]. Elsewhere, forty-six patients were treated with autologous skin

fibroblasts after suffering from patellar tendinopathy. Their disability scores, severity

and pain all improved [150]. However, there remain concerns as these cells are not

specific to the tissue in question [167]. Another common source of fibroblasts is

human newborn foreskin tissue. It is estimated that one-third of the population with

a penis worldwide is circumcised [168]. The skin removed during surgery is readily

available and a by-product that would otherwise be discarded, which makes it an ideal

cell source. Another advantage these fibroblasts bear is their highly proliferative
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phenotype, which is the result of the donors generally being very young. In the

human foreskin itself, 61 different clones of dermal fibroblasts have been isolated. A

small population of these cells are multipotent, and two clones have the capacity to

differentiate into neurons, adipocytes or hepatocytes under certain culture conditions

[169], making this a highly versatile cell type applicable to a variety of research

interests.

1.3.2 Scaffolds

Scaffolds for tissue engineering tendons are used in two ways. They are either in-

vestigated as model-systems in-vitro, or studied with a clinical setting in mind. In

the clinics, scaffolds could be used to by-pass the problems of poor tendon state for

repair, rare allografts and immune risks involving xenografts. Scaffolds can either

be seeded with cells prior, or implanted without cells. Questions have been raised

which approach was better. A study conducted for bone tissue engineering compared

cell-seeded scaffolds and cell-free scaffolds. The latter group lead to better healing

of the defect. Furthermore M2 macrophage activity was confined to the construct’s

periphery in seeded scaffolds, indicating the MSCs’ matrix deposition might hinder

remodeling and healing [170]. ECM-based scaffolds showed the same results. Acellu-

lar ECM scaffolds lead to an M2 macrophage response, leading to tissue healing and

constructive remodeling as opposed to cell-seeded ECM scaffolds, leading to an M1

type response and scarring. This was the case even for autologous cells [171]. The

outcome is not only dependent on the addition of cells, but also the material proper-

ties of the scaffold itself. Tissue engineering scaffolds can be grouped into synthetic

and non-synthetic scaffolds. Scaffolds aim to provide a supportive structure for cells

to adhere to, and to bridge the tendon tear. The goal is to mimic the structure and

mechanical strength of the native tissue as closely as possible.
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1.3.2.1 Natural scaffolds

As mentioned, natural scaffolds are decellularized tissues, or biological materials such

as silk, or collagen. Overall, biological materials have a lower mechanical strength

while decellularized tissues are meant to retain the mechanical strength and structure.

There are a number of biological scaffolds approved for tendon repair by the FDA,

outlined in section 1.2.5.5. Seeing as a tendon’s structure is built mainly on collagen,

it comes without surprise that collagen based hydrogels have been suggested. How-

ever, these have very low mechanical strength and are best used in combination with

synthetic scaffolds [172].

1.3.2.2 Synthetic Degradable Scaffolds

Promising materials currently under investigation include poly-l-lactic acid (PLLA),

polyglycolic acid (PGA), poly(lactic-co-glycolic acid) (PLGA), polycaprolactone (PCL),

and polydioxanone (PDO) [113]. This is due to different manufacturing techniques

such as extrusion or electrospinning, post processing such as weaving, braiding, or

chemical alterations and adjusting properties such as hydrophilicity and speed of

degradation [173]. Rapid prototyping has led to faster and faster advancements in

scaffolds production in tissue engineering [174], resulting in fibrous structures, gels

or sponges. MSC-seeded scaffolds have been used to regenerate fibrocartilaginous

tendon-bone insertion sites in a rabbit model. The seeded PGA sheets were found to

induce regeneration of the fibrocartilage with enhanced collagen deposition and im-

proved mechanical properties compared to the non-seeded PGA sheets. However, the

mechanical properties were not up to the standard of natural tissue [175]. Gniesmer

et al compared a commercially available porous polymer patch (Biomerix) with elec-

trospun PCL fiber mats and chitosan-graft-PCL coated electrospun PCL (CS-g-PCL)

fiber mats in vivo. Results showed a lowers immune response and higher vasculariza-

tion for the CS-g-PCL fiber mats [176]. However, degradation of synthetic scaffolds
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tends to happen via hydrolysis, releasing acidic products into the body, which, in high

concentrations, was found to be toxic to tenocytes [177]. More recently co-polymers

have been explored to circumvent commonly occurring issues with single-polymer

scaffolds. An electrospun nanofiber scaffold composed of PGA and poly-L-lactide-co-

caprolactone (PLCL) was tested in an acute sheep model. Scaffold-treated sheep were

compared to a scaffold-free group. Animals in the scaffold-treated group displayed

an insertion in the humerus that was starting to resemble native fibrocartilaginous

insertion of the ovine infraspinatus tendon. Furthermore perforating collagen fibers,

similar to Sharpey fibers, were observed in this group. The study noted no complica-

tions in all 40 sheep [178]. Synthetic scaffolds tend to have greater mechanical prop-

erties over natural scaffolds, but are problematic due to their hydrophobicity, leading

to cell-attachment issues [131]. Furthermore, molecules released during degradation

may be toxic in high concentrations [113]. The ideal tissue engineering scaffold allows

for strong cell attachment, ECM deposition, cell infiltration and proliferation with

tailored degradation speed. Sometimes this is only achieved by blending polymers,

or augmenting the surface [179].

1.3.2.3 Surface Modifications

Surface modifications include changes in hydrophobicity, charge and chemical com-

position of the material [113]. Cells have been shown to prefer positively charged

polymers, but when cell attachment mechanisms were tested (electrostatic interac-

tion, hydrophobic interaction, and biological interaction), results showed cells adhered

irrespective of electrostatic force and protein adsorption [180]. Protein adsorption is

influenced by surface charge which might in turn affect integrin binding and improve

cell adhesion. Additionally, while each of these modifications can lead to improve-

ments, hydrophobicity and charge are themselves dependent on the material chem-

istry, and so it is difficult to interpret some of these studies. Hydrophobicity is often
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changed by plasma-treating scaffolds, though low efficiency on 3D structures needs

to be considered [181]. Other surface modifications include dip coating scaffolds in

minerals [181] surface etching [182] to increase surface roughness, or tethering growth

factor proteins to the scaffolds [183]. The surface of the scaffolds plays another role

in mechanotransduction and can be seen as an external stimulus to cells.

1.3.3 External Stimuli

Cells respond to external stimuli by altering their morphology or gene expression (sec-

tion 1.2.3). This is of particular interest in tendon tissue engineering, as tenocytes

have been shown to lose their tenogenic phenotype for the lack of adequate stim-

uli, and because we understand very little about these mechanisms. These stimuli

form a natural part of the tendon micro-environment and include chemical cues and

biophysical cues.

1.3.3.1 Chemical Cues

Chemical cues are molecules added to the cell media which will enhance tenogenic

differentiation, such as growth factors. We talked about these in section 1.2.4 and

1.2.5. Other chemical cues could be Ascorbic Acid. Murine fibroblasts treated with

Transforming Growth Factor Beta (TGF-beta) and Ascorbic Acid (AA) in combi-

nation with mechanical stimulation on a PEG-fibrinogen hydrlgel led to a type I

collagen-rich ECM, and cells aligning along the stretching direction. Treatment with

TGF-beta and AA alone was not able to significantly promote this differentiation

[184].

1.3.3.2 Biophysical Cues

Providing biophysical cues is critical for tendon development in embryos and will

lead to malformations if not received [185]. Biophysical cues are typically provided
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through the scaffold structure itself or external mechanical stimulation. The scaf-

fold can be designed to provide patterned topographies such as grooves or aligned

structures which guide cell shape (figure 1.6. Nanopores on fibers, have lead to im-

proved proliferation, cell adhesion and potentially higher viability of cells, compared

to smooth fibre surface [186]. Low stiffness has led to lower cell alignment along

strain, and a more spread-out cell morphology, likely sensed through the cytoskele-

ton [187]. Mechanical stimulation is provided via more elaborate tissue engineering

bioreactors.

1.4 Tissue Engineering Bioreactors

1.4.1 Static Mechanical Stimulation Bioreactors

Static mechanical stimulation refers to non-repetitive tension or compression. Fibroblast-

seeded collagen gels were anchored on two ends to create static tension in an approach

to produce small tendons [188]. Cell-seeded hydrogel yarns were statically stretched

by wrapping them between two pins (figure 1.6 A2) [189]. Magnetic tweezer technol-

ogy was developed to apply static stretch to study complex membrane biomechanics

(1.6 A3) [190]. For myotube formation studies, a cell-seeded collagen scaffold was

clamped in suspension (figure 1.6 A4) [191]. Static compression was applied by plac-

ing a glass cover and metal weights on top of a ligament cell layer [192]. Physio-

logically, tendons experience repeated motions. To apply these, dynamic mechanical

stimulation bioreactors were developed.

1.4.2 Dynamic Mechanical Stimulation Bioreactors

Dynamic stimulation bioreactors deliver cyclic mechanical stimulation such as ten-

sion, torsion or compression. Traditionally these bioreactors consist of rigid boxes,

housing the media and construct, an external actuator to mechanically stimulate the
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construct, and sensors like load cells, to track the forces applied. These bioreactors

are used to study the responses of cells to the forces experienced, to test different

materials, or in the future to prepare tendon grafts for transplantation.

1.4.2.1 Chambers

The bioreactor chambers are what we consider the outer component, holding the

bulk material, scaffold, cells and media and ensuring sterility. Scaffolds and tissue

constructs are usually clamped into place. At least one clamp is linked to the ac-

tuator. Materials and adhesives of these chambers must withstand sterilization, be

non-leachable, bio-compatible and must not alter the culture media. This includes

chamber housings, gaskets, parts of actuators that are in contact with cells or cell

media, lids, clamps, tubing etc. While many manufacturers claim bio-compatibility of

their materials, this should be tested in a separate cytotoxicity study in the full setup.

The material must be permeable to gasses or be equipped with air vents and filters to

enable gas-exchange. The size of these chamber varies, some groups use custom-built

box structures [193], others have adapted existing petri-dishes [194], multi-well plates

[192, 195] or single well chamber slides [191]. The chamber’s size also depends on the

application, culture duration and nutritional requirements. Larger chambers can hold

several samples at once enabling technical and biological replicates and multiple stim-

ulations in parallel [196]. Neglecting this has led to a potential source of confounding

in the past [197]. The size also depends on the intended use; large scale whole tissue

studies [198] require bigger chambers over scaffold testing, single-cell fluid shear stress

or mechanotransduction studies [199].

1.4.2.2 Actuators

Dynamic stimulation aims to apply repeated tension, torsion or compression to a con-

struct. This can be applied in precise amplitudes and frequencies and aim to resemble
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repetitive movements in the body. The most common way to apply dynamic tension

is via a stepper motor (figure 1.6 B1) [200]. Movement of a stepper motor can also be

translated into radial displacement (figure 1.6 B2) [?], and scaled up to run several

stimulations in parallel (figure 1.6 B3) [201].

Another type are perfused-, or shear-stress bioreactors (figure 1.6 C1). The term

perfused in this field is not used to describe feeding strategies, but to indicate that

media is purposefully used to create shear stress on cells. Shear stress in bioreactors

can be created through high flow rates or manipulating the fluid in other ways, such

as by introducing stirrers or using spinning or rotating flasks [202, 203].

To provide physiologically relevant stresses, combinations of different mechanical

stimuli have been studied. Maeda et al built a chamber capable of stretch and shear

stress application (Figure 1.6 C2) [204]. In a different study a pressure vessel was

filled with distilled water and placed into a water bath at 37deg C. The vessel con-

tained a cell-culture bag. The combination of Hyperbaric pressure and chondrogenic

priming lead to faster osteogenesis in hMSC (figure 1.6 C3) [205]. More combinations

and their effects were reviewed extensively [187]. What these studies highlight is the

importance of multiaxial stimulation. True multiaxial stimulation however is difficult

to achieve with current bioreactor systems.
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Figure 1.6: Illustration of traditional stress bioreactors capable of static,
dynamic and combinations of mechanical stimulation. Static stimulation:
A1) Cell culture on a scaffold with topographic mechanical cues. A2) Cell culture
on a scaffold stretched between two Teflon pins. [189] Permission granted. A3)
Magnetic tweezer technology used to apply a membrane pinch to individual cells
[190]* Permission granted. A4) Static stretch through flotation bars [191]. Permission
granted. Dynamic Stimulation: B1) Conventional setup of a stepper motor applying
repetitive stretch to a clamped sample. [200] Permission granted. B2) Movement of
a stepper motor translated into radial displacement. [?]. Permission granted. B3)
Scale up for multiple stimulations in parallel [201]. Permission granted. Shear Stress
and Combinations: C1) Shear stress bioreactor s, adapted image [206]. Permission
granted. C2) Bioreactor chamber capable of stretch and shear stress application [204].
Permission granted. C3) A hydrostatic pressure vessel, containing a cell-culture bag
with hMSC [205]. Permission pending. C4) Lung on a chip platform to study effect
of mechanical stimulation and shear stress [207]. Permission not required. All images
were adapted
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1.4.2.3 Sensors

Sensors are used to get real time information about the culture conditions. Sensors

most commonly used in cell culture measure temperature, gas mix, pH, glucose and

metabolites. Typically sensors can be grouped into on-line/in-line or off-line sensors.

As the name suggests, the latter work off-line, so away from the culturing system.

These are usually bench top glucose measuring devices or could be colorimetric as-

says to assess contents in the cell culture medium. In-line sensors do not require

sample-taking and are directly integrated into the culture system. These are most

typically gas-mix or oxygen sensors, but can also be glucose/metabolite sensors. Tis-

sue engineering bioreactors tend to be small and therefore fit into an incubator, where

temperature and gas-mix are automatically measured, and the pH maintained stable

via CO2 addition. An important component of mechanical stimulation bioreactors,

is the accurate measurement of the forces applied to the construct. Currently this is

done by load cells or similar piezoelectric sensors. These are put in place between the

construct and the actuator and can measure a pulling or compressing force applied

to the sensor.

1.4.2.4 Shortcomings

Current approaches for tendon tissue engineering have shortcomings in that mechan-

ical stimulation is mostly uniaxial and applies tension only. The missing piece is to

accurately mimic movement. The inability to apply physiologically relevant multi-

dimensional stimulation to rigid structures is a main concern for the advancement

of tissue engineering. While combinations of different mechanical stimuli and multi-

directional stimulation were attempted, they can only get so close while being at-

tached to a rigid chamber. What is needed is a bioreactor that moves with the

stimulation, or an actuator that moves with the bioreactor.

The traditional load-cell sensors can only deliver an approximation of the forces exhib-
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ited to the construct. Since the sensors are usually bridging the connection between

actuator and construct, it cannot measure local differences. Soft sensors, an emerging

technology, can be inserted directly and measure forces applied locally.

Clamping is a crucial and often problematic step in mechanical stimulation. If not

clamped into place correctly, a pulling actuator could pull more on one side of the

construct than on the other,leading to an uneven strain distribution. The solution

tends to be pivoting clamps, but this does not eliminate the possibility of the sample

slipping. Moving toward constructs being permanently embedded in the chamber, or

having the stimulation embedded in the carrier through soft actuators, would greatly

improve sample gripping problems, and reduce the bioreactor size.

Unless the system has a built-in microscopy window, microscopic analyses of the con-

structs are hardly possible throughout the experiment and can only be conducted at

the end, when the sample can be detached from the actuator. Bioreactor systems

with a built-in microscopy window usually consist of a glass slide, making it rigid

and therefore the application of multiaxial movement is limited. As these chambers

tend to be permanently linked to the actuator, it is also limited in size, as the whole

system would need to fit under the microscope.

1.4.3 Emergence of Soft Bioreactors

In order to overcome the issues mentioned above, researchers have worked on the

development of a new class of bioreactors - soft bioreactors. These consist either of

a soft chamber or a soft actuator. The parallel development of flexible soft sensor

systems is an advantage we would also like to briefly highlight here. These systems

aim to apply multiaxial stimulation.
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1.4.3.1 Soft Chambers

Soft chambers are capable of multiaxial stimulation through their soft outer shell,

which moves with the actuation. There are general requirements for flexible biore-

actor chambers. The material must not crack, rupture, decompose or leach due to

the force or friction resulting from the mechanical stimulation. The material must

sit loosely enough as to not interfere with force translation and force measurements.

If the latter is not possible, the material’s role in bearing some of the force must be

taken into account and reported accordingly. Materials such as Polydimethylsiloxane

(PDMS) seem promising as they are malleable to different degrees of stiffness. The

moulds can be drawn in computer assisted drawing (CAD) software and modelled

in computational fluid dynamics (CFD) software. PDMS is also optically transpar-

ent, allowing microscopic observation and it is gas-permeable. The drawback is that

moulding PDMS is not a trivial task and requires tweaking to obtain a mixture that

resembles the mechanical properties of tissue. There are a few more material candi-

dates commonly used in medicine, such as silicone, polyvinylchloride, polyethylene,

polypropylene, polymethylmetacrylate ,and polyurethane [208]. These materials can

be shaped and sealed into flexible membranes or bags through melting, ultrasonic

welding, UV/LED curing systems or medical grade glues such as epoxies. Alterna-

tively, to insure bioreactors with rigid and flexible parts are liquid- and airtight, the

membrane can be fixed between two plates with O-rings in between (figure 1.7 A1)

[209]. Secerovic et al developed a soft bioreactor chamber capable of movement in 6

degrees of freedom. It is aimed to stimulate invertebral discs (figure 1.7 A2). The

chamber consists of a custom-made polycarbonate structure wrapped by a soft sili-

cone membrane. The system is assembled with the mechanical interface and sealed

with a nut [210].
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1.4.3.2 Soft Actuators

Soft actuators are a novel approach to stimulate cells and tissues from within the

construct. Fell et al developed a bio-hybrid soft robot capable of angular and radial

actuation for vascular tissue stimulation. Movement is achieved via a pneumatic soft

actuator pumping fluid into the structure. The centre is directly seeded with MSCs

which are subsequently conditioned for 24 hrs (figure 1.7 B1) [211]. Paek et al devel-

oped a soft robotic constrictor for in vitro modelling of dynamic tissue compression

(figure 1.7 B2) [212]. This elastomeric actuator is pneumatically regulated and capa-

ble of dynamic bending motion, mimicking the constriction of tubular organs. The

system is compatible with a variety of human primary cells. The actuator is capable of

organotypic modelling of complex tissues such as solid tumours and vascular networks

and the effects of compressive forces on them. A hydraulic soft robotics approach to

mimic index finger and thumb was developed by combining different materials and

localized designs. These were designed with the help of mathematical models, and

capable of bending, extending, expanding and twisting (figure 1.7 B3) [213]. While

cells have not yet been incorporated, we highlight this approach as it has the potential

to stimulate cells. Furthermore, the algorithm reported has the ability to produce de-

signs for different tissues and streamline the production process. A soft robotic sleeve

was developed to be implanted around the heart and actively compresses and twists

to act as a cardiac ventricular assist device. The actuators were designed to stiffen

when pressurized. It can be customized to patient-specific needs by adapting to the

size of the heart and the pre-tensioning required. This system was controlled by the

native cardiac cycle and adapted the actuation to deliver disease-specific assistance

(figure 1.7 B4) [214].

The advantage in these actuators is that they can adapt to complex and dynamic

environments. Their softness resembles that of biological tissue more than the rigid

actuation systems detailed earlier. This makes them more capable of replicating shape
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and functions of the biological tissue in question. Cells can typically be incorporated

directly into the actuator, eliminating the need for a cell carrier and circumventing

clamping/mounting problems. Because these systems do not rely on scaffolds or tis-

sue constructs, most of their application is currently limited to mechanotransduction

studies or the stimulation of whole tissues, rather than tissue engineering constructs.

However, there is the potential to apply the same mechanism to stimulate scaffolds

from within, or from around as seen in Roche et al’s soft robotic sleeve, thereby

creating the opportunity for more clinically relevant tissue constructs.

1.4.3.3 Soft Sensors

Soft sensors address the challenges of conventional sensors, which have limited de-

formation capacity and would interfere with multi-axial stimulation. By employ-

ing soft sensors, the mechanical stress and deformation, as well as changes to the

micro-environment of cells are detected in real time. In one study, a stretchable and

suturable fibre sensor based on capacitance changes was reported. It successfully mea-

sured strain in an in-vivo model (figure 1.7 C1) [215]. Another soft strain sensor was

developed for neuromodulation in growing tissue (figure 1.7 C2) [216]. The device is

capable of electrical stimulation and monitoring of tissue repair in a rapid-growth rat

tissue model. A multi-functional soft sensor, capable of strain and pressure sensing,

showed excellent biocompatibility and function in a rat model. This sensor was made

of biodegradable materials, making it the ideal sensor to be transplanted (figure 1.7

C3) [217]. Flexible sensors should have high flexibility and biocompatibility as well as

well-matched biodegradability with tissue growth to avoid a second surgery to remove

the device. Research on soft sensors for soft bioreactors is scarce.
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Figure 1.7: Overview of soft bioreactors Soft Chambers: A1) Humanoid bioreac-
tor chamber developed in our group [209]. The chamber is mounted onto a robotic
shoulder where it can be stimulated externally. A2) Invertebrate disc bioreactor capa-
ble of 6 degrees of freedom. Image adapted[210]. Permission granted*. Soft actuators:
B1) Femoropopliteal artery soft actuator capable of angular and radial actuation for
vascular tissue stimulation [211], permission granted. B2) Pneumatically actuated
soft constrictor actuator mimicking the constriction of tubular organs [212]. Permis-
sion granted** B3) Finger soft actuator capable of bending, extending, expanding and
twisting [213], permission not required. B4) Soft robotic implantable sleeve for heart
stimulation [214]. Image adapted from Roche et al 2017. Reprinted with permission
from AAAS. Soft Sensors: C1) photographs of a capacitive strain sensor made with
double helical stretchable conductive fibers under initial and stretched conditions
[215]. Permission granted. C2) Sensor for neuro-stimulation and sensing of strain
[216]. Permission granted. C3) Soft capacitance sensor capable of strain and pres-
sure sensing [218]. Permission granted. *https://creativecommons.org/licenses/by-
nc-nd/4.0/. **http://creativecommons.org/licenses/by/4.0/

.
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1.5 Humanoid Bioreactor System

Our group has developed a humanoid bioreactor system (HBR), consisting of a novel

flexible cell culture chamber, housing a cell-seeded scaffold, supported by advanced

robotic systems. It has the ability to replicate the human musculoskeletal motions

and provide physiological forces to living cells. This system can provide multiaxial

stresses and different loading regimes. Potentially, it could improve the formation

of tissue grafts in-vitro, but also led to a better understanding of the importance of

mechanical stresses in biology. Ultimately this could serve as a platform with the

potential to treat musculoskeletal injuries such as tendon tears. It may also reduce

the use of animal models in the translation of novel therapies into clinics [219, 209].

1.5.1 Chamber

The chamber consists of a thin tube of transparent polyurethane membrane. It is

rolled and then heat-sealed along the long edge. To ensure air-tightness, the mem-

brane is secured between two plates, a ring and two biocompatible rubber gaskets.

The membrane is capable of holding media and maintain sterility. During mechanical

stimulation, the membrane is loose enough to allow the media to be pushed against

the walls and not burst through the applied pressure. Furthermore it does not in-

terfere with force transmission onto the scaffold. In fact the membrane’s Young’s

modulus was reported to be 10.3 ± 1.0 MPa, and therefore takes a negligible amount

of the strain compared to the scaffold [209]. This soft chamber is independent from

the actuation system. The group can run several chambers in parallel and attach

them to the actuator ad-hoc. In traditional systems the chamber is directly linked to

the actuator. The chambers can also be moved between different actuation systems,

or different positions on the humanoid robot. Providing a platform to test different

anatomical locations as well as directly comparing traditional uniaxial actuators to
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the robotic arm with the same type of chamber. The group is currently exploring the

use of this chamber under the microscope to track cell growth via live-cell imaging.

Figure 1.8: Details of the starting point for this thesis. Flexible bioreactor
chamber, scaffold and robotic shoulder. A) Assembled bioreactor chamber, B)
Multi-filament parallel scaffold, C) SEM images of a single filament at two different
magnifications, D) The middle- section of the chamber consisting of polyurethane
membrane and its 3D printed holders. The scaffold is slid into the membrane and
resined into the main inserts. The 3D printed parts are screwed onto the main insert,
E) filament bundles resined into the main insert, F) Expanded membrane upon filling
the chamber with air G) Results of tensile tests to failure of a chamber. The membrane
keeps its integrity at high strains, H) Stress-strain curves of the scaffold and membrane
(measured separately). The dashed lines represent the standard deviation. Results
suggest the membrane carries little stress at low strains, I) Robotic shoulder at the
start of this thesis. Bioreactor chamber attached to the robotic shoulder at the SS
location J) Close-up of the chamber in the SS location K) Comparison of SS tendon
location on a human shoulder. Permission granted under the Open Access Creative
Commons Attribution 4.0 International License. Figure adapted from Mouthuy et al
2022 [209]
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1.5.2 Scaffold

The scaffolds are made from Polycaprolactone (PCL), an FDA-approved polyester fit

for load-bearing tissue engineering. It is favourable for our applications as its degra-

dation and mechanical strength can be controlled. PCL’s contact angle is reported

to be 130◦ [220] and therefore highly hydrophobic. Nonetheless, PCL is used in a

variety of fields such as cardiac, tracheal, bone, skin, breast, vascular, dental, neural,

skeletal and soft tissue engineering [179].

Briefly, PCL is electrospun into filaments and assembled into bundles of 40 filaments.

The chamber contains 5 of these bundles, resulting in a 200-filament strong scaffold.

The Young’s modulus of the scaffold was reported to be 550.6 ± 63.4 MPa which

reasonably matched values observed for human tendons [221, 222].

1.5.3 Humanoind Shoulder Actuator

The actuator responsible for the mechanical stimulation of the cells consists of a

robotic humanoid shoulder. It was designed and manufactured by Devanthro. This

shoulder was based on the biologically-inspired tendon-driven humanoid robot Roboy

2.019. The shoulder was based on a ball-and-socket joint actuated by up to nine

artificial muscles, positioned on a trunk-like stand. Each muscle is represented by a

DC motor [223]. The motors pull on inelastic strings, which are attached to 3D printed

bones. The original shoulder was not intended to accurately mimic a human shoulder,

and therefore was only capable of movements in 3 degrees of freedom (DOF). This

was sufficient for the planned movements in this work. Several modifications were

made to this setup, some of which were summarized in [209]. Figure 1.8 I) shows a

photograph of the robot at the start of this thesis. These adaptations improved the

clinical relevance, though quantitative measurements are needed to assess the degree

of mimicry between a human shoulder and this humanoid shoulder robot.
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1.6 The need to characterize the HBR

The data obtained before the start of this thesis, and work done by other members of

the group alongside it, has shown that the humanoid bioreactor works as a proof-of-

concept. It was shown that the platform can maintain cells in long term culture and

deliver load that induces changes in gene expression and proliferation. However, a low

cell viability in the high force regime, compared to the low force regime, and generally

a slow proliferation were measured [209]. This is in contrast to traditional uniaxial

loading regimes, which lead to proliferation at strains up to 10%. These regimes also

lead to a higher variation in gene expression, particularly for genes associated with

the extracellular matrix (ECM) [224, 225].

Little is known about the conditions inside the chamber. Monitoring the environ-

ment during culture with the help of sensors to measure nutrients and metabolites

(oxygen, glucose, lactate, etc.) will help our understanding of the conditions the cells

face. Furthermore operating parameters such as seeding technique and flow rate will

have to be analyzed, in order to establish the system as an in-vitro culture model.

Mathematical models have a strong potential to support this research [226, 227]. One

potential reason for the high loss in cell numbers was the scaffold stiffness. Different

materials will therefore be investigated. The timing of the loading regime was another

concern mentioned which will be addressed.

1.7 Aims and Hypotheses

The overarching aim of this thesis is to characterize the performance of this novel

flexible bioreactor system for mechanical stimulation. We hypothesize that we can

seed cells evenly into the chamber, that the bioreactor system can successfully hold

and proliferate cells, that the addition of sensors should lead to an improved under-

standing of the culture conditions, that mathematical models will greatly advance
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our knowledge on spatial differences in nutrient concentration and culture conditions,

as well as help us choose operating parameters, and that changes made to the scaf-

fold will improve cell retention. We also hypothesize that the system is capable of

supporting cell proliferation and of mechanically stimulating cells.

1.8 Thesis Structure

The thesis is grouped into five chapters. Chapter 1 sees the introduction of the topic,

comprises a literature review on the state of the art in mechanical stimulation tissue

engineering, with a focus on tendons and gives an overview of the starting point of

this project as well as Thesis Aims and Hypotheses. Chapter 2 investigates the distri-

bution of cells on our scaffold following different seeding techniques. The results from

chapter 2 lead to one of the input parameters of a computational model, described

in chapter 3. The model investigates nutrient distribution, metabolite accumulation

and cell growth at different flow rates. The model is followed by a validation chapter

4 which aims to assess the accuracy of the model. A suitable flow rate is chosen from

these results and used in chapter 5, where we investigate the role of different scaffold

modifications, and mechanical stimulation. This thesis is structured in a scientific pa-

per format, each of the experimental chapters have their own abstract, introduction,

materials and methods, results, discussion and conclusion. The overall conclusion of

the thesis is the final chapter 6.
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Chapter 2

The Effect of Seeding Techniques

on Cell Distribution

2.1 Abstract

Seeding cells effectively onto a tissue engineering scaffold will often determine the

success of these. Many studies focus on the infiltration of cells rather than the effect

the seeding technique, gravity and capillary action have on cell distribution. In this

chapter we developed a fast, reproducible and semi-quantifiable method to identify

cells within the scaffold. Cells were seeded in three ways - with the filaments within

the scaffold aligned along gravity standing upright, perpendicular to gravity lying flat

on the bench, and dynamically on a rocking plate. Upon leaving the cells to attach

for an hour, they were fixed and stained with Osmium Tetroxide. The scaffolds were

imaged with µCT and SEM together with a no-cell control. Seeding cells dynamically

led to a slightly more even cell distribution. It was also shown that cells spread

effectively from one bundle to the next via capillary action. This method provided

useful information on which seeding technique to use going forward and under which

circumstances cells would spread within the scaffold.
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2.2 Introduction

Tissue engineering aims to regenerate tissue or build tissue constructs through the

combination of scaffolds, cells and the appropriate environment. In any novel scaf-

fold, cell distribution is important to be assessed. Uniform cell distribution through

the entirety of the scaffold is crucial to enable cell-cell interaction and equal nutrient

distribution. An even cell distribution also leads to a more uniform ECM deposition

and therefore uniform tissue build up within the scaffold. Moreover, underpopulated

areas can be the result for various reasons such as poor cell suspension, cluster for-

mations, seeding technique, problematic scaffold design or nutrients not reaching the

cells. In order to be able to trace the reason for uneven cell distribution it is impor-

tant to establish where the cells land right upon seeding.

Cell distribution throughout scaffolds has been studied multiple times. Most studies

use cryo-sectioning combined with microscopy imaging [228] followed by further anal-

ysis via mathematical models [229] and/or image analysis [230] or angled fluorescence

laminar optical tomography (aFLOT), which allows in-depth molecular characteriza-

tion of 100-200 µm resolution and penetration depths of 2-3mm [231]. In our case,

these techniques were not an option as the scaffold material would not withstand cryo-

sectioning. Furthermore, the scaffolds in the mentioned studies are much smaller. Our

scaffold here would require a much larger amount of slices, ending up amounting to

multiple hundreds to individually image and piece back together.

In the literature we see different seeding techniques being used. These can be grouped

into two types - static and dynamic. Static seeding techniques include surface seeding

and direct injection into the scaffold [229]. Dynamic seeding use tools such as orbital

shakers [232, 229], spinner flasks [233], centrifuge [229], rotating wall vessels [234],

and perfusion. However, these studies focused on the seeding density [233, 232] and

seeding efficiency [234] rather than the seeding technique and cell distribution.

Due to the nature of the material we use, the unique make-up of our scaffolds and our
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setup that allows seeding onto one bundle from one side only (1.8 A), we wanted to

investigate not only the influence of the seeding technique per-se, but also the roles

gravity and capillary action play on cell distribution throughout the scaffold and from

one bundle to the next.

2.3 Aims and Hypotheses

The aim of this study is to investigate the effect of three different seeding techniques

(Upright, Flat, Rocked) on cell distribution;

1. throughout the scaffold

2. from one bundle to the next

For the Upright sample it is hypothesized the seeded cell suspension runs along the

bundles as it is pulled down by gravity. The suspension collected on the bottom of the

insert is then channelled up through the second bundle via capillary effect. For the

Flat sample it is hypothesized the seeded cell suspension runs from the top bundle to

the bottom bundle. The suspension is also channelled through the entire bundle via

capillary effect. For the Rocked sample it is hypothesized the seeded cell suspension

runs evenly up and down the scaffold enabled by the rocking motion, and a more even

cell distribution can be achieved.

The information obtained will influence the mathematical model described in chapter

3, as uniform vs non-uniform cell distribution has an effect on how many spatial

variables we have to consider. It will also influence the way we seed cells going

forward.
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2.4 Materials and Methods

2.4.1 Scaffolds

Scaffolds are produced using electrospinning, a technique described in [235, 209].

Briefly, this technique uses electrostatic forces to pull thin charged polymer filaments

onto a grounded collector (Figure 2.1 A). PCL granules were (lot 002-19, Inherent

Viscosity 1.07dl/g, Ashland Specialities Ireland, Dublin) were dissolved in hexaflu-

oroisopropanol (HFIP, Lot: AS479557, Apollo Scientific, Bradbury, Stockport) at a

concentration of 17%. It was then electrospun into filaments using a stainless steel

wire collector of 100µm diameter. We used a range of voltage between 7kV and 10kV,

the wire speed was set to 0.5mm/s, the syringe pump was set to a flow rate of 1ml/hr.

Filaments were manually stretched to around 7x their original length and were as-

sembled into 3cm bundles of 40 parallel filaments (Figure 2.1 B). The bundles were

stored in a desiccator prior to further use.

2.4.2 Bundle Inserts

Bundle inserts (figure 2.1 C) were designed in Solidworks (2018, Dassault Systemes,

Tennessee) and printed in clear resin on a Formlab 2 SLA 3D-printer (Formlabs,

Somerville, Massachusetts, United States) at the Institute for Biomedical Engineering

(IBME). Each replicate consists of 2 bundles positioned behind each other. After

printing, the inserts were washed in isopropyl alcohol for two minutes and cured for

20 minutes.

2.4.3 Assembly Stage

To facilitate the handling and positioning of the inserts and bundles, an aluminium

assembly stage was drawn in Solidworks and manufactured at the workshop of the

Institute for Biomedical Engineering (IBME). Two stainless steel bars and screws on
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Figure 2.1: Scaffold Preparation. A) Electrospinning technique to obtain fila-
ments. B) Stretched filaments assembled into bundles. C) Technical drawing of
assembly stage. D) Technical drawings of 3D printed inserts. All dimensions are
given in mm E) Full assembly ready for sterilization and seeding. Bundles are taped
into the inserts and held in a stretched position through adjusting the distance be-
tween top and bottom of assembly stage.
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each of the centre pieces enabled sliding of the parts to apply the same stretch across

all bundles at assembly (figure 2.1 D and E).

2.4.4 Sterilization

Once assembled, bundles, inserts and stages were sprayed generously with 70% EtOH

from all sides and left to dry off via evaporation in a petri-dish in a cell culture hood.

2.4.5 Cell Culture

Human foreskin fibroblasts (HFF-1, ATCC® SCRC-1041™) were expanded in T75

flasks in Dulbecco’s Modified Eagle Medium (DMEM) F-12 HEPES (11330032, Thermo

Fisher, Waltham, Massachusetts, USA) with 10% Fetal Bovine Serum (FBS), 1%

Penicillin/Streptomycin (P/S). Media was changed every third day. Cells were pas-

saged when approximately 80% confluence was reached. Cells were harvested using

two TrypLE (12605-010, TripLE Express, Thermo Fisher, Waltham Massachusetts,

USA) and one scraping step. The cell suspension was spun down for 5 minutes at

0.3 Relative Centrifugal Force (RCF). Viable cells were counted and resuspended in

media to obtain a cell concentration of 40.000/100µL.

2.4.6 Seeding Methods

40.000 cells per scaffold were seeded in triplicates. Seeding was performed using a

p200 pipette with 100 µl of cell suspension. One pair of bundles were seeded at a

time. Care was taken to perform this slowly, to ensure media would not pearl off

the scaffold and the filaments had time to soak up the suspension. We had n = 4

experimental repeats, and each repeat had 3 replicates so that each condition had a

number of N = 12 samples. The no-cell control was seeded with pure medium only.

Seeding techniques are highlighted in figure 2.2.
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2.4.6.1 Upright

The scaffolds stand upright, so that the filaments are aligned in parallel along gravity.

2.4.6.2 Flat

The scaffolds lie flat on a surface, so that the filaments are aligned perpendicular to

gravity.

2.4.6.3 Rocked

The scaffold lie flat on the surface. Upon seeding were transferred onto a rocking

plate and rocked back and forth to ∼15◦ at 17rpm .

Figure 2.2: Schematic of the three different seeding conditions. A) Upright,
B) Flat, C) Rocked

Cell-seeded scaffolds were left in the cell culture hood and on the rocking plate

for 60 minutes, so that cells could attach. Subsequently, cells were fixed by pipetting

2.5% Glutaraldehyde (Grade II, 25% H2O, Lot: STBH0868, Sigma-Aldrich Company

Ltd., Gillingham, Dorset) onto the samples and left to soak for 30 minutes. Samples

were washed and stored in PBS at 4◦C for further analysis.
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2.4.7 Osmium Tetroxide Staining

Samples were stained for 2 hrs with 300µL of Osmium Tetroxide (OsO4 for electron

microscopy, 4% in H2O, Sigma-Aldrich Company Ltd., Gillingham, Dorset) per scaf-

fold. During this time, the stain intercalates into the cells’ lipid bi-layer and oxidises,

causing the characteristic black color change. This did not happen in the no-cell

controls (Figure 2.3. Next samples are flushed 3x with dH2O, every time transferring

them into a new petri dish. Then, samples were dehydrated in an Ethanol gradient

of 40%, 70%, 90%, 95% and 100% for 10 minutes each. Lastly, 300µl of Hexamethyl-

disilazane (HMDS, electronic grade, 99%+, Alfa Aesar, Heysham, England) were

pipetted on each replicate and left to evaporate in the fume hood overnight.

Figure 2.3: Samples after osmiumtetroxide staining. A) Upright, B) Flat C)
Rocked, D) No-cell control. Cell-seeded samples take on characteristic black tone
after staining, while the no-cell controls remain white

2.4.8 SEM and Elemental X-Ray Analysis

To inspect samples on the micron scale, a Variable Pressure Scanning Electron Micro-

scope (VPSEM) was used at the Laboratory for in-situ Microscopy and Analysis at

the Department for Engineering Sciences, University of Oxford (Carl Zeiss Evo LS15

INCA X-Act X-ray system, Oxford Instruments). Samples were not splutter coated,
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as to not interfere with the visibility of the stain. Due to the size of the samples,

carbon stickers could only conduct so much electricity. The machine was set to work

in variable pressure, and the SE and VPSE detectors were used.

Elemental x-ray analysis or elemental dispersed spectroscopy (EDS) was used to con-

firm observations made under the SEM. This technique works in conjunction with

SEM. When the SEM electron beams hit the surface of the sample, electrons are

ejected. Missing electrons are replaced by electrons from a higher energy state, and

an x-ray is emitted to balance the energy difference. When an x-ray hits the detector,

a charge pulse is created and converted into a voltage pulse. This pulse is character-

istic to individual elements. The system compares the sample’s x-ray energy values

to that of known elements.

2.4.9 Micro-CT scanning

The stained samples were scanned in a micro computed tomography machine (µCT)

(Bruker Skyscan 1172, Kontich, Belgium). A no-cell negative control, also stained,

was included in each scan. The medium camera setting was chosen with a voxel

resolution of 13.5µm. Before scanning, a flat field correction was executed and the

voltage adjusted to achieve the highest detailed image possible. The scans were

over-size in two segments and later on stitched together with the built-in software

NRECON. This software was also used to reconstruct the images.

2.4.10 Image post-processing

Once the µCT images were obtained, they were cleaned up in order to be run through

a python script that would detect voxels above a threshold (Appendix A.2.1). These

image post-processing steps were performed in CTan (Version 1.12.0, Bruker, Kon-

tich, Belgium). First, we made sure all images showed a similar length of the scaffold.

Samples that were slightly tilted would show the 3D printed inserts and would there-

54



fore give false positive signals. Therefore we defined an area that would exclude any

3D printed parts. Care was taken to ensure that the remaining images still showed

a comparable length of the scaffold across all samples. Next, we drew a region of

interest around all bundles. This was to exclude signal emitted from the support

structures (plastic straws and bluetac). We additionally drew the region of interest

around each bundle-pair. This means we ended up with 12 sets of front and rear bun-

dles per seeding condition, to investigate the spreading of the cell suspension from one

bundle to the next. Then, we manually set the threshold so that the control sample

would disappear. This was different from sample to sample. These values were later

fed into the python script. As a last step the region of interest was set to exclude the

no-cell control to avoid any other signal interference. Appendix figure A.2 shows a

flow chart of this process.

2.4.11 Image Analysis

The python script (Scripts and Codes A.2.1) was run through the individual cross-

sectional images to count voxels above a threshold. This means we are analysing three

replicates at the same time. The script asks the user for a threshold and converts

all images into binary images, so that every pixel below that threshold is turned

into black voxels, and every voxel above it into white voxels. The script then counts

the number of white voxels in each slice of the µCT stack. The results are then

transcribed into a .csv file ready to be analysed further. Taking the number of voxels

above the threshold for each image, we separated the length of the scaffold into 10

sections (each 0.3cm long). For each section we took the average number of voxels

and expressed it as a percentage relative to the total signal from 10 sections. Despite

the mentioned post-processing steps, there were still some outliers. These images

looked like filaments merged (Figure A.1). We had to exclude the following sections

(Table 2.1):
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Table 2.1: Excluded scaffold sections due to signal interference.

Seeding Technique Repeat Number Sections affected [cm]
Upright 1 1.2-1.5 1.5-1.8
Upright 3 1.5-1.8
Flat 1 0-0.3 2.7-3
Rocked 1 2.4-2.7
Rocked 3 0-0.3

We were unable to discern why this would happen, as it occurred at variable loca-

tions and across different seeding techniques and repeats. Where we had interference,

we ignored the signal coming from these sections and assumed the rest of the signal

added up to 100%.

2.4.12 Statistical Analysis

The three different seeding techniques were put into columns (n=4), and the 10 sub-

sections into rows. A two-way ANOVA was conducted to identify whether there was

a significant difference in cell distribution across the three seeding techniques. Then,

a multiple comparisons analysis was conducted for each row, comparing columns, so

that each of the 10 locations/subsections was compared between seeding techniques,

answering the question of whether different seeding techniques lead to a significantly

higher number of cells settled in location X (simple effects within rows). Another

multiple comparisons study compared different rows within each column (simple ef-

fects within columns), so that we could compare the different locations within one

seeding technique. Statistical significance was determined at α < 0.05.

Another two-way ANOVA was conducted. The two factors were seeding technique

(n=4) and location. The groups consisted of signal coming from the front and rear

bundles. This was done for each seeding technique. Statistical significance was de-

termined at α < 0.05
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2.5 Results

2.5.1 SEM and Elemental X-Ray Analysis

Cells stained with OsO4 appeared brighter than their surrounding scaffold material

under the SEM (figure 2.4). This could be observed without splutter coating the

samples, enabling further analysis under the µCT. The cells seen and highlighted by

red arrows in figure 2.4 appear flat, similar to plaques.

Figure 2.4: SEM image of the Rocked sample. The image contains one filament
and visible are the sub-micron fibres. Red arrows indicate some of the characteris-
tic cell-patches containing osmium. The cells appear brighter than the surrounding
scaffold. Their shape is flat, likely due to the dehydration step post staining.

SEM images were taken at the top, middle and bottom section of each scaffold

and an elemental x-ray analysis on each of them was also performed. The resulting

SEM images and the corresponding elemental map and elemental spectra can be seen

in figure 2.5. The electron images on the left show the sub-micron fibre structure of

the OsO4 stained scaffolds with bright patches of cells. The no-cell control showed

no cells or other characteristic patches on the electron image. The elemental maps

in the middle show areas of osmium, consistent with the location of the patches
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observed. For the no-cell control an X indicates that no osmium was detected. The

elemental spectra seen on the right were obtained from the same area of interest.

The spectra show keV on the x-axis and relative x-ray counts on the y-axis, giving

some quantitative information. We could confirm characteristic osmium peaks around

1.5keV. These are highlighted by white arrows in figure 2.5. The elemental spectra

did not show peaks on the no-cell control.
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Figure 2.5: Electron images, elemental maps and elemental spectra of
osmium-stained scaffolds. Electron images in the left column show patches of
cells at top, middle and bottom for the rocked scaffold. The elemental maps in the
middle column show Osmium detected on the same regions. No Osmium was found
on the control samples, indicated with X. Characteristic Osmium peaks are shown in
the elemental spectra on the right, indicated by white arrows. There were no osmium
peaks for the no-cell control. 59



2.5.2 micro-CT analysis

As shown in figure 2.6, the scaffold structure was visible under µCT. Cell-seeded

bundles, where OsO4 intercalated into the cells’ membrane, appeared much brighter

than the no-cell control. Cells appear brighter on the cross-sectional images too and

could be seen both on the surface of the scaffold and penetrating within the bundles

of filaments, as shown in figure 2.6 B. Unfortunately it was outside of the scope of

this chapter to quantify the degree of cell infiltration into the middle of the bundles.

Figure 2.6: µCT images of cell-seeded bundles and no-cell control A) The
µCT images of three cell-seeded repeats and one no-cell control, reconstructed into a
3D image. Individual filaments are clearly visible. The cell-seeded scaffolds appear
brighter than the no-cell control due to the intercalation of the metal stain OsO4 into
the cell membrane. B) Cross-sectional images. The cross-section shows the bundle-
pairs which are not visible at this angle on the 3D reconstructed image. We highlight
cells that stay on the surface of the bundle and cells that have penetrated the bundle.
The control bundle is highlighted in red and appears much more faint.
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2.5.3 Effect of seeding technique on cell distribution

Figure 2.7 shows the distribution of OsO4-containing cells across the scaffolds, for each

seeding technique: upright, flat and rocked. The two-way ANOVA showed that across

the average of 4 repeats, there was no significant difference in signal between the three

seeding techniques (p=0.9981), meaning that cell distribution was not affected by the

seeding technique. The multiple comparison of simple effects within rows showed no

significant difference, meaning that cell distribution at a particular location was not

significantly different between seeding techniques (lowest p = 0.3238).

2.5.3.1 Upright

The distribution of cells was fairly even with a slight increase in signal towards the

bottom (around 20%). Although this increase was not significant across the 4 repeats.

The multiple comparison analysis for the simple effects within columns showed no

significant difference between locations. The lowest p-value stems from the difference

between the bottom and top locations (p = 0.4459).

2.5.3.2 Flat

The results for the flat samples show a more scarce distribution in the middle. The

multiple comparison analysis for the simple effects within columns showed no signifi-

cant difference between locations. The lowest p-value here comes from comparing the

sections 0.3 - 0.6cm and 0.9 - 1.2cm (lowest p = 0.7967).

2.5.3.3 Rocked

Results of the rocked sample show a fairly even distribution of cells. The multiple

comparison analysis for the simple effects within columns showed no significant dif-

ference between locations, the lowest p-value comes from comparing the sections 0.7

- 0.9cm vs. 1.8 - 2.1cm (p = 0.6613)
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Figure 2.7: Cell distribution upon different seeding techniques. The point
of seeding was at the 3cm mark, highlighted by a black arrow. Shown here are the
results for each seeding technique across four repeats (n=4). Signal obtained from
µCT images (y-axis) was divided into 10 sub-locations on the scaffold (x-axis). The
graph shows what percentage of the overall detected signal corresponds to which sec-
tion. In each category the sum of all sections will equal 100% of the signal. Orange
= signal from the the Upright seeding technique, Blue = signal from the Flat seeding
technique. Violet = signal from the Rocked seeding technique. Error bars indicate
the stdev. The two-way ANOVA showed no significant difference between the seeding
techniques (p=0.9981). Multiple comparisons of simple effects within rows showed no
significant difference in cell distribution at a particular location across seeding tech-
niques (lowest p = 0.3238). Multiple comparisons of simple effects within columns
showed no significant difference in cell distribution within one seeding technique (Up-
right lowest p = 0.4459, Flat lowest p = 0.7967, Rocked lowest p = 0.06613)

2.5.4 Reaching of cell suspension from one bundle to the next

We investigated whether the cell suspension could reach from one bundle to the next.

Figure 2.8 showed no significant difference between the front and the rear bundle

for the Upright (p=0.1163, front ≈ 56%, rear ≈ 43%) and Flat (p=0.7411, front

≈ 51%, rear = ≈ 48%) seeding technique. The Rocked seeding technique did lead to

a significant difference (p = 0.0008, front ≈ 61%, rear ≈ 38%).
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Figure 2.8: Distribution of cells across and along two bundles. The point of
seeding was at the 3cm mark on the front bundle. Shown here are the results for each
seeding technique across all replicates (N=12). Signal obtained from µCT images
(y-axis) was divided into 10 sub-locations on the scaffold (x-axis). 100% of the signal
came from front and rear bundle together. Black = signal from the front bundle,
Orange = signal from the rear bundle. Error bars indicate the stdev. The two-way
ANOVA showed a significant difference between front and rear bundle, only for the
Rocked condition (*** p = 0.0008)
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2.6 Discussion

In order to interpret the results, it is worth noting that untreated PCL is highly hy-

drophobic [236]. When seeding cells onto the Upright condition, the cell suspension

would run along the filaments straight to the bottom of the scaffold. The scaffold

would then visibly soak the suspension from the bottom up. While we see some accu-

mulation of cells at the bottom, this was not significant, suggesting that the capillary

effect pulls the cells up into the scaffold. However there could be cells stuck to the 3D

printed inserts. A similar problem was encountered seeding in the Flat condition. The

cell suspension would often roll off the bundles. We observed that a certain tension

between the filaments lead to a better uptake of the suspension into the bundle. This

tension needs to bring filaments close enough together to create a capillary effect, but

far enough apart to allow the suspension to come in contact with several filaments.

This observation corresponds well with all seeding techniques leading to a less popu-

lated middle-section, where the filaments are furthest away from each other (Figure

2.6). We observed this with the SEM and the µCT. This observation is likely a result

of the discussed capillary effect between filaments and the hydrophobicity of PCL. We

therefore aimed to adjust the tension between filaments accordingly on the assembly

stages (section 2.4.3). The most even cell distribution, though not significant, was

achieved with the dynamic seeding method. This is coherent with a study done on

porous collagen and chitosan scaffolds. Following Subramanian et. al.’s static seeding

method, the majority of the cells remained at the surface and did not penetrate the

scaffold. Whereas with centrifugation-seeding cell distribution shifted from the top to

the middle or bottom sections [230] We saw penetration into the centre of the bundle.

Unfortunately it was not within the scope of this chapter to quantify this.

The results following the front vs rear bundle analysis are encouraging because it

shows the cell suspension spreads successfully from bundle to bundle. However this

was not true for the Rocked condition. What this means for us is that seeding from
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one inlet only might be sufficient, as long as we seed enough volume. A combination

of seeding cells in an upright position first, and then rocking the chamber is likely to

give the best results.

2.7 Limitations and Future Directions

Several challenges were encountered along the way. First, setting the threshold for

the analysis of the µCT images was subjective as this has to be done manually by

increasing the threshold up to a point where no signal was found on the no-cell con-

trol. Furthermore, working with a pixel size of 13.5 µm, smaller cells may remain

undetected. For the future a higher resolution could be used.

Since cells only had 1 hour to attach, these results do not inform about the cell’s

ability to migrate or their preference on the scaffold. Furthermore, only the cells that

successfully attached to the scaffold within the time given could be analysed. Cells

in the cell suspension that rolled off the hydrophobic PCL could have been lost. Fur-

thermore cells located at the very ends of the scaffold, might have been outside the

regions of interest. The python script detected variable numbers of voxels between

repeats. We needed to convert the signal into a percentage to make it comparable

between conditions and repeats. For these reasons it was not possible to relate the

OsO4 signal to a cell number. To reliably relate the results to a cell number, a com-

bination of techniques such as SEM or confocal microscopy could give insights.

The use of OsO4 for cell distribution analysis is not new. Bosworth et al investigated

cell infiltration on a PCL electrospun yarn with OsO4-staining and high resolution

X-ray tomography [237]. Scheller et al suggest this method to map marrow adipose

tissue [238]. However, those results were a qualitative yes/no, rather than a semi-

quantitative one like we show here. It should be pointed out that OsO4 is highly

toxic and is to be handled with care and proper training. We used a simplified setup
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compared to our whole chambers to make the staining process as straightforward as

possible. Ideally we should stain a whole chamber, consisting of five bundles rather

than two, and a fixed inlet from which we seed the cells.

Most studies use cryo-sectioning and subsequent confocal microscopy to assess cell dis-

tribution [228, 230]. However, for larger engineered tissue constructs this would result

in hundreds of slides, time consuming analysis and the destruction of the scaffold. Re-

cent studies have explored the use of a less toxic (however still hazardous) haematein-

lead(II) acetate trihydrate-based contrast agents [239] or eosin-based stains [240].

Other methods which are non-toxic and quick such as IVIS technology have been

suggested [241]. Unfortunately we did not have the time to do this.

2.8 Conclusion

Even though there was no significant difference between the seeding techniques, im-

portant details can be deducted from the results. Firstly, the different analysis tech-

niques complement each other and show coherent results. The SEM and elemental

x-ray analysis, in combination with a stained no-cell control were useful to establish

that the signal detected in the µCT were cells. The methods used were straight for-

ward, coherent and visualized cell distribution throughout a scaffold without the need

of cryo-sectioning. Secondly, the capillary action played an important role, more so

than gravity. Thirdly, rocking the sample immediately after seeding leads to better

cell distribution throughout the scaffold, but keeping it steady will lead to improved

spreading from one bundle to the next.

Going forward, we will seed the chambers in an upright position and manually rock

them to help the fluid spread across the five bundles. We will keep some tension on

the bundles during seeding.

These results will also serve as one input parameter for the following chapter 3.
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Chapter 3

Investigating Flow Rates with a

Computational Model

3.1 Abstract

Cells need oxygen and nutrients, such as glucose, to proliferate. In bioreactors these

are provided with cell culture media and are usually fed into the system at a certain

flow rate. Finding a flow rate that ensures the delivery of sufficient nutrients and

clearance of metabolites is not straight forward, and can require a lot of experimen-

tal testing. In this chapter we developed a computational model of our bioreactor

system, which can look at the effect of different flow rates on nutrient distribution,

metabolite accumulation and cell proliferation. We model the bioreactor geometry as

an inner and an outer cylinder, representing the scaffold and a free flow area around

it. We determine the steady fluid flow through the system. Then, the resulting

nutrient diffusion and advection, cell metabolism and cell growth are modelled in a

time-dependent study. Additionally, a parametric sweep of different flow rates was

performed. We highlighted three flow rates which were later tested to validate this

model in vitro. The results showed no benefit on cell growth curves for flow rates
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higher than 0.5ml/min. Glucose was present in abundance in all tested flow rates.

For the low flow rate of 0.001ml/min, the accumulation of lactate lead to a halt in

cell growth. We could also identify pockets of no flow, which did not have an impact

on cell growth in flow rates of 0.293 and 1.5ml/min. The importance of using a per-

meable membrane material was highlighted by allowing oxygen to enter the system

through the outer wall in the model. Removing such a permeable wall leads to crit-

ically low oxygen levels at 0.001ml/min and slightly affected those at 0.293ml/min.

The model proved to be a useful tool. We can test a higher number of flow rates and

initial cell seeding densities than would have been feasible in in vitro experiments.

Furthermore it allows a more detailed look into the location of cells and nutrients, as

well as information about flow paths and shear stress experienced by cells.

3.2 Introduction

The cultivation of cells in a newly developed bioreactor is a non-trivial task. Instead

of investing a lot of time, money and effort into testing the most favourable input

parameters in the laboratory, they can be modelled in silico. Computational models

of complex systems, such as cell culture, require a good understanding of the problem

at hand. There are several mechanisms we need to understand first.

3.2.1 Fluid Flow and Mass Transport

Delivering nutrients to cells is achieved by surrounding cells in the appropriate type

and amount of medium. In continuously fed culture systems, fresh media is added as

nutrient deprived media is removed through at least one in- and one outlet [199, 198].

This process is usually automated in bioreactor systems, and the media is fed via a

syringe or peristaltic pump. In order for cells to survive and proliferate, the nutrients

must also effectively reach the cells within the scaffold. Nutrients such as glucose and
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oxygen will follow physical phenomena and diffuse from sites of high concentration to

low concentration, according to the compounds’ diffusivity properties. In perfusion

bioreactors, nutrients are further transported through the system via advection. The

permeability of the scaffold plays an additional role as the fluid needs to permeate

through the structure to reach the cells. These nutrients are then taken up by cells,

which further contributes to changes in local concentrations. While shortages in glu-

cose are not likely to be an issue, and media can always be enriched with glucose,

oxygen solubility in the media can only be influenced by changing the pressure or

temperature, which would adversely affect the cells. It is therefore of crucial impor-

tance to achieve a well-mixed system. The geometry of the system, scaffold design

and initial cell numbers play an important role in the resulting nutrient and cell dis-

tribution. Cells could starve, should there be any bottlenecks. It is possible that an

accumulation of cells take up all the available oxygen and a create a state of local

hypoxia. Furthermore, lactate can accumulate in pockets of low- or no flow. In this

model we assume a homogeneous cell distribution to begin with. This will highlight

conditions leading to uneven nutrient distribution, without the confounding factor of

heterogeneous cell distribution.

3.2.2 Cell Metabolism and Growth

Metabolism is the conversion of nutrients into usable energy to run cellular processes.

We differentiate between first- and zero-order kinetics in cell metabolism. If the

metabolic rate Ri is equal to the maximum reaction rate, Vmax and independent on

the substrate concentration Ci, then the reaction is considered to follow zero-order

kinetics. This means nutrients are taken up at a constant rate. This is the case when

all uptake mechanisms are saturated and the uptake rate does not depend on the

concentration anymore.

Ri = V i
max (3.1)
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If the metabolic rate and the substrate concentration are dependent on each other,

then the reaction follows first-order kinetics. This means the nutrient concentration

and the uptake is linear. It is influenced by the Michaelis constant Km [g/L] which

describes the substrate concentration at which the reaction rate is half of Vmax (Eqn.

3.2).

Ri = − V i
maxC

i

Ki
m + Ci

. (3.2)

The main source of energy for cells is adenosine triphosphate (ATP). Cells gain ATP

through the uptake and breakdown of glucose. Glucose is hydrophilic and is taken up

via glucose transporters. There are two types of glucose transporters; independent

glucose transporters (GLUTs) and sodium dependent glucose transporters (SGLTs).

GLUTS do not require ATP and are abundant in all cell types. SGLTs are sodium

dependent and require ATP to form a sodium gradient which is later used to trans-

port glucose into the cell. Once glucose has been transported into the cell, it can

be stored as glycogen or used for energy gain. Glycolysis is necessary to break down

the glucose molecules into workable smaller molecules called pyruvates. This process

takes place in the cytoplasm and converts one glucose molecule into 2 pyruvates, 2

ATP and NADH molecules [242].

Next, if there is sufficient oxygen present, aerobic respiration/oxidative phosphory-

lation can take place. Hereby the pyruvates will move into the cell’s mitochondria

where they are carboxylated and enter the citric acid cycle and electron transport

chain, where more ATP is produced. Aerobic respiration is highly efficient as one

molecule of glucose will yield 30 to 32 ATPs.

When no oxygen is present, the cell will undergo anaerobic fermentation/non-oxidative

phosphorylation, and two pyruvates are further processed into lactate. Pyruvic-acid

and lactate can both be turned back into glucose via gluconeogenesis. Since non-

oxidative metabolism takes place when oxygen is depleted, lactate could be an indi-
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cator of hypoxia. However, evidence suggests that proliferating cells favour anaer-

obic over aerobic metabolism, despite the latter being energetically more efficient,

and regardless of sufficient oxygen being present. Rapid cell growth leads to a par-

tial oxidation of glucose into CO2 and H2O in all ATP producing mammalian cells

[243]. This is called the Warburg effect and will result in glucose being converted

into lactate. Cells undergo this effect when nutrients need to be rapidly consumed

to fulfill high ATP demands despite the presence of enough oxygen. As an exam-

ple, experimental flux measurements showed fibroblasts metabolize about one-half

of their glucose uptake aerobically (producing 30 ATP/glucose) and the other half

anaerobically (producing lactate and 2 ATP/glucose) [244]. Lactate can therefore

be considered a by-product of glucose metabolism and can indicate proliferation, but

not necessarily oxygen deprivation. In a study with cell-stressors such as amiodarone,

diclofenac, troglitazone, cadmium chloride, cephaloridine, cidofovir, cyclosporine A

and buflomedi, lactate was identified as a marker for mitochondrial and oxidative

disturbances [245]. Once lactate accumulates as a result of these mechanisms, it can

have devastating consequences. In a study conducted on fibroblasts, low in vitro lac-

tate levels (10mM) were tolerated well, but cell viability was severely compromised by

high lactate concentrations (=20 mM). Scratch assays for wound healing experiments

showed that cell migration was affected earlier than viability in response to increasing

lactate levels [246].

The reason we monitor lactate in cell culture therefore is two-fold:

1. Increased lactate production might be the result of hypoxia, tissue repair (pro-

liferation), oxidative stress and mitochondrial disturbances. Lactate levels can

therefore tell the operator a lot about the system.

2. High lactate concentrations can severely compromise cell viability and stress

cells. It is therefore a parameter that needs to be controlled.
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Some accumulation of lactate can be avoided by controlling the oxygen levels. How-

ever, what exactly enough oxygen means is a non-trivial question. Typically the liter-

ature distinguishes between anoxia, hypoxia and normoxia. However in vivo, oxygen

levels are influenced by a number of mechanisms such as vasodilation and constriction,

changes in vascularization and adjustment of respiration/metabolic rates. These are

conditions currently not considered in vitro. Typically the atmosphere for cell culture

in an incubator is set to 20%O2 and 5%CO2. This is referred to as normoxia, while

anything lower than that is considered hypoxia. However, this refers to incubator

conditions and does not account for the oxygen levels that are effectively reaching

the cells. Furthermore different tissues have different vascularization and physiolog-

ical oxygen levels. For this reason the term physoxia has been coined to describe

the normal oxygen concentrations a particular type of cell would encounter in their

corresponding tissue in vivo [247]. Anoxia, a state of no or very little oxygen present,

will lead to apoptosis for most cells [248], whereas hypoxia, a state of low oxygen,

has distinctly different effects such as increased angiogenesis, collagen synthesis and

entire phenotype shifts [249, 250].

In this model we simplified some of these mechanisms to model fluid flow, mass

transport, nutrient uptake, metabolite production and cell growth.

3.2.3 Mathematical and Computational Modelling

Tissue engineering encompasses complex multi-cellular, multi-scale biological systems

that are difficult to understand experimentally or through conventional logic-driven

thinking alone. Mathematics uses a concise language to describe these problems.

Mathematical models can be much faster and cheaper than performing numerous

time consuming and expensive laboratory experiments [251]. The key steps of de-

veloping a mathematical model are summarized excellently in Waters et al’s reivew

[252]. Briefly these are a repeating cycle of, model construction, calibration, pre-
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diction and refinement. During development, models aim to describe the system’s

mechanics and phenomena. We calibrate models through comparing its outputs with

experimental data. Enlacing a model with data obtained experimentally can make

it much more powerful, though this is a non-trivial task as data tend to be complex,

contain noise and are often incompletely observed. Another aim of model calibration

is to identify which parameters are most likely producing a certain outcome/data,

called parameter inference. Considering experimental data also serves us in deter-

mining the model’s complexity and choosing from competing hypotheses [252]. Next

the model needs to be validated (Chapter 4). Discrepancies between model predic-

tions and experimental data can then indicate model refinements. Models for tissue

engineering can be grouped into mechanistic, discrete, continuum and hybrid models.

The first tries to encompass all components and their interactions on a large scale,

such as cell growth of tendons and their response to mechanical stimulation, consid-

ering cell number, fluid flow, nutrients and the dependence on space and time. The

second studies a much smaller scale, such as an individual cell and its interaction

with the surrounding. A full picture can then be drawn by applying this model a lot

of times. Continuum models particularly focus on a larger system’s dependence on

space and time. Hybrid discrete-continuum models deal with discrete models com-

bined with continuum models, such as discrete cell behaviour and their surrounding

micro-environment. Statistical models aim to understand the relationship of input

variables, to output variables, so that experimental input variables can predict the

experimental data. A review of the literature showed that perfused bioreactors are

most commonly modelled as follows: A bioreactor geometry modelled in either 2D,

3D or axisymmetric, and has at least one in- and outlet. Flow inside the bioreactor is

modelled through a Navier-Stokes equation [253, 254, 255, 256], assuming incompress-

ible fluids and negligible terms of inertia, or Poiseuille’s equation for long tube-like

bioreactors [254]. Scaffolds are often modelled as porous structures and the govern-
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ing fluid flow equations here are Darcy [257, 255] with the potential for a Binkman

extension [256]. Mass transport of nutrients and metabolites is described through

advection-diffusion equations. Nutrient uptake is modelled as Michaelis-Menten ki-

netics and Cell Growth via Monod [255] or Contois equations [256]. From there,

different study aims are pursued such as highlighting issues with scaffold design, cell

distribution, flow velocity or inlet and outlet locations [257], optimizing chamber de-

sign [254], predicting concentration gradients [258] or maximizing mass transfer while

controlling shear stress levels [259]. Other studies focus on multiphase problems such

as the effect of flow on tissue growth [253] or investigate the effect of shear stress on

cell yield and distribution within hollow-fibre bioreactors [260].

Models of bioreactors are developed to give a better insight into the system. Further-

more they can strengthen the experimental results and influence decision making for

future experiments by giving a more in depth insight into the system. We can model

culture times far beyond what is currently feasible in the lab and get a much higher

spatial resolution of nutrient and metabolite concentrations.

3.3 Aims and Hypotheses

The aim is to develop and solve a theoretical model that can predict nutrient dis-

tribution under different flow rates and determine candidate flow rates that promote

cell growth. Furthermore the influence of a membrane that is permeable to gases is

explored. We also aim to investigate the impact of stopping perfusion for a period

of time. It is hypothesized that low flow rates lead to poor nutrient distribution and

therefore lower cell numbers. They would also lead to an accumulation of lactate and

a lack of fresh nutrients. Higher flow rates should ensure even nutrient delivery and

increased cell growth rates.
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3.4 Materials and Methods

3.4.1 Mathematical Model

As a first step, steady fluid flow through a porous cylinder and a free flow cylinder is

solved at steady state. Next, mass transport of nutrients and metabolites is modeled

via advection-diffusion-reaction equations. The reaction terms describe glucose and

oxygen consumption, as well as lactate production and cell growth. Metabolic rates

obtained from the literature serve as input for these. Finally we model nutrient and

metabolite transport, as well as cell growth via a reaction-diffusion equation. The

multiphysics software COMSOL [261] is used to solve this model. The predictive

character of the model is tested in a set of validation experiments in chapter 4.

3.4.2 Model Setup

We consider fluid flow, mass transport and cell growth in a bioreactor chamber. A

schematic of the geometry is shown in Figure 3.1. The geometry consists of an inner

and an outer cylinder. The inner cylinder represents a porous structure and has a

radius R1, permeability κ and porosity ϵ. The outer cylinder represents a free flow

region with radius R2, surrounded by a rigid wall. We use subscripts j to denote the

scaffold s and pure fluid regions w. The bioreactor has a length l. We consider a

cylindrical coordinate system r, Θ, z with corresponding coordinate directions r, Θ,

z. We assume axisymmetry, so that quantities do not vary with Θ, and there is no

flow in the azimuthal direction. The outer wall where r = R2 is permeable to oxygen

but impermeable to fluid, glucose and lactate. There are solid walls where 0 < r < R1

at z = 0 and z = L. The fluid (cell culture media) enters the bioreactor from the inlet

at a volumetric flow rate Qin, carrying glucose and oxygen, and leaves at the outlet.

The inlet and outlet are both located at opposite ends of the pure fluid region.
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Figure 3.1: Schematic of the bioreactor axisymmetric geometry with a gas
permeable membrane. Oxygen is allowed to diffuse radially into the bioreactor
across the permeable membrane. R1 is the outer radius of the scaffold, R2 is the
radius of the pure fluid region, and L is the bioreactor length. The radial coordinate
is denoted by r and the axial coordinate by z. Velocity components in the radial and
axial direction are denoted by u and w respectively and subscripts s and w are used
to distinguish scaffold and free flow area.

The fluid is modelled as incompressible Newtonian of viscosity η and density ρ.

Steady fluid velocity uj has components uj r̂ + wj ẑ. Pressure is denoted as pj.

The nutrients enter the system at the inlet, are taken up by cells in the scaffold region,

where the metabolite lactate is produced by the cells, and leave the system at the

outlet. The concentrations Ci
j of the individual nutrients are governed by diffusion-

advection-reaction equation. The superscript i stands for glucose G, oxygen O2 or

lactate L. The nutrients diffuse through the pure fluid region and the scaffold region
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at different rates respectively. These are given by their individual diffusivity Di
j. The

reaction term Ri describes nutrient uptake/production. These only take place in the

scaffold region. In terms of nutrients, Ri > 0, corresponds to metabolite production

by cells and Ri < 0 is nutrient consumption by cells. Nutrient consumption/produc-

tion is governed by Michaelis-Menten kinetics where Vmax is the maximum rate at

which a reaction can take place and the Michaelis constant Km [g/L] describes the

substrate concentration at which the reaction rate is half of Vmax.

Cells N are located on the scaffold domain only. Initially we assume the cells are ho-

mogeneously seeded throughout the scaffold. Cell growth µ is governed by a Monod-

type kinetic equation dependent on the local nutrient concentrations Ci
s, the maxi-

mum growth rate µmax and the Michaelis-Menten growth constant Ki. Oxygen and

glucose concentrations contribute to cell growth, whereas lactate limits growth. A

maximum cell number Nmax is used to model contact inhibition. Furthermore, cells

spread from areas of high cell density to low density, with a diffusion coefficient DN .

3.4.3 Fluid Flow

We consider fluid flow at steady state. In the free flow domain, we assume inertial

forces are negligible in comparison to the viscous forces so that the governing flow is

Stokes Flow (Eqn. 3.3).

∇ · uw = 0, 0 = ∇ · (−pwI + Kw), (3.3)

where I is the identity tensor and and Kw is the viscous stress tensor given by

Kw = η
(
∇uw + (∇uw)T

)
. (3.4)
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In the scaffold domain, we assume that fluid flow is governed by the Brinkman equa-

tion as follows:

∇ · us = 0, 0 = ∇ · (−psI + Ks) − ηκ−1us, (3.5)

where Ks is the stress tensor defined as:

Ks =
η

ϵ

(
∇us + (∇us)

T
)
. (3.6)

Boundary Conditions

We impose symmetry conditions along the line centre. We impose continuity of

velocity and stress at the interface between the two domains. The fluid flows in at

the inflow boundary with flux Qin and flows out with zero back-pressure. At r = R2

we applied no slip and no flux conditions. The parabolic velocity profile is imposed

at the inlet. These conditions can be written mathematically as follows:

Axisymmetry

at r = 0,
∂ws

∂r
= 0, us = 0. (3.7)

Continuity of Velocity

at r = R1,us = uw. (3.8)

Continuity of Stress

at r = R1, (−psI + Ks)r̂ = (−pwI + Kw)r̂. (3.9)

Inflow

at z = 0, R1 < r < R2, uw = 0 and ww = α(r −R1)(r −R2). (3.10)
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Where α is found by imposing:

α = f(Qin),→ Qin = 2π

∫ R2

R1

wwrdr. (3.11)

Outflow

at z = L, R1 < r < R2, n · (−pI + Kw)ẑ = 0, u · r̂ = 0 (3.12)

Non-slip and no-flux conditions

at r = R2, 0 < z < L, uw = ww = 0, (3.13)

at z = L, and z = 0, 0 < r < R1, us = 0 (3.14)

3.4.4 Mass Transport

Nutrients and Metabolic Products

We consider the transport of nutrients (glucose and oxygen) and metabolic products

(lactate). We assume diffusivity to be different in both domains. The governing

equation for the free flow domain is the following, where the first term on the right

hand side describes diffusion and the second term describes advection by the fluid

velocity uw

∂Ci
w

∂t
= Di

w∇2Ci
w − uw · ∇Ci

w (3.15)

The free diffusion coefficient in media Di
w needs to be adjusted in the scaffold do-

main. To find Di
s we consider porosity ϵ of the scaffold and, tortuosity τ . Tortuosity

is usually a function of porosity and sphericity of particles. However, because the

scaffold is made of long filaments rather then round particles, we assume tortuosity

to be equal to 1 and let

Di
s =

ϵ

τ
Di

w. (3.16)
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The advection-reaction equation for the scaffold domain is then:

∂Ci
s

∂t
= Di

s∇2Ci
s − us · ∇Ci

s + Ri. (3.17)

Reaction Term

The reaction term Ri represents consumption of glucose/oxygen or production of

lactate. We assume nutrient uptake not to be affected by lactate production. The

reaction rate is then given by first order Michaelis-Menten kinetics:

RG = −V G
maxNCG

KG
m + CG

. (3.18)

The lactate production is directly correlated with glucose uptake by a factor YL,G,

describing the lactate yield from glucose, its production can be linked as follows:

RL = Y L,GV
G
maxNCG

KG
m + CG

. (3.19)

The oxygen uptake is as follows

RO2 = −V O2
maxNCO2

KO2
m + CO2

. (3.20)

Boundary and Initial Conditions

We assume that initially the glucose concentration is that of fresh media SG, lactate

concentration due to FBS in the cell culture media is estimated to be SL [262], and

oxygen concentration is assumed to have reached equilibrium with the surrounding

atmosphere, so that the concentration is equal to the solubility of oxygen in water
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SO2 [263].

The symmetry at the center line corresponds to zero radial flux. We impose continu-

ity of concentrations and continuity of flux at the interface between the two domains

(r = R1). Glucose, lactate and oxygen enter the system via media through the inlet,

so that Ci
w is equal to Si. As glucose and lactate cannot leave or enter the system in

the radial direction, at the outer membrane of the bioreactor, we impose zero diffusive

flux (noting that advective flux is zero as the flow velocity is zero). We assume that

at equilibrium, the concentration of oxygen passing through the wall is equal to the

solubility of oxygen in water, as the polyurethane membrane is highly permeable to

gases. This leads to a new boundary condition setting the concentration of oxygen

to the solubility of oxygen SO2 in water at the wall.

Initial Conditions

at t = 0, CG
j = SG, CL

j = SL, C02
j = SO2 . (3.21)

Axisymmetry

at r = 0,
∂Ci

∂r
= 0. (3.22)

Continuity of Concentrations

at r = R1, C
i
w = Ci

s. (3.23)

Continuity of Flux

at r = R1, uwC
i
w −Di

w

∂Ci
w

∂r
= usC

i
s −Di

s

∂Ci
s

∂r
. (3.24)

Inlet

at z = 0, R1 < r < R2, C
i
w = Si. (3.25)
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Outlet

at z = L, R1 < r < R2,
∂Ci

w

∂z
= 0. (3.26)

Walls

at r = R2, 0 < z < L,
∂CG,L

s

∂r
= 0. (3.27)

at z = L and z = 0, 0 < r < R1,
∂CG,L,O2

s

∂z
= 0. (3.28)

at r = R2, 0 < z < L,CO2
s = SO2 . (3.29)

3.4.5 Cell Behaviour

Cell growth is modelled as follows:

∂N

∂t
=


µN

(
1 − N

Nmax

)
+ DN∇2N, 0 ≤ CL < CL

crit and CO2 ≥ CO2
crit

0, CL ≥ CL
crit

0, CO2 ≤ CO2
crit

(3.30)

where µ describes cell growth rate via:

µ = µmax

(
CG

KG + CG

CO2

KO2 + CO2

KL

KL + CL

)
. (3.31)

This is a Monod-type kinetic equation consisting of a maximal specific growth rate

µmax, a half-velocity constant Ki, and a yield coefficient µ dependent on nutrient

and metabolite concentration. Glucose and oxygen contribute to cell growth whereas

lactate concentration decelerates cell growth. Contact inhibition is given by the maxi-

mum number of cells that can fit onto the scaffold Nmax. The diffusion term describes

cell’s natural movement from regions of high cell concentration to low cell concen-

tration. The conditions state that cell growth is halted once the critical lactate con-
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centration CL
crit or the critical oxygen concentration CO2

crit is reached. Critical oxygen

concentration was set to 0.097mM, the concentration of oxygen where cytochrome C

oxydase is at half its speed [263].

Boundary Conditions

Initially, the cell number is equal to the number of cells seeded onto the scaffold (N0).

The axisymmetry condition along the centreline corresponds to zero radial diffusion

of N. Cells are only found on the scaffold domain, there is no change in cell number

at r = R1. Cells cannot leave the system through the walls.

Initial Condition

at t = 0, Nt=0 = N0. (3.32)

Axisymmetry

at r = 0,
∂N

∂r
= 0. (3.33)

Scaffold Domain Boundary

at r = R1 where 0 < z < L,
∂N

∂r
= 0. (3.34)

Walls

at z = 0 and z = L where 0 < r < R1,
∂N

∂z
= 0. (3.35)

3.4.6 Input Parameters

Input variables for the bioreactor dimensions, the fluid flow as well as the mass trans-

port and rate terms are collected in table 3.1. The volumetric inlet flow rate, Qin is

later set on the peristaltic pump for the experimental validation of this model (Chap-

ter 4). Some geometrical input data were extracted from earlier obtained µCT images

(Chapter 2) using Fiji image analysis software [264].
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Table 3.1: Model input parameters and their source.

Variable Value Units Description Source/Reference
Scaffold

L 3 cm length of chamber Experimental
R1 3.60 mm Radius Scaffold micro-CT measurements
R2 5.75 mm Radius Chamber CAD
κ 3.00E-06 m2 Permeability of Scaffold 5.19e− 8m2

Filaments
F 200 No. of filaments Experimental
a 261.53 µm Length of ellipse shaped filament micro-CT measurements
b 110.38 µm Width of ellipse shaped filament micro-CT measurements
Afc 22673 µm2 Crossectional area of one filament micro-CT measurements
Aafc Afc ∗ F µm2 Crossectional area of all filaments micro-CT measurements

e 1 − (Aafc/AR1) % Porosity micro-CT measurements
t 1 Turtuosity Assumption

Fluid Flow
Mwater 18.01528 g/mol Molecular Weight Water
SMDW RMMW/ρT m3/mol Std Molar Volume

T 273.15+35 K Temperature Conversion
ρ 993.37 kg/m3 Density of water at 37◦C [265]
η 0.00692 kg/ms Viscosity of water at 37◦C [265]
Qin 1.5 ml/min Volumetric Flow Rate Set Value

Glucose
DG

w 5.40E-06 cm2/s Diffusivity of Glucose in Medium [266]
DG

t DG
w ∗ e

t
m2/s Diffusivity of Glucose in Scaffold Derived Value [255]

SG 15 mmol/L Initial Glucose Concentration Experimental
RG

max 272 fmol/h/cell Max Glucose Uptake Rate [267]
KmG 3.5x10−7 mol/cm3 Michaelis-Menten Constant [268]

Lactate
DL

w 1.10E-05 cm2/s Diffusivity Lactate in Medium [269]
DL

s DL
w ∗ e

t
cm2/s Diffusivity of Lactate in Scaffold Derived Value [255]

SL 2.5 mM Initial Lactate Concentration Experimental
yl 2 Lactate Yield from Glucose [269]

CL
crit 4 mM Critical Lactate Concentration [270]

Oxygen
DO2

w 3.29E-05 cm2/s Diffusivity of Oxygen in medium [271]
SO2 0.2 mM Initial Oxygen Concentration Experimental
RO2

max 1.00E+02 fmol/h/cell Max OUR [267]
KmO2 4.05E-09 mol/cm3 Michaelis-Menten Constant [272]

CO2
crit 0.097 mM Critical Oxygen Concentration [263]

Cell Growth
DN DNcc/sf cm2/s Cell Migration Fibroblasts (14x slower than cancer cells) [273]
DNcc 1.38E-10 cm2/s Cell Migration Cancer Cells [274]

sf 14.6 speed factor Osiecki’s cancer cells to fibroblasts
µmax ln(2)/dt h−1 Max growth rate [275]

dt 48 h Doubling Time [275]
N0 Nin/VR1 cm−3 Initial Cell Concentration Set Value
Nin 500000 Initial Cell Number Experimental
Ntf 5.67E+06 No. of Cells that fit on Scaffold µCT measurements
Nmax Ntf/VR1 cm−3 Maximum Possible Cell Concentration µCT measurements
KG 0.006 mM Growth Constant Glucose [276]
KL 43 mM Growth Constant Lactate [277]
KO2 0.001 mM Growth Constant Oxygen [276]
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3.5 Results

3.5.1 Fluid Flow at steady state

We present three input flow rates, which were later tested in a validation experiment

(Chapter 4). The flow velocity heatmaps in figure 3.2 A) show similar flow paths at

all flow rates. The fluid takes the path of least resistance. The highest flow rates are

found in the free flow area. The flow rate is much slower in the scaffold region but

evenly distributed through it. There were high fluid velocities at the in- and outlet,

and lower velocities at the wall boundaries. The images in figure 3.2 B) show the flow

profile at the inlet (B1) and a defined cutline (B2) for the three flow rates of interest.

We can see a fully developed parabolic flow profile. Importantly we can see that the

flow in the scaffold region is slower than in the free flow region, but not zero. The

model did not identify pockets of no flow.

The pressure profile in figure 3.3 shows gradually decreasing pressures from the inlet

to the outlet. The flow rates lead to maximum pressures of 0.01 mPa, 3mPa and 20

mPa in increasing order of flow rates.
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Figure 3.2: Fluid flow velocity profiles. A) Surface velocity heatmaps of fluid
velocities [m/s]. The flow paths are identical in all three flow rates. The flow velocities
are equal to zero at the walls (dark blue) and comparably low in the scaffold domain.
Fluid velocities are high (red) in the free-flow domains. B1) Flow profile at the inlet.
The x-axis shows the radius of the bioreactor with the centre (r=0) at x=0. Y-axes
show the fluid velocity and are broken into two segments in order to visualize all three
flow rates in one graph. he results are shown for three inlet flow rates of interest.
Results are in blue for the low flow rate, red for the medium flow rate and green for
the high flow rate. All flow rates show a parabolic flow profile of varying height at
the inlet. There is no flow at the wall boundary. B2) Flow profile at the cutline. The
cutline was drawn across the scaffold and free flow region at L =1.5cm. The flow
profiles are slightly tilted to the left indicating the deceleration of fluid velocity in the
scaffold domain.
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Figure 3.3: Pressure distribution throughout the bioreactor [Pa]. Results
shown at the input flow rates of interest. High pressures are indicated with a red
color and low pressures in blue. The small black arrows indicate the maximum and
minimum pressure values. The pressure gradually decreases along the length of the
bioreactor and is distributed evenly across the free-flow and scaffold domain.

3.5.2 Mass Transport

Next we solve the time-dependent mass transport equations. We consider a culture

duration of 10 days. Figure 3.4 shows the distribution of nutrients locally at day 10 of

culture. The heatmaps highlight local differences in concentrations of glucose, lactate

and oxygen for all three flow rates.

Glucose rich medium enters at the inlet, and the concentration gradually decreases to-

wards the outlet. The lowest flow rate shows the most local differences. The medium

flow rate shows slightly lowered glucose levels in the scaffold region. The high flow

rate equilibrates glucose concentrations throughout the bioreactor.

Lactate accumulates towards the outlet and is lower at the inlet where fresh, lactate-

free medium is brought in. The low flow rate leads to a gradual accumulation of

lactate. The medium flow rate leads to elevated lactate levels in the scaffold region.

In the high flow rate lactate levels are equilibrated throughout the bioreactor.

Oxygen enters the system at its maximum concentration at the inlet and the per-

meable membrane. For the low flow rate the lowest oxygen concentration is found

next to the inlet, in the scaffold region. The medium flow rate has lower oxygen

levels across most of the scaffold region. The high flow rate equilibrates oxygen most
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successfully, though levels reach a concerningly low level next to the outlet.

Figure (3.5) displays the nutrient concentration over time at different flow rates.

In the lowest flow rate glucose levels drop from the first day on wards. The two higher

flow rates have almost identical glucose concentrations over time. There is no sharp

drop because glucose is replenished quicker.

As for lactate, the lowest flow rate does not replenish fresh media quickly enough,

and levels of lactate double within the first four days. In the higher flow rates lactate

levels increase very slightly, but never reach a critical point, as fresh media is replen-

ished.

Oxygen levels drop instantly in the lowest flow rate and more gradually in the other

two. Despite this sharp drop, the system does not reach a critical oxygen concentra-

tion, even looking beyond the 10 days of interest.
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Figure 3.4: Heatmap of Nutrient and Metabolite Concentrations on day
10. We depict spatiotemporal concentrations of Glucose, Lactate and Oxygen in the
bioreactor on day 10 of culture. High concentrations are depicted in dark red, low
concentrations in dark blue. Results are shown for the three flow rates of interest.
A1-3) Glucose concentration is found highest near the fluid inlet for the low flow rate.
It decreases gradually along the long axis of the bioreactor, and slightly less so in the
scaffold domain. The medium and high flow rates both lead to an even distribution
of glucose, though glucose concentrations are slightly lower in the scaffold than the
free flow domain. B1-3) Lactate concentration is lowest near the fluid inlet for the
low flow rate. It gradually increases along the long axis of the bioreactor and reaches
almost double its inetlet concentration near the outlet. The medium flow rate shows
a low accumulation of lactate in the scaffold domain, and more so towards long end of
the bioreactor. The high flow rate shows the least accumulation of lactate. It is only
slightly elevated in the scaffold region nearest the outlet. C1-3) Oxygen concentration
in the low flow rate is the lowest in the scaffold region near the inlet. The rest
of the bioreactor shows high concentrations of oxygen, though slightly lower in the
scaffold region. The medium flow rate has the most uneven oxygen distribution. The
concentration is high near the inlet and the walls and gradually falls toward the centre
of the scaffold. The high flow rate leads to the most evenly distributed concentration
of oxygen. The concentration is half its maximum in the scaffold region closest to the
outlet and towards the centre. 89



Figure 3.5: Fold changes of nutrients and metabolites in the bioreactor
chamber from day 0 to day 10 at different flow rates. The graph shows
integrated quantities across the whole bioreactor. A) shows glucose over time. B)
shows lactate. C) shows oxygen. D) shows oxygen in the first 24 hours. For glucose
and lactate the lines depicting inlet flow rates of 1.5ml/min and 0.293ml/min are
almost identical and hide behind one another.

3.5.3 Cell Behaviour

We are interested in how the differences in nutrient distribution, caused by different

flow rates, affect cell growth. Figure 3.6 shows local differences in cell concentration

on the scaffold, resulting from the three flow rates of interest. Pictured are time

points at which cell viability was measured in the validation experiments. The lowest

number of cells in dark blue is equal to the number of cells seeded (500.000). While we

can observe uniform cell distribution in the higher flow rates, the low flow rate shows

a drastic lack of cells growing throughout the scaffold. Cells appear to accumulate

near the fluid inlet at the bottom of the scaffold. This would be where lactate is
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cleared most efficiently, as lactate-free media comes in. Figure 3.4 shows that regions

where lactate accumulates and glucose concentrations are low, correlate with regions

of low cell concentration in figure 3.6. Conversely, oxygen levels are low where cell

concentrations are high.

In addition, we conducted a parametric sweep to identify whether higher flow rates

lead to a higher cell growth. As shown in figure 3.7, increasing the flow rate beyond

0.05ml/min has no great benefit in terms of cell growth. For flow rates higher than

0.05ml/min the graph resembles expected Monod-Type growth curves consisting of

a lag phase, log phase, and plateau phase where the nutrient uptake and cell growth

come to an equilibrium. The phases start at different time points for different flow

rates and are indicated as an approximation only. Growth curves overlap initially.

Flow rates lower than 0.05ml/min start having a negative effect on cell growth. Flow

rates lower than 0.001ml/min cannot sustain cell growth. The three flow rates of

interest are underlined in the legend.
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Figure 3.6: Heatmaps showing cell concentration throughout the scaffold.
Each row shows a different input flow rate, and each column represents a different day.
Cells accumulate near the inlet for the 0.001ml/min flow rate whereas cells distribute
evenly throughout for the other two flow rates.
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Figure 3.7: Cell growth curves at different flow rates over 10 days of cul-
ture. We depict the change in cell numbers from day 0. Numbers were obtained by
integrating across the scaffold domain. The three flow rates of interest are underlined
in the legend. The cell growth phases are approximations for reference.

We highlight the negative effect of the low flow rate further in figure 3.8. We depict

lactate levels in red and cell growth in blue. Cell growth is slowed down drastically

after a day, due to the critical lactate concentration being reached after 28 hours

(highlighted by a vertical solid grey line). Cells keep growing in very small numbers

near the inlet (figure 3.6) as lactate-free media comes in. Within a 10 day culture

period, a critical lactate concentration is not reached for the other flow rates.

In the in vitro experiments, the bioreactors need to be disconnected from the media

flow circulation for approximately one hour or more at a time. This is done either

to move the chambers onto the robotic shoulder to apply mechanical stimulation,

to conduct viability assays, or to move them under a microscope. We are therefore

interested in the effect of no flow. The results depicted with dotted lines in figure

3.8 show this effect. Initially we assume a well mixed system supplied with plenty of

nutrients and the starting concentration for lactate. There is no flow and no nutrient

transport due to advection. Cells grow through uptake of glucose and oxygen, and

produce lactate. The critical lactate concentration (highlighted by a vertical dotted
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grey line) is reached after around 22 hours. At this point cells stop growing locally,

as lactate cannot be removed without perfusion. Stopping the flow for this amount

of time did not have a significant effect on glucose or oxygen concentrations.

Figure 3.8: Effect of lactate accumulation and cell growth in flow and no-
flow conditions. The no flow condition mimics the state of the bioreactor during
mechanical stimulation, proliferation assays or microscopy. The solid lines show the
results from the low flow rate, and the dotted lines show no flow rate. The number of
cells are shown in red and the lactate levels in blue. The critical lactate concentration
is reached after 22 hours for the no-flow condition and 28 hours for the low flow
condition. This point is highlighted with vertical gray bands.

3.5.4 The influence of a permeable membrane on oxygen lev-

els

Oxygenation in bioreactors can be achieved through high perfusion rates or artificial

aeration in combination with impellers or other ways of agitating the fluid. To omit

cell responses to shear stress that these techniques would cause, our bioreactor uses

an outer membrane that is permeable to oxygen instead. In this section we investi-

gate its effect compared to an outer membrane impermeable to oxygen. To model

the permeable membrane, we set the oxygen concentration at the wall to 0.2mM,

based on the solubility of oxygen in water. To model the impermeable membrane, we

remove this concentration.
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Figure 3.9 shows the oxygen concentrations on the time points of interest in a 2D

axisymmetric view of the bioreactor, with the two different membranes. There is lit-

tle oxygen present in the chamber with the impermeable membrane. The permeable

membrane however leads to a more even and concentrated oxygen distribution. In the

impermeable chamber, oxygen is only present near the inlet. Figure 3.10 shows the

change in cell numbers (blue) and oxygen concentration (red) over time for the per-

meable membrane (solid lines) and impermeable membrane (dotted lines). Oxygen

levels stay consistent in the permeable condition, and drop down to a critical oxy-

gen concentration after less than 6 hours in the impermeable chamber. Cell growth

consequently thrives in the permeable condition and comes to a halt once the critical

oxygen concentration is reached (highlighted by a vertical dotted grey line).

Figure 3.9: Heatmaps of oxygen concentration with permeable and imper-
meable membrane. The graphs show the distribution of oxygen at a flow rate of
0.001ml/min. Higher flow rates did not show a significant difference between the two
membranes.
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Figure 3.10: Influence of membrane permeability on oxygen concentration
and cell growth over time at an input flow rate of 0.001ml/min. The solid
lines show the results from the permeable membrane, and the dotted lines show the
impermeable membrane. The number of cells are shown in red and the oxygen levels
in blue. The critical oxygen concentration is reached after around 6 hours in the
impermeable membrane. This point is highlighted with vertical gray bands. Higher
flow rates do not cause oxygen to be depleted in either scenario.

3.6 Discussion

The flow paths within the bioreactor give a good insight into how the geometry and

scaffold characteristics influence the fluid flow. The overall design leads to lower flow

rates in the scaffold region than the free-flow region. Within the scaffold, the fluid

spreads evenly. There are pockets of no flow at both ends of the scaffold. Fluid flow

is slowed down near the walls, which was expected due to the non-slip condition.

A point of concern is the pressure acting on the cells as a result of the flow velocities.

The maximum pressures for the three flow rates were 0.01mPa, 3mPa and 20 mPa.

The level of fluid-induced shear stress on native tendons is unknown, but estimated to

lie between 54nm/s and 10µm/s, resulting in 15 and 65mPa [278, 279]. Cyclic strain

induced shear stress was predicted to be between 0.15mPa and 0.46mPa [280]. A

shear stress term (as suggested below) should therefore be introduced in this model.

The nutrient distribution does not appear to correspond to the flow profiles alone.
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Mass transport must therefore be affected by both, advection and diffusion. This is

an important detail as diffusion effects could be lost in very high flow rates, leading to

much poorer nutrient distribution in no flow pockets. Nutrients could have a harder

time passing through the permeable scaffold without diffusion.

Glucose concentrations remain sufficiently high throughout the culture period of 10

days. As highlighted, lactate levels do reach a critical level in the low flow rate.

The reduced oxygen concentration is concerning and generally oxygen transfer is an

underappreciated problem in cell culture [263]. It should be controlled via sensors

or additional oxygenators. Our results show that the permeable membrane is hugely

important for the distribution of oxygen. The ability of oxygen to diffuse is partially

dependent on the depth of the media, meaning at larger depths, the nutrients don’t

diffuse fast enough to reach cells and sustain necessary levels. It is encouraging to see

that, in the current setup, this is not an issue. We could also deduce that a flow rate

of 1.5ml/min and 0.293ml/min lead to sufficient oxygen delivery, without the need

for a permeable membrane. The result that no-flow does not affect cell growth up

until around 22 hours of culture, is greatly encouraging as it allows us to run cultures

without media feed for this time.

There are some limitations to this model and we should take these into account when

judging the results.

3.7 Model Limitations and Refinements

3.7.1 Scaffold and Geometry

The geometry of the bioreactor is simplified as a 2D axisymmetric model and could

be improved as follows. The in- and outlets are currently located at each end of the

bioreactor and reach all around the scaffold. In reality, they are located at each end

on opposing sides next to the scaffold (Figure 1.8 A). A more accurate model would
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take the true location into account. To keep this simple, it could be drawn as a 2D-

rather than axisymmetric model. With one inlet on the bottom right side and one

outlet on the top left. However, because this is also a simplified model, we recommend

it be used as an addition to the existing model, rather than a replacement.

3.7.2 Diffusivity and Permeability

The current diffusivity values of glucose, lactate and oxygen through the scaffold (Di
s)

are given by the scaffold’s porosity (e) and turtuosity (t). Porosity is obtained by

calculating the cross sectional area occupied by filaments, and the area the scaffold

and the liquid occupy. In order to more accurately model these values, experimental

data should be obtained.

3.7.3 Flexible Walls

The current model assumes the outer membrane to be rigid. In reality we are dealing

with a flexible, soft bioreactor, capable of bending, twisting and stretching. The

membrane can therefore expand or shrink depending on the pressure the fluid is

exerting onto it. We have neglected this at this stage. Furthermore we have made

the assumption that the membrane is at its full capacity given the length and radius

of it. This means that in reality the media volume held my the membrane could be

smaller and therefore less nutrients are present.

3.7.4 Fluid Shear Stress and Pressure

As mentioned, the pressure experienced by cells in the high and medium flow rate is

not negligible. Perfusion can greatly aid nutrient distribution but it can also mechan-

ically stimulate cells through shear stresses. High fluid shear can negatively influence

cells and even lead to their detachment. For tenocytes, some shear stress is benefi-
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cial as it is known that loading and unloading of the tendon causes fluids to flow in

and out of the tissue [281]. Shear stress is something we have not considered in this

model and it should be included in the next iteration. Furthermore, the chambers

lay at a slight angle to create back pressure at the outlet and ensure the chambers

are properly filled with media. Future iterations of the model should include back

pressure at the outlet.

3.7.5 Media Feed

In the current model, we made the assumption that media is being recirculated in a

media reservoir big enough to replenish all nutrients. This decision was made after

experimental data showed that glucose, lactate and oxygen levels remained fairly

stable. However, should the operator decide to use a smaller reservoir volume, the

results might change and the model should be adapted accordingly so that

Ci
out = Ci

in. Furthermore we have not considered oxygen exchange of the media

reservoir. This is only a shortcoming of the non-permeable membrane model.

3.7.6 Metabolism

There are several avenues in which we could build on the metabolism model. The cur-

rent model considers first-order kinetics only. This means the substrate concentration

is much smaller than the Michaelis-Menten constant Ki
m.However, when the substrate

concentration is much higher than Ki
m, it might be more accurate to model zero-order

kinetics (Eqn. 3.1). Furthermore, this model uses glucose and oxygen uptake rates

obtained from mysenchymal stem cells, rather than fibroblasts or tenocytes. What we

are lacking in literature are uptake rates specific to our cells. In addition, glucose is

often metabolized in different amounts depending on the local glucose concentration

[282]. The production of Lactate as a result of glycolytic reactions is more complex

than currently modeled. In high glucose environments, more lactate is produced as
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a result of glucose uptake than in lower glucose environments. It has been observed

that cells can grow at the same growth rate under different glucose uptake and lactate

production rates [282].

It was challenging to find a critical oxygen concentration specific to tenocytes. This

is not only due to the poor definition of normoxia, hypoxia and physoxia (Section

3.2.2). More generally there is a lack of communication of key parameters such as cell

type, media depth or cell specific oxygen uptake rates in the literature [283]. This

goes hand in hand with oxygenation being an underappreciated problem [263]. In the

model we set the critical oxygen concentration to 0.097mM, the concentration of oxy-

gen where cytochrome C oxidase is at half its speed [263]. Cytochrome C oxidase is

the last enzyme in the electron transport chain in the cells’ membrane. It is responsi-

ble for receiving electrons from each of four cytochrome c molecules, and transferring

them to one oxygen molecule and four protons. This leads to the formation of two

molecules of water. In addition to binding the four protons from the inner aqueous

phase, it transports another four protons across the membrane, increasing the trans-

membrane difference of proton electrochemical potential, which is then used by the

ATP synthase to synthesize ATP. However, there are Oxygen sensing enzymes that

have a lower affinity for oxygen. Hypoxia-inducible factor prolyl-hydroxylases (HIF-

PHDs) and Factor Inhibiting HIF (FIH) enzymes need oxygen during hydroxylation

of proline and asparagine residues on HIF transcription factors [284]. Their Km values

lie between 0.100 and 0.240 mM [285, 286, 287]. The role of hypoxia in tenocytes is

not entirely clear. Total hypoxia leads to apoptosis. Tenocytes respond to hypoxia of

1%O2 in vitro by activating classical HIF-1 α-driven pathways. Interestingly hypoxia

led to the activation of some, but not all, hypoxia-induced apoptosis factors, as well

as VEGF. However, treatment with VEGF could not save tenocytes from apoptosis.

This is interesting as VEGF is known for starting the growth of blood vessels, and

tendons are known to be relatively avascular [288]. Looking further in the literature,
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another typical critical oxygen concentration groups have used for mammalian cells

is 2x10−2 mM [272] , and reported that there exists a critical concentration at 1% of

air saturation.

Ideally, we would assess hypoxia in-house. However, this would go beyond the scope

of this project.

3.7.7 Cell Growth

In the current model, cell growth is slowed down by lactate concentrations in accor-

dance with Michaelis-Menten kinetics. Cell growth is also halted by a set critical

concentrations for lactate and oxygen. However, cell concentrations never fall, and

are kept at a minimum of 500.000 cells, given by the initial seeding number. A useful

extension to this model is a death rate µd. A simple approach can be included as

follows:

∂N

∂t
= µN

(
1 − N

Nmax

)
− µdN + DN∇2N. (3.36)

Where µd is the death rate [h−1] and given by

µd =
µd,max

1 +
(

Kd,lac

Clac

) . (3.37)

Where µd,max is the inherent maximum cell death rate [h−1] and Kd,lac is the Michaelis-

Menten constan for cell death by lactate [mM]. Cell death could also be linked to

ammonium Kd,amm concentrations or anoxia levels, given these values can be found

in the literature.

3.7.8 Cell Location

An intriguing feature Comsol offers is to include spatial coordinates of objects. We

obtained cell locations in a 3D space in chapter 2 and could include these as an
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input parameter in a later iteration of the model. These locations could also be

obtained at later days into the culture and give a better insight into cell migration

and accumulation in particular locations on the scaffold. Including this data in the

model would lead to a model more closely resembling the experimental data.

3.8 Conclusion

When designing a new bioreactor there are many considerations to make, including

how the design will affect fluid flow, what flow rate is needed to provide enough mass

transfer, how many cells should be seeded and how these parameters will affect cell

growth. It would be time-consuming and expensive to test them all. The model

presented in this chapter takes the current design of the bioreactor chamber into

account and tests a variety of input parameters. We have not presented all of them,

as the possibilities are near infinite, but we presented the most important ones.

The model can determine nutrient concentrations under different flow rates and their

influence on cell growth. It is able to show 3D nutrient and cell distributions. We were

able to assess the influence of a permeable membrane and its effect on oxygen levels.

We could also conclude that stopping perfusion over a period of 20 hours will not

affect cell growth, for the number of cells and volume of media considered. Though

using a membrane impermeable to oxygen would be detrimental to cell viability. This

model highlights potential design flaws and risk factors such as an accumulation of

lactate in low flow rates. As the current setup might lead to areas of no flow and

an accumulation of lactate in those areas, the model has highlighted some room for

improvement with the design.

Model input values specific to our system were challenging to find and implemented

to the best of our knowledge. In order to make a more educated decision about the

results of this model, a validation experiment needs to be conducted.
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Chapter 4

Experimental Validation of the

Computational Model

4.1 Abstract

In this chapter we conducted a set of experiments to investigate how well the com-

putational model performs. Cells cultured in the bioreactor chamber were perfused

at three different flow rates, and glucose, lactate and oxygen levels were measured

frequently. Cell viability was assessed via PrestoBlue analysis. The results are dis-

cussed and compared to the model. We found that the model could predict cell

growth trends for the different flow rates, but not cell numbers. Metabolite analysis

showed comparable trends for the higher flow rates in the model and the validation.

In this experiment we could not see the large increase in lactate, predicted by the

model. Finally we discuss which model improvements suggested earlier could lead to

a more powerful model.
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4.2 Introduction

Designing new bioreactor systems comes with challenges. In silico models can aid

the design and characterization of these systems. However, in order to assess how

well a model performs, we need to validate it. Model validation can be done in

two ways: through comparing the results with existing literature, and through in-

house experimental testing. When validating through the literature, it is of utmost

importance that the system modelled in the literature and the system used in the lab

are comparable. It can be tricky to judge whether the system described in papers

is similar enough to the system at hand. In our case this was not very feasible.

Experimentally, models can be validated against existing results, or by retrospectively

conducting experiments. In a study performed by Bai et al, a model for gas to liquid

sided mass transfer of oxygen was validated against existing experimental data and

showed a ±20% match. It lead to an improved understanding of the system [289].

In our case the model was tested alongside experiments. A challenge in validating

computational models is making sure values of interest are accurately measured in the

experiment. This was done through the use of glucose, lactate and oxygen sensors,

as well as cell viability assays.

4.2.1 Metabolite Sensors

Metabolite sensors are tools that can determine the concentration of certain molecules

such as glucose, lactate or oxygen. They tend to consist of three main components.

1. A portion that interacts with the metabolite of interest such as an enzyme,

receptors, nucleic acids, antibodies or microorganisms which readily bind and

lead to a signal,

2. a transducer able to convert this signal into something measurable, and
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3. a computer to process the signal into something that can be interpreted by the

user.

Transducers can be based on magnetic, optical, piezoelectric, thermoresponsive, or

electrochemical physical phenomena. Though nowadays most sensors use electro-

chemical principals as they have better sensitivity, reliability, reproducibility, shelf-

life stability and calibration procedures. They also tend to be cheaper and therefore

more accessible for smaller labs [290].

Indeed bench top industrial sensors start at around 7000£ upwards. For our ap-

plication electrochemical flow-through sensors were identified as most suitable, as

they deliver in-line results, can be employed for long periods of time and come at a

reasonable cost.

4.2.2 Cell Viability Assays

Cell viability assays use a variety of indicators of metabolically active cells, and re-

late the amount of these indicators to the number of viable cells present. Commonly

measured indicators are a cell’s energy source; Adenosine Triphosphate (ATP), the

ability to reduce a substrate metabolically, or enzyme activities. For this experiment

we identified the resazurin-based metabolic assays as the most suitable method to

determine cell numbers. Resazurin is a nontoxic water soluble molecule. This assay

makes use of the cells’ mitochondrial activity to reduce the nonfluorescent blue re-

sazurin to the fluorescent pink resorufin. The cells do not have to be lysed in order

for this to happen. The reagent PrestoBlue uses this principle. We chose this reagent

as it shows a quantitative correlation between its conversion rate and the cell number

with no influence of the flow rate and shear stress [291].
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4.3 Aims and Hypotheses

The aim of this chapter is to validate the computational model presented in chapter

3, using three flow rates: 0.001, 0.293 and 1.5 ml/min.

We hypothesize that the model can predict some of the outcomes observed in these

experiments, such as higher flow rates leading to a better outcome on cell growth

and a speedier removal of lactate. Based on the model, all flow rates are expected to

deliver sufficient levels of glucose and oxygen.

4.4 Materials and Methods

4.4.1 Experimental Setup

Three chambers were perfused in parallel at three different flow rates (0.001, 0.293

and 1.5ml/min) each. This was repeated 4 times (n = 4 per condition). The pumps

were housed in a 37◦C heating chamber and the rest of the setup inside a cell incu-

bator at 5%CO2.

Low Flow Rate Setup:

For the low flow rate we used a single-pass setup (figure 4.1 A) with a syringe pump

(NE-1000, New Era pump systems, Farmingdale, NY). The pump was loaded with

a 20ml syringe filled with DMEM-F12 HEPES cell culture media supplemented with

15% FBS and 1% P/S (11330032, Thermo Fisher, Waltham, Massachusetts, USA).

The pump was set to a syringe diameter of 20.1mm and a flow rate of 0.001ml/min.

This was the lowest achievable flow rate. The media was pumped into the chamber,

followed by an in-line oxygen sensor (section 4.4.6) and a waste bottle equipped with

filters for aeration.
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Medium and High Flow Rate Setup:

For the higher flow rates we used a peristaltic pump (ISMATEC 12 channel IPC

peristaltic pump, Cole-Parmer Instrument Company, 9 Orion Court, St. Neots, UK)

and a closed loop media feed (figure 4.1 B). On the pump, the operator can set a

tubing diameter, and a desired flow rate. These two input parameters govern the

work (=rotation speed per minute) the pump will put in to achieve the required flow

rate. We set the input values (tubing diameter and desired flow rate), and mounted

a tube with a different diameter, so that the flow rate was affected according to the

continuity equation (Appendix B)

Figure 4.1: Experimental setup with syringe pump and peristaltic pump for
A) low flow rate and B) medium and high flow rates. The pumps were encased by a
heating chamber at 37◦C to keep the medium at an adequate temperature. The rest
was housed by the cell incubator. The media was circulated from the pump into the
chamber, followed by an in-line oxygen sensor and into the waste bottle or medium
reservoir. In the medium and high flow rate setup, the media is recirculated from
there.
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To confirm the pump could do this, it was set up with a 0.64mm inner diameter

(ID) tube and set to various flow rates. We then fitted the pump with another tube

of 1.6mm ID, keeping the previous input parameters. The pump was turned on for

2 minutes and water pumped through the tubes was collected and measured. We

tested flow rates of 0.5, 0.1 and 0.25ml/min. This was conducted three times for each

input flow rate. The results of this calibration can be found in the appendix table

B.1. Following the calibration, the pump was equipped with a 0.64mm ID tubing

and set to a flow rate of 0.293 ml/min. In order to achieve a flow rate of 1.5 ml/min,

the tubing for this had an inner diameter of 1.51mm. The media is pumped into

the chamber and the in-line oxygen sensor, followed by the medium reservoir. From

there, the media is re-circulated.

The glucose/lactate sensors did not form part of the circuits as it was easiest to

perform the measurements on the bench. Chambers were resting at a 15◦ angle to

stop air bubbles from accumulating during perfusion. Cells were cultured in the

chambers for 10 days post seeding.

On day 10 the chambers were opened and the scaffolds cut into two pieces. One

half of the scaffold was put in TRIzol (15596018, Ambion life technologies, Carisbad

California) for RNA extraction, the other half was fixed in 10% formalin for 30 minutes

and subsequently stored in PBS in the fridge for confocal analysis.

4.4.2 Chamber Assembly

Bioreactor chambers were assembled as follows. Electrospun bundles were produced

and assembled as decsribed in section 2.4.1. The bundle ends were covered in 1:10

epoxy resin (Epotek 301, Epoxy Technology Inc., Billerica, USA) and left to dry over

night. Chamber parts were 3D printed by 3D-Life Prints (Nuffield Orthopaedics Cen-

tre, Oxford, UK). The obtained inserts were tapped and subsequently five bundles

were inserted up to their knot, forming the scaffold. To fix the scaffold in place,
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bundles were glued in with epoxy resin. The flexible, gas-permeable membranes

(polyether-based thermoplastic polyurethane film, TFL-2EA, thickness: 50µm, kindly

donated by Permali Gloucester Limited, Goucester, UK) were cut to size, heat sealed

(Cole-Palmer, Illinois, USA) and then wrapped around the 3D-printed rings to as-

semble the rest of the chamber. Inlets and outlets were resined into place. Once the

chambers were assembled completely, they were tested for air-tightness and steril-

ized. Sterilization took place in the biosafety cabinets. For this, chambers were filled

with 70% ethanol and left for 2 hours. After this, the ethanol was drained and the

chambers washed 3x with PBS. For drying, the chambers were left in the biosafety

cabinet for at least 2 nights and equipped with filters on each end. Once chambers

had completely dried they were either used immediately for seeding, or closed and

stored for future use.

4.4.3 Cell Culture

As extracted Tenocytes have shown to grow rather slow and lead to long waiting times,

we used an alternative cell source. This would lead to more pronounced results for

shorter culture periods. Human foreskin fibroblasts (HFF-1, American Type Culture

Collection, SCRC-1041TM) were expanded in T75 flasks in DMEM F-12 HEPES,

15%, FBS 1% P/S media. Media was changed every third day. Flasks were split

when approximately 80% confluence was reached. Cells were harvested using two

TrypLE (12605-010, TripLE Express, Thermo Fisher, Waltham Massachusetts, USA)

and one scraping step. The cell suspension was spun down for 5 minutes at 0.3 RCF.

Subsequently cells were seeded at a concentration of 500.000 per chamber. This was

done in a 250µl cell suspension drawn into a 1mL syringe and fed through the inlet of

the chamber. The chambers were held upright at a slight angle during seeding, and

rocked back and forth thereafter to enable the cell suspension to reach all parts of

the scaffolds. The seeded chambers were then transferred to the incubator and after
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15 minutes, the chambers were topped up with 50µl media to avoid drying of the

scaffold. Once the cell attachment period of one hour had passed, the chambers were

filled with 1mL of media and further incubated for 1 hour. After this, the media was

replaced by 1mL of PrestoBlue solution, giving a day 0 time point. Once this was

done, the chambers were connected to their respective circuits and the pumps were

switched on, starting the experiment.

4.4.4 Cell Viability Assay

Cell viability was assessed on day 0, 1, 4, 7 and 10 using PrestoBlue assays (LOT

2103456, Thermo Fisher, Waltham, Massachusetts, United States). PrestoBlue so-

lution was mixed with media to make a 1:10 mix. The pumps were stopped and

chambers were disconnected from the media feed, media was gently drained from the

chamber and stored for glucose/lactate measurements. The chambers were then filled

with 1mL of PrestoBlue mix. The whole procedure is done in a tissue culture hood

with the lights turned off to shield the solution from light. Chambers and a non-cell

control containing only PrestoBlue mix were then incubated for 1hr at 37◦C and 5%

CO2. Following incubation, the PrestoBlue mix is collected and 100µl were dispensed

into white 96-well plates in triplicates. The non-cell control was included in triplicates

as background subtraction value. The plates were read at excitation 544nm, emission

590nm, with 500 gain on a fluorescence plate reader (BMG FLUOstar Omega Mi-

croplate Reade, BMG Labtech, Ortenberg, Germany). The following blank-corrected

triplicates are then averaged. We normalized data to improve inter-chamber variabil-

ity. For this, we looked at the change in signal over time. Cell retention was measured

by setting day 0 as a reference value equal to 1. To analyze cell proliferation day 1

was set equal to 1. Both raw and normalized data were analysed with a multiple

comparison two-way ANOVA in Graphpad Prism 9. The two-way ANOVA showed

statistical significance when the p-value was < 0.05.
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4.4.5 Glucose and Lactate Measurements

Glucose and lactate measurements were taken on day 0, 1, 4, 7 and 10. For day 0, a

sample was taken straight from the media bottle, before seeing any cells. For all sub-

sequent days, approximately 1mL of media was drained directly from the chambers

into eppendorf tubes. From there, the media was drawn up into a 1mL syringe and

fed into the glucose/lactate sensors B.LV5.GL (Jobst Technologies GmbH, Freiburg,

Germany) via a syringe pump. Media was fed at 0.006ml/min and read for a mini-

mum of 5 minutes and until a stable curve was seen on the BioMon software. The

instrument (potentiostat) delivers a measurement point every 1.6 to 2 seconds. The

software then averages the last 10 seconds worth of data (moving average). These

values were gathered and then averaged again across the 5+ minutes. In order to

compare this data to the mathematical model results, we normalized to the change in

concentration over time from day 0. Before each time point, the sensor is re-calibrated

to a glucose and lactate standard of 18.5mM and 4mM respectively.

In order to test how well these new sensors perform, we compared the same samples

with an established glucose/lactate sensor located at the John Radcliffe Hospital,

Clinical Biochemistry Department. The machine used was an ARCHITECT cSys-

tems glucose and lactate sensor (Abbott, Abbott Park, Illinois, U.S.A.).

The raw as well as normalized glucose and lactate measurements were analyzed with

a two-way ANOVA with repeat measures. Statistical significance was determined

wtih a p-value of < 0.05. The results of the two glucose sensors were analyzed with

a paired two-tailed t-test and a Bland-Altman % Difference test.

4.4.6 Oxygen Measurements

The concentration of oxygen was measured using a Presens Oxygen Measurement

System for Perfusion Monitoring, consisting of a multi-channel oxygen meter (OXY-

4 SMA G3), polymer optic fibre cables, and O2 Flow-Through Cells (FTC-PSt7,
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PreSens Precision Sensing GmbH, Am Biopark 11, 95053 Regensburg Germany). As

the incubator is opened and closed frequently on day 0 and the O2 levels affected by

this, we did not include day 0 in our analysis. The measurements were taken on day 1,

4, 7 and 10. For these time points the incubator was closed for at least 24 hours before

taking the measurement. The sensors were left to acquire oxygen concentration data

for 10 minutes, taking a measurement every 3 seconds. The average of these values

is taken and data normalized as change over time from day 1. This was done due

to a high inter-sensor variation. The results were analyzed with a two-way ANOVA

repeated measures and multiple comparison analysis. A p-value < 0.05 was considered

significant.

4.5 Results

4.5.1 Cell Proliferation Assay

The cell proliferation results are presented in figure 4.2, together with the results of

the mathematical model. Data is shown as change over time in order to make these

results more comparable with the model, as this assay does not provide exact cell

numbers. Due to the large drop in cell numbers between day 0 and day 1, we plot

the change from day 0 onward for the model, and change from day 1 onward for

the experiments. On average, the experimental results showed that the higher the

flow rate, the higher the PrestoBlue signal. Cell numbers doubled in the high flow

rate, increased by 1.5 times in the medium flow rate, and stayed constant in the low

flow rate. A two-way ANOVA with repeated measures on the experimental raw data

showed that overall there was no significant difference between the three flow rates

(p = 0.1656). The multiple comparisons showed there was a significant difference on

day 1 (p = 0.0203) and day 7 (p = 0.0323) between the low and medium flow rate .

Normalized data did not show statistical significance.
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Figure 4.2: Cell viability at three different input flow rates. The experimental
results are shown from day 1 onward to take into account the time it takes for cells to
settle. Results are in blue for the low flow rate, red for the medium flow rate and green
for the high flow rate. The solid lines indicate the experimental results, dotted lines
indicate the respective modelling results. A two-way ANOVA with repeated measures
on the experimental raw data showed that overall there was no significant difference
between the three flow rates (p = 0.1656). The multiple comparisons showed there
was a significant difference in signal on day 1 between the low and medium flow rate
(p = 0.0203). Day 7 showed a significant difference between the low and medium flow
rate (p = 0.0323). Normalized data did not show statistical significance. Error bars
indicate the standard deviation of n = 4

4.5.2 Cell retention upon seeding

In our experiments there was an initial drop in the cell viability from day 0 to day 1.

This is depicted in figure 4.3. We can see similar drops for all three flow rates. The

two-way ANOVA on raw values with repeated measures and multiple comparisons

showed that there was a significant effect between flow rates (p = 0.0132). If we

normalize day 0 across flow rates, this effect disappears as half of the data set is now

equal to 1. The loss of signal from day 0 to day 1 is further investigated in chapter 5.
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Figure 4.3: Drop in Presto Blue signal from day 0 to day 1 at the three flow
rates of interest. Depicted are the change in signal from day 0 to day 1. Blue = low
flow rate, red = medium flow rate, green = high flow rate. The two-way ANOVA on
raw values with repeated measures and multiple comparisons showed that there was
a significant effect between flow rates (p = 0.0132). Error bars indicate the standard
deviation of n = 4. The results for 0.293ml/min and 1.5ml/min are very similar and
partially overlap.

4.5.3 Glucose and Lactate Concentration

These results are plotted in figure 4.4. The sensor detected slight variations of glucose

concentrations over time. According to the raw data, the different flow rates did

not have a significant impact on glucose concentration (p = 0.8284), and neither in

normalized data (p = 0.9824).

114



Figure 4.4: Change in glucose concentration over time. Blue = low flow rate,
red = medium flow rate, green = high flow rate. Solid lines = experimental results,
dotted lines = respective modelling results. According to the raw data, the different
flow rates did not have a significant impact on glucose concentration (p = 0.8284), and
neither in normalized data (p = 0.9824). Error bars indicate the standard deviation
of n = 4

The lactate concentrations measured are plotted in figure 4.5. On average the

lactate was slightly elevated for the low flow rate. Taking the raw data, there was no

significant difference for the different flow rates (p = 0.0828), but indeed a significant

difference for time (p = 0.0484). In particular, time played a significant role on

day four between the low and medium flow rate (p = 0.0211). There was no other

significant difference between the flow rates. Taking the normalized data, there was

no significant difference observed.
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Figure 4.5: Change in lactate concentration over time. Blue = low flow rate, red
= medium flow rate, green = high flow rate. Solid lines = experimental results, dotted
lines = respective modelling results. The raw data showed no significant difference
between the different flow rates (p = 0.0828), but indeed a significant difference for
time (p = 0.0484). In particular, time played a significant role on day four between
the low and medium flow rate (p = 0.0211). There was no other significant difference
between the flow rates. Error bars indicate the standard deviation of n = 4

Due to the day-to-day sensor variation and the initial inexperience with this type

of glucose/lactate sensors, we investigated how these sensors compared to a more

established measuring tool. Data obtained through this comparison can be found in

figure 4.6. The two plots on the left show box plots of n = 27 measurements obtained

from the Architect sensors located at the John Radcliffe Hospital, and the in-house

sensors. The boxes represent values within the upper and lower quartile. The line

within the boxes shows the median. The whiskers extend to the minimum and maxi-

mum value measured. The concentrations for glucose obtained on the Architect have

a much smaller min/max range than the ones obtained in-house. The range of 50%

of the data is also smaller.

For lactate there was a slightly wider range of values obtained on the Architect com-

pared to the in-house sensors. The two medians are much closer together.
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On the right side of the graph, all data points for glucose and lactate on the two

different sensors are plotted. The Architect tends to measure higher values than the

in-house sensors. For lactate both sensors follow very similar trends, as the lactate

levels increase on the Architect sensor, so do the values on the in-house sensor. We

cannot see the same effect for the glucose values. An identify outliers test conducted

in GraphPad Prism 9 did not identify any outliers. A paired two-tailed t-test showed

a significant difference between Architect vs in-house measurements for both glucose

and lactate (n=27, p=<0.0001), and the Bland-Altman analysis shows that they

consistently deliver different results (bias=17.16%).
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Figure 4.6: Glucose and lactate measurements taken on outsourced (Archi-
tect) and in-house sensors (B.LV5). A) Glucose concentrations of 27 samples
presented in box plots and detailed scatter plot. B) Lactate concentrations of the
same 27 samples presented in box plots and detailed scatter plot. The boxes represent
values within the upper and lower quartile. The line within the boxes shows the me-
dian. The whiskers extend to the minimum and maximum value measured. A paired
two-tailed t-test showed a significant difference between Architect vs in-house mea-
surements for both glucose and lactate (n=27, p=<0.0001), and the Bland-Altman
analysis shows that they consistently deliver different results (bias = 17.16%)
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4.5.4 Oxygen Concentration

The results for the oxygen concentration measurements are plotted in figure 4.7.

Throughout the culture period, oxygen levels dropped by a few percent for all three

flow rates. For the lowest flow rate, a more pronounced drop can be seen, especially

from day 1 to day 4. Overall, all three flow rates lead to similar oxygen level outcomes.

Importantly, the levels did not drop to a critical level.

Looking at the normalized data, the flow rates made no significant difference. The

time factor did play a significant role (p = 0.0061) and the matching was very effective

(p = 0.0032).

Figure 4.7: Change in oxygen concentration over time. Blue = low flow rate,
red = medium flow rate, green = high flow rate. Solid lines = experimental results,
dotted lines = respective modelling results. Error bars = standard deviation of n =
4. Analysis of the normalized data indicated that the flow rates made no significant
difference. The time factor did play a significant role (p = 0.0061) and the matching
was very effective (p = 0.0032). A closer view on time points between day 0 and day
1 for the modelling results can be found in the previous chapter.
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4.6 Discussion

4.6.1 Validation Experiments

In this set of experiments, we explored the effect of three different flow rates on cell

growth and the concentration of key nutrients and metabolites. We were able to

observe small differences in cell growth for the three different flow rates. However,

these were not significant and can only be treated as trends. The PrestoBlue signal

dropped significantly from day 0 to day 1. The PrestoBlue signal then rises slowly

but is not restored to what it was like on day 0. Indeed the problem of seemingly

losing large numbers of cells from day 0 to day 1 needs further investigation, which

is attempted in the next chapter.

Selecting appropriate sensors was challenging. The glucose values seem to fluctuate

throughout the 10 days of culture (figure 4.4). This was irrespective of flow rates and

leads us to think the variable results stem from day-to-day variations of the sensor.

The manufacturer states a daily variation of up to 5% in sensitivity. This happened

despite re-calibrating the sensors before every time point. It seems that there was

less day-to-day variation for the Lactate measurements (figure 4.5). We can also ob-

serve this when looking at the difference between our in-house sensor’s performance

and the measurements taken on the Architect (figure 4.6). This does not mean that

either sensor is unsuitable, but could be an indication that sensitivities for the two

sensors are different, especially given the bigger range of values we obtained with the

in-house sensors. It is challenging to say which one delivers better results without

testing them both against a media-specific standard of known concentration. This

is essentially how the calibration for our in-house sensors work, though we have not

tested the same solution on the Architect. In either case both sensors seem to deliver

acceptably consistent results that can be deemed good enough for our application.

The Architect cSystem has been tested following Clinical and Laboratory Standards
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Institute (CLSI) guidelines [292] . Measuring similar glucose levels to this sensor’s

measurements is therefore to be interpreted as a positive result.

Pontius et al compared the same in-house sensors (B.LV5) to a High-performance

liquid chromatography (HPLC) glucose analysis among others [293]. In their study

the B.LV5 sensors detected between 10 and 20mM more glucose than the HPLC did,

and there was an even greater difference when the samples contained cells grown in

suspension. We should note here that the group worked with much higher glucose

concentrations of up to 150mM, compared to our measured 15mM. The study also

found a similar time for their B.LV5 sensors’ signal to settle as we did in our exper-

iments (around 5 minutes). Overall, the study showed the B.LV5 had outstanding

mechanical stability in direct contact with medium and accurate glucose quantifica-

tion in the presence of various electroactive species up to 150mM glucose. We are

therefore encouraged to be satisfied with the results our sensors achieved.

The oxygen measurements were challenging in that the saturation of oxygen was

influenced every time the incubator door was opened. This was a necessary step

to check the chambers were functioning as intended, and for taking PrestoBlue and

metabolite measurements. We aimed to minimize this phenomenon by keeping the

incubator door shut for a least 24 hours before the next oxygen measurement. The

sensors performed well, although the inter-sensor difference was a challenge. Upon

contacting the manufacturer we were assured these differences were within the spec-

ifications. We had to overcome this with data post-processing, which is never ideal.

It was encouraging that in the current setup oxygen concentrations do not reach a

critical level. What we did not show in this thesis is that the sensor was tested to its

extremes when contamination lead to anoxic levels of oxygen, which it was able to

detect. With this set of experiments we were also able to show that an oxygenation

unit, which was previously used in our group, was in fact not necessary. This was

also shown with the model.
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4.6.2 Model’s Prediction Capabilities

In the results section for the model and validation chapters we have focused on the

results as stand-alone chapters so far. Now we will discuss the predictive capabilities

of the model and how the results of the two compare.

The cell growth in our model is an ideal-case simplified version of a Monod-type/Michaelis-

Menten kinetic equation, taking a maximal specific growth rate, a saturation constant

and a yield coefficient dependent on nutrient and metabolite concentration. It there-

fore consists of the phases typically seen in cell growth curves; an initial lag phase, a

logarithmic phase, and a plateau at which fresh nutrients and new cells enter an equi-

librium. In our experiments we see a prolonged lag phase, and a more time-consuming

growth phase. There were similar trends of improved cell growth for the higher flow

rates and less cell growth in the low flow rates. Indeed the growth curves for the low

flow rates in the model and the experiment are close together. Cell growth in the

low flow rate seem to come to a halt early on in the model as well as the experiment.

However, we were not able to predict the growth curves for the higher flow rates.

This may have been due to the fact that;

1. the model does not consider the suitability of the matrix that cells are grown

on, and other factors such as the quality of the culture medium. This has two

effects; First, the model likely starts out with more cells than the experiment

does. This becomes clear when looking at the data in figure 4.3. We minimized

this issue by comparing the change in cell numbers over time, rather than total

cell numbers. However, cells tend to grow better in the proximity of other cells.

The experimental results could therefore be improved once we understand why

we lose cells from day 0 to day 1, and therefore start with a more similar

number of cells in the model and the experiment. Second, cells might generally
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grow slower in the experiments due to their environment not being optimized,

whereas the model assumes the perfect environment, regardless of the seeding

efficiency.

2. the model does not consider shear stress. This will have an effect not only on

cell numbers but also on cell metabolism and therefore influence the metabolic

results.

3. more generally speaking, the model could benefit from several improvements

discussed earlier such as a lag phase or the consideration of further metabolites

such as ammonium and glutamate, which in turn will influence the shape of the

cell growth curves. Nonetheless the two higher flow rates follow similar trends

in the experiment and the model.

Looking at the glucose concentrations in figure 4.4, we see strong differences between

the predicted outcome at the low flow rate and the one observed in the experiments.

This might again be due to the fact that in reality much less cells attach than we

anticipated. As a result, the cell numbers are lower from the start and consume

less. The point where cell numbers rise and glucose is consumed quicker than it is

delivered does not come into effect in the experiment. The model nicely predicted a

steady glucose concentration for the higher flow rates.

The same principal can be applied for the poor prediction of lactate. As less cells

were present to consume glucose and produce lactate, the large accumulation of lactate

failed to manifest. Nonetheless, we saw the highest levels of lactate in the low flow

rate for both the model and the experiment.

As mentioned, it was challenging to measure oxygen without outer influences affecting

the delicate gas-mix inside the incubator. However, there was a drop over time for all

flow rates. It is most pronounced in the low flow rate, less so in the medium flow rate

and least so in the high flow rate. The model shows the same trend as a result of the
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three flow rates. It is likely that the experimental setup was artificially being aerated

through the opening of the incubator. It remains to be seen whether with a strictly

closed incubator we could reach similar oxygen levels as the model. Furthermore, the

error bars reach their modeling pendant. It would therefore be useful to repeat this

experiment, with a larger sample size. In order to assess the predictive character of

the model better, considering the drop in cell numbers in vitro, a parametric sweep

of different cell numbers could be attempted.

4.7 Conclusions

The experiment showed that the sensors can give us a good idea of what is going on.

We can also conclude that sufficient oxygen and glucose is available at all times, and

that lactate accumulation is not a problem as it only starts accumulating at day 10

in the low flow rate.

The model is capable of predicting better cell growth at higher flow rates. It correctly

predicted that all flow rates would lead to sufficient nutrient delivery. Furthermore

it can give spatial insights over local differences in cell number as well as nutrient

distribution, which we are simply not able to assess experimentally. However, the

drop in cell numbers from day 0 to day 1 needs to be further investigated, as this is

something we have seen across operators, different flow rates and even batch culture

systems without perfusion. Once this problem is solved, this experiment could be

repeated with more consistent cell numbers. Only then can we make a proper judge-

ment over the model’s prediction capabilities.
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Chapter 5

Investigating the effect of scaffold

design and operating parameters

on cell retention, proliferation and

distribution

5.1 Abstract

We have studied cell distribution following different seeding techniques in chapter 2

and noted an even cell distribution straight after seeding. In chapter 4 we have noted

a sharp drop in metabolic activity from day 0 to day 1. In this chapter we investigated

the reason for this drop by studying the effect of scaffold design, operating parameters

and mechanical stimulation on cell retention. We found that none of the parameters

investigated lead to an improvement in initial cell retention or cell proliferation over

longer culture periods. RNA quantification and confocal microscopy suggested that

cells detach or die between day 0 and day 1, but the reason for this detachment

remains undetermined. Future work might shed more light on this phenomenon.
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5.2 Introduction

Designing a scaffold for tissue engineering applications is a non-trivial task. There

are a number of key requirements that need to be fulfilled by the scaffold.

The first criterion is biocompatibility of the material. This means cells must be able

to adhere firmly and proliferate effectively. Cell adhesion is greatly influenced by the

choice of material. On a systemic level, the construct must not elicit an immune

response in the host. A strong immune response can lead to poor wound healing or

ultimately rejection of the graft.

Next, the material should be biodegradable. The goal of tissue engineering is to sup-

port the body in its own regenerative powers and offer the possibility for cells to lay

down their own support structures, thereby gradually replacing the scaffold. Good

scaffold design aims to time the degradation with the regeneration speed, so that the

tissue can heal as the scaffold is broken down. The break-down of these scaffolds has

to be non-toxic and be secreted from the body without further influencing cells down

the line.

In order to ensure cells adhere well to the scaffold and proliferate as expected, the scaf-

fold’s structure and topography need to be optimized. Studies have shown superior

cellular responses on submicron fibrous scaffolds rather than microfibrous scaffolds.

This is likely because submicron fibers mimic the structure of collagen fibers. These

scaffolds also have a higher surface area and can adsorb proteins better [294]. The

structure of scaffolds must allow cell penetration and even cell distribution. It also

has to enable the diffusion of nutrients to the cells, and waste removal from metabolic

by-products.

Mimicking not only the structure, but also the mechanical properties of the native

tissue is of utmost importance, especially looking at high load bearing tissues like

tendons. Scaffolds must not only withstand high forces but also stay intact during

repetitive loading.
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The manufacturing technique needs to be chosen wisely, as it can greatly influence

the properties of a scaffold. Techniques can range from 3D printing porous cylinders,

over casting flat surfaces, to electrospinning aligned filaments. Cells have shown to

respond to different topographical cues by changing expression levels of proteins. The

expression of type II collagen and aggrecan mRNA changed considerably following

surface treatment of PCL scaffolds, compared to untreated ones where no gene ex-

pression was detected [295]. A more recent study showed differenciation of ADSCs

into tenocytes was possible through topography only, without the need for growth

factors or other supplements. A tenocyte shaped topography mould was produced

by casting a layer of PDMS onto fixed tenocytes. The mould later served as scaffold

for ADSC and lead to the expression of tenogenic markers tenomodulin and scleraxis

[296]. Topographical studies however need to be interpreted carefully, as a review in

2022 highlighted large experimental biases and low quality evidence. The most chal-

lenging feature of these studies is the isolation of topography as an inducer of gene

expression, while excluding other confounding factors such as changes in hydrophilic-

ity or surface area [297].

5.3 Aims and Hypotheses

The aim of this chapter was to investigate the effect of scaffold design, media flow and

mechanical stimulation on cell retention, proliferation and distribution. We hypothe-

size that the drop in metabolic activity is due to a drop in cell numbers, rather than

a quieting of their metabolic activity. We also hypothesize that hydrophobiciy and

hydrogel content of the scaffold, perfusion and mechanical stimulation have a direct

influence on cell retention.

127



5.4 Materials and Methods

5.4.1 Interventions overview

The interventions made to the scaffold are summarized in table 5.1. These included

changes to the material, structure and surface-coating. In this chapter we mainly

worked with PCL. All interventions were compared to the previously used parallel

PCL filamentous scaffolds described in section 2.4.1. First we modified the surface

by coating the scaffolds in either TrueGel or MaxGel. Next we made changes to the

topography and tested a braided structure from the same material. The next set of

interventions consisted of changes to operating parameters, such as perfusion and me-

chanical stimulation. Uncoated and coated parallel PCL scaffolds were tested under

perfused and non-perfused conditions. Additionally, uncoated parallel and braided

PCL scaffolds were tested under mechanical stimulation.

Some preliminary work was also done with a different scaffold material - PDO, pre-

sented in the appendix C. That work also included mechanical stimulation.

Each intervention was tested in their effect on cell retention and cell proliferation. The

mechanical stimulation was additionally analyzed in its effect on cell distribution and

morphology.

Table 5.1: An overview of the scaffolds and interventions investigated in this
chapter. It details material, structure, type of coating, media flow and mechanical
stimulation

Material Structure Coating Perfusion Mechanical Stimulation Ref

PCL Parallel

None
x x Figure 5.1 A

TrueGel
x

Maxgel

PCL Braided None
x x Figure 5.1 B
x

PDO (Appendix) Parallel None
x x Figure 5.1 C
x
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5.4.2 Scaffolds

Scaffolds were produced by Electrospinning. PCL solution was prepared as described

in 2.4.1. PDO solution was prepared by dissolving PDO granules (Riverpoint Medical,

USA) at 7% in HFIP. PCL and PDO were electrospun as described in section 2.4.1.

The resulting PCL filaments were stretched to around 7x their length, while PDO

filaments were stretched to around 3x their length. PCL and PDO Filaments were

assembled into parallel scaffolds as described earlier (section 2.4.1). For the braided

PCL scaffold we used a braiding machine [235] with 24 yarns made of 9 filament each.

A short section of each of these different scaffolds is shown in figure 5.1.

Figure 5.1: microCT images of three different structures. The scale bars
indicate 0.5cm. A) the middle section of one bundle of parallel PCL scaffold B)
the middle section of a braided PCL scaffold C) the middle section of one bundle
of parallel PDO scaffold. Inside the chambers we house 5 bundles or one 3cm long
braided scaffold. The parallel scaffold consist of 200 filaments knotted together at
each end. The braided scaffold consists of 216 filaments tightly packed together into
a braid.

5.4.3 Hydrogel Coating

PCL bundles were coated in two different hydrogels. At the cell-seeding step, the cell

suspension was mixed with TrueGel (TRUE1-1KT, Sigma Aldrich, UK) or MaxGel

(E0282, Sigma Aldrich, UK). Truegel is a biochemically defined hydrogel formed by

mixing polymers with crosslinkers and therefore does not contain any products of

animal origin that could interfere with or contaminate experiments. Maxgel is an in
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vitro derived human basement membrane extracts to promote cellular proliferation.

It contains ECM components such as collagens, laminin, fibronectin, tenascin, elastin,

a number of proteoglycans and glycosaminoglycans.

5.4.4 Sterilization

The scaffolds were sterilized by either filling the chambers, or submerging them in

70% EtOH for 1hr, and subsequent washing in PBS.

5.4.5 Cell Culture

Cells on gel-coated scaffolds

We tested gel-coated scaffolds in chambers and well-plates. HFF-1 cells were cultured

to confluency as previously described (section 4.4.3). For the chambers, cell suspen-

sions of 250µl containing 500.000 HFF-1 cells (P17-24) were seeded together with

TrueGel. For the multi-well samples we seeded 100.000 HFF-1 cells (P17) per bundle

into 6-well plates. Cells were left to attach for 20 minutes, then 3mL cell culture

media was added to submerge the bundles in the wells. After 1 hour, the media was

refreshed and the culture period began.

Cells on different scaffold structures

HFF-1 cells were cultured to confluency as previously described (section 4.4.3).

Cell suspensions of 250ul containing 500.000 HFF-1 cells (P17-24) were seeded by

injecting the chamber using 1 mL syringes with blunted needles (G18, Temuro Ltd,

Surrey, UK).

Cells to analyze effect of perfusion

We used GFP-expressing mesenchymal stem cells, received by colleagues at the In-

stitute for Biomedical Engineering to test cell retention in perfused and non-perfused

chambers. Cells were thawed from a frozen vial and gently pipetted up and down

before transferring them to a Falcon tube with 9 mL pre-warmed complete growth
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media (DMEM (low Glucose 1 g/L)-Pyruvate-L-Glutamate (Life technologies; Cat

No: 21885108), 10% FBS, 1% P/S). After centrifugation at 500 rcf x 5 min at room

temperature cells were resuspended in 10mL media. Cells were plated into T75 flasks

and media was changed every 2-3 days. This was work conducted by Victor Chan

and Jinrong Li.

5.4.6 Cell Viability

Cell viability was measured via PrestoBlue analysis on days 0, 1, 4, 5, 6, 7 and 8

unless stated otherwise. For the chambers, this was done the same way as described

previously (section 4.4.4.

For samples receiving mechanical stimulation, PrestoBlue analysis was conducted

immediately before applying the loading regime.

For experiments conducted in well plates the bundles were moved into a new well

first. Then 3ml of PrestoBlue mix was added and the protocol was followed as before.

5.4.7 Mechanical stimulation

Since the starting point described in chapter 1.5 we have further modified the robotic

shoulder to make the movement smoother, more repeatable and consistent. The

changes included a more stable base and structural changes to enable higher degrees

of movement. The arm was equipped with a slot for weights, so that the forces could

be adjusted more accurately.

131



Figure 5.2: Comparative image between human shoulder and adapted shoul-
der robot. The humanoid shoulder robot was improved several times over the course
of this project. The technical drawing is seen on the left, underlain with an anatomical
representation of the shoulder skeleton for in full abduction of the arm comparison.
To the right we show a picture of the robot with its arm in the 0-position (no abduc-
tion, no extension, no rotation). This robot has a stronger, more stable base and an
adapted acromioclavicular joint. These structures ensure repeatability and smooth
running of the motions applied. The robot consists of 7 motors representing 2 bi-
ceps, 1 deltoid and 4 rotator cuff muscles. Each muscle (red arrows) drives a string
(blue arrow), acting as tendons, which insert into the humerus structure (pictured
along the humerus in white). The ball and socket joint enables movement in 3 DOF.
The SS tendon runs over the top of the ball and socket joint and inserts into the
humerus. The string representing the SS tendon originates in the SS muscle/motor
and is equipped with a load cell, followed by a slot for the bioreactor chamber to be
tied into position, directly translating movement of these structures into the scaffold
inside the chamber. The load is adjustable through the addition of weights at the end
of the humerus. The robot lacks a scapula, as the anatomical location is occupied by
the motors.

The parallel and braided PCL scaffolds were tested statically and dynamically.

The dynamic group was put under mechanical stimulation on day 5 of culture. The

loading regime consisted of a 60 degree adduction-abduction exercise (Figure 5.3. Two

up-and-down movements are followed by a 5 second pause. The stimulation lasted
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for 30 minutes at a frequency of 0.066Hz. This regime was developed by our PostDoc

Tania Choreno Machain and is based on a number of studies analysing effectiveness

and harms of exercise doses following rotator cuff injury [298, 299, 300, 301, 302], as

well as previous studies conducted with the bioreactor chamber [209]. We chose this

regime over others as it more closely resembles the commonly used uni-axial loading

regimes.

Figure 5.3: Loading Regime applied to a chamber. The robot lifts the arm and
moves from the 0 position (no adduction) to 60◦ abduction. The chamber is mounted
at the SS tendon location.

The chambers, equipped with needles and stoppers at the inlet and outlet, were

mounted onto the robotic shoulder in the location of the SS tendon, as seen in figure

5.3. The ends of the chambers are 3D-printed and designed with a loop hole to pass
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a string through. The strings were then attached to a hook on the lower end, which

was connected to the humerus, and to the load cell on the upper end. The load cell

itself was attached to the SS motor on the robot. The robotic arm was initialized in

the 0 position, pulling all strings tight into the same position, and subsequently the

regime was started.

5.4.8 Force data recording and analysis

The load cell attached to the motor and chamber measured forces every 0.1 seconds

on average. Once the force data was recorded, a Matlab script with the function

findpeaks was run to identify height, width and prominence of force peaks (Codes

and Scripts C.1.5). We then calculated the average across these peaks to determine

the force experienced across each repeat.

5.4.9 Cell-Scaffold harvesting

On day 8 of culture, chambers were opened and the scaffolds cut into sections. We

cut along the long axis to have one half to analyze under the confocal microscope and

one half for µCT analysis.

5.4.10 Confocal imaging

Samples were fixed in 2.5% gluteraldehyde for 1 hour and stored in PBS at 4◦C for

further use. Excess PBS was dabbed onto a paper towel and 100µl of 0.1% Triton

X-100 was added to scaffolds to permeabilize the cells for 3 minutes. Samples were

then washed 2x in PBS by submerging them in 6-well plates and shaking them for 2

minutes. Meanwhile Alexa Fluor 488 (A12379, Invitrogen, Waltham, Massachusetts,

USA) is mixed 1:1000 in PBS. Excess PBS was dabbed off again and 100µl stain was

added and incubated at room temperature for 20 minutes in the dark. The samples
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were again washed 2x in PBS. Then 100µl of 1 in 1000 4’,6-diamidino-2-phenylindole

(DAPI) (62248, 1mg/ml, ThermoScientific, Rockford, IL, USA) stain was added per

scaffold and incubated for 10 minutes. After two final washing steps in PBS, samples

could be stored in PBS for further use. Samples were imaged on a Zeiss 880 Airyscan

with lasers for DAPI and Alexa Fluor 488, as well as a red channel to capture auto-

fluorescence of the scaffolds.

In order to further understand what causes the drop in PrestoBlue signal, I supervised

two undergraduate students, Yuan (Dylan) Yeo and Victor Chan, who investigated

this alongside me. This work was later continued by a visiting PhD student Jinrong

Li. Chambers containing GFP-expressing MSCs were imaged on day 0 and day 1.

One chamber was perfused and one was cultured without perfusion.

5.4.11 µCT analysis

We analyzed the distribution of cells following a similar protocol as described in Chap-

ter 2. In order to avoid false positive signals through different material densities, we

included control samples of the same structure and material as the different scaffolds.

The threshold is then set according to the signal coming from the matching control

sample.

5.4.12 RNA extraction

RNA extraction was performed using a RNA Clean and Concentrator-5 kit with

DNAse treatment (Zymo Research, USA) following the manufacturer’s protocol [303].

This protocol was adapted through work done previously in this group [209]. Samples

previously stored frozen in TRIzol were thawed, topped up with 400µL of TRIzol

and the centrifuge pre-cooled to 4◦C. The sample was spun at 13000 RPM for 7.5

minutes. The supernatant was then transferred into a new 1.5ml tube, and 400 µL

of 1-Bromo-3-chloropropane (BCP, Sigma-Aldrich, US) was added. Next the solution
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was vortexed until it appearance was milky pink. After 5 minutes incubation at

room temperature, it was centrifuged again at 13000 RPM for 20 minutes. The

aqueos phase was transferred into a new tube and care was taken not to aspirate

any of tthe intermediate/lower phase. If that happened, the solution was spun down

again. An equal volume of 100%Ethanol was added to the new tube containing the

aqueous phase. The solution is vortexed and transferred into a Zymo-SpinTM IC

column within a collection tube, and centrifuged for 30 seconds to discard the follow

through in the collection tube. Next 400µL RNA Wash buffer is added to the Zymo-

Spin column. This is centrifuged for another 30 seconds, and the follow through

discarded. This process is followed by a DNAse 1 treatment. For each sample, we

prepared 5µL DMAse 1 mixed with 35µL DNA Digestion Buffer in a 1.5mL tube.

The DNAse mix was added directly to the column matrix and incubated for 15

minutes. Next the RNA was eluted by adding 400 µL of RNA prep buffer and

ceintrifuged for 30 seconds. The follow through was discarded and 700 µL of RNA

wash buffer added before another 30 second step of centrifugation. This is followed

by a 2 minute cintrogugation with 400µL RNA wash buffer. Lastly the Zymo-Spin

column is transferred to a 1.5mL tube and 15 µL of RNAse free water is added to the

Zymo-spin tube, and centrifuged for 2 minutes to elute the RNA. RNA concentration

was measured on a Nanodrop 10000 Spectrophotometer (ThermoFisher Scientific,

USA). Prior to taking these measurements, a blank sample consisting of nuclease-free

water was measured.

5.4.13 Statistical Analysis

For all cell proliferation analyses, data are presented as mean and standard deviation.

For statistical comparison, two-way ANOVAs were performed to identify significance

between each group. Statistical significance was determined at p < 0.05.
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5.5 Results

5.5.1 The effect of gel-coating

5.5.1.1 Cell retention

Cell retention data from gel-coated scaffolds is summarized in figure 5.4. Raw data

was normalized to day 0 and the change from day 0 to day 1 plotted. Cell numbers

dropped by almost 50%.

Figure 5.4: Cell retention from day 0 to day 1 in chambers containing dif-
ferent scaffolds Data is shown in change in signal over time. The error bars show
the standard deviation. The flow rate was set to 1.5ml/min.

5.5.1.2 Cell proliferation

In figure 5.5 we summarize the cell proliferation data on bundles cultured in well-

plates without perfusion. Cell numbers increased from day 1 and kept rising until

day 14 of culture. The shape is reminiscent of the four phases of cell growth referred

to in section 3.5.3. The lag phase lasts around 6 days, after which cells enter the log-

phase. The stationary phase or death phase is reached around day 11. We observed

no significant difference between the differently-coated samples (p = 0.9234).
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Figure 5.5: Cell viability on hydrogel-coated scaffolds in petri-dish We depict
the change in PrestoBlue fluorescent signal from day 1, over 14 days of culture. The
shape follows typical cell growth phases of lag-, log- and stationary/death phase.
The error bars show the standard deviation. These samples were cultured statically
(without perfusion) in petri-dishes. We observed no significant difference between the
differently-coated samples (p = 0.9234)

5.5.2 The effect of scaffold structure

5.5.2.1 Cell retention

Parallel and braided PCL scaffolds were analyzed in their effect on cell retention from

day 0 to day 1. Results are pictured in figure 5.6. Both conditions lead to a drop

in cell numbers by around 50%. There was no significant difference between the two

types of structures (p = 0.1995).
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Figure 5.6: Cell retention from day 0 to day 1 in chambers containing dif-
ferent structured scaffolds. Data is shown in change in signal over time. The
error bars show the standard deviation. The flow rate was set to 1.5ml/min. There
was no significant difference between the two types of structures (p = 0.1995)

5.5.2.2 Effect on cell proliferation

Next we tested cell proliferation over 8 days of culture. Figure 5.7 summarizes data

obtained from the PrestoBlue analysis. Here the cell numbers first dropped and

started rising from day 5. This is in contrast to static samples where cells started

growing from day 1 onwards. The log-phase appears to start around the same time

(day 5). Culture times were not long enough to reach a stationary phase. There was

no significant difference between the parallel and braided sample (p = 0.1950). We

compared these results with preliminary data obtained from PDO scaffolds (Appendix

C). The PDO scaffolds lead to an increase in cell numbers from day 1, but dipped

again after that. At the end of culture we found more metabolic activity on the PCL

scaffolds than on the PDO scaffolds. These results are statistically not significant (p

= 0.9972).
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Figure 5.7: Cell proliferation on two different scaffolds. Data is shown in change
in signal over time, from day 1, on the y-axis. PrestoBlue analysis was conducted on
the timepoints shown on the x-axis. The error bars indicate the standard deviation.
The flow rate was set to 1.5ml/min. There was no significant difference between the
parallel and braided sample (p = 0.1950).

5.5.2.3 Effect on cell distribution

Figure 5.8 shows the distribution of cells along the scaffolds. Around 50% of the cells

were found on one end. Cell numbers were elevated again towards the other end of the

scaffolds. Barely any cells were located in the centre. Unfortunately we were not able

to track the point of seeding for these samples. There was no significant difference

in cell distribution between the two types of structures (p > 0.9999). Comparing

each cell mean with each row mean (multiple comparison) showed cells accumulated

in similar locations on both scaffolds (smallest p = 0.9891). Within a scaffold, there

was a highly significant difference in the location, due to cells accumulating on one

end of the scaffolds (p < 0.0001).
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Figure 5.8: Cell distribution in different scaffolds following µCT analysis on
day 8. The graph shows the average percentage of signal coming from 10 subsections
of the scaffolds (see chapter 2). Due to the amount of samples we were not able to
track which side we seeded on. We analyzed n = 3 scaffolds per condition. There
was no significant difference in cell distribution between the two types of structures
(p > 0.9999). Comparing each cell mean with each row mean (multiple comparison)
showed cells accumulated in similar locations on both scaffolds (smallest p = 0.9891).
Within a scaffold, there was a highly significant difference in the location, due to cells
accumulating on one end of the scaffolds (p < 0.0001).

5.5.3 Effect of mechanical stimulation

5.5.3.1 Consistency of the loading regime

In figure 5.9 we depict an example of the load applied during 30 minutes of mechanical

stimulation. The graph shows how the load increases and decreases as the arm moves

through the different stages of the regime. During the 5 second pause, the load stays

at around 4N, resulting from the resting weight of the arm. This force is highly

compatible with what has been modelled for a SS tendon at rest [304, 305]. As can

be seen, the load varies slightly from cycle to cycle.
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Figure 5.9: Representative graph of load frequency resulting from loading
regime. The regime consisted of 2 up-down movements, each creating a peak, fol-
lowed by a 5 second pause. The force was measured via a load cell and recorded
in real time. The graph shows load applied [N] to the scaffold over the 30 minute
mechanical stimulation. The force peaks at around 10 Newton.

The force also varies from day to day due to slight differences in mounting of the

chamber to the arm. We analyzed the average peak force experienced across the five

days of stimulation and summarized them in figure 5.10. Overall the forces applied

were comparable between the two structures. A paired t-test showed no significant

difference (p = 0.2529).
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Figure 5.10: Average force applied to the two different scaffold structures.
Samples were mechanically stimulated for 30 minutes a day over 5 days. The n = 14
is a result of 3 repeats with one day of recording missing. A paired t-test showed no
significant difference in force between the two scaffolds (p = 0.2529)

5.5.3.2 Cell proliferation

Figure 5.11 shows the cell proliferation in perfused chambers following mechanical

stimulation. Cell numbers start rising after the mechanical stimulation is first ap-

plied on day 5. We analyzed the difference between static (figure 5.7) and dynamic

conditions. There was a short-lived significant difference between the braided dy-

namic sample and the static parallel sample on day 5 only (p = 0.0231). There was

no significant difference between static and dynamic conditions otherwise.
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Figure 5.11: Cell proliferation on different scaffolds following mechanical
stimulation. Mechanical stimulation was started after PrestoBlue readings for day
5 were taken. Data is presented as fold change from day 1.

5.5.3.3 Effect on cell distribution

Figure 5.12 shows the distribution of cells on scaffolds following mechanical stimula-

tion (dynamic). Very few cells were located in the centre. The majority of cells was

found at the ends. There was no significant difference in cell distribution between the

scaffolds. This data was obtained from one repeat only.

144



Figure 5.12: Cell distribution in mechanically stimulated scaffolds following
µCT analysis on day 8. The graph shows the average percentage of signal coming
from 10 subsections of the scaffolds. The results stem from parallel PCL scaffolds and
braided PCL scaffolds. We analyzed one sample per type of scaffold in the dynamic
group.

5.5.3.4 Effect on cell morphology and cell numbers

Figure 5.13 shows confocal images of cells on parallel and braided PCL scaffolds on

day 8 of culture. The top row pictures the static condition and the bottom row the

dynamic condition. The cytoskeleton appears in green, the nucleus in blue and some

auto-fluorescence was captured in red. The cells are elongated and aligned along the

scaffold’s structure in all conditions. Cells on the braided PCL samples appear to

grow in different directions, but follow along the braids (B1 and B2).
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Figure 5.13: Confocal images of cell morphology and cell numbers on three
different scaffolds. Green phalloidin = Cytoskeleton, Blue DAPI = Nucleus, Red
= autofluorescence scaffold. All images were taken on day 8 of culture. Not all
scaffolds showed autofluorescence. The first row represents the static condition and
the second row the dynamic condition. Cell numbers were scarce with a majority of
cells accumulating at the ends. Cells appear aligned along the filaments in all images.
The morphology looks less uniform on the samples that were mechanically stimulated.
The scale bars in the bottom right corner of each image show 100 µm. A1) Parallel
PCL scaffold, not stimulated. A2) Parallel PCL scaffold, stimulated. B1) Braided
PCL scaffold, not stimulated. B2) Braided PCL scaffold, stimulated

Subjectively, more cells were observed on the static samples, compared to the

dynamic samples, and cells appeared more elongated on the static samples. However,

it was not within the scope to quantify this. We must note that cells accumulated at

the ends in all scaffolds and were low in numbers overall.
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5.5.4 Effect of medium perfusion

Figure 5.14 shows GFP-expressing MSCs on day 0 and day 1, seeded onto parallel PCL

scaffolds in non-perfused (A) and perfused chambers (B). The chambers contained

parallel PCL. The images show cell numbers dropped regardless of perfusion. It was

not within the scope to quantify this drop.

Figure 5.14: Confocal images of cell numbers from day 0 to day 1 in perfused
and non-perfused chambers. Green = GFP expressing MSCs. The morphology
does not appear elongated. Later timepoints are needed to conclude whether it takes
cells longer to elongate or the cell type behaves differently. A1) day 0, non-perfused
chamber. A2) day 1, non-perfused chamber. B1) day 0, perfused chamber. B2) day
1, perfused chamber. Images A1 and A2 obtained by Victor Chan. Images B1 and
B2 obtained by Jinrong Lin.
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5.5.5 RNA extraction

The RNA extraction results are summarized in figure 5.15. The minimum quantity

of RNA required for bulk RNA sequencing was considered 50ng/µl. We were not

able to extract enough RNA to analyze it further. The amount of RNA extracted,

correlated well with the PrestoBlue Fluorescence values.

Figure 5.15: Correlation of PrestoBlue fluorescence signal and RNA content
This graph shows there is a positive correlation between the number of cells and RNA
extracted. The data for this graph was taken from a number of samples grown on
paralle PCL scaffolds in chambers from the previous chapter and this chapter. r =
0.7644, p = 0.0272

5.6 Discussion

In chapter 4 we highlighted a drop in metabolic activity by around 50% in our cham-

bers from day 0 to day 1. In this chapter we investigated the reasons behind this.

According to the results from chapter 3 and measurements taken in chapter 4, we

could exclude nutrient depletion and metabolite build-up as a cause.

We started with surface modifications to PCL by coating the scaffolds with hydrogels.

There is some evidence that the combination of PCL and hydrogels could lead to im-
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proved mechanical support while the hydrogel provided cell adhesion, proliferation

and osteogenesis differentiation of BMSCs [306]. In a different study the incorpo-

ration of gelatin in a poly(l-lactic acid-co-caprolactone) (PLCL) nanofiber scaffold

lead to improved adhesion and osteogenic differentiation of hMSCs [307]. A third

study showed that water contact angle measurements for PCL/gelatin scaffolds indi-

cated they were more hydrophilic [308] than PCL alone, and otherwise comparable

with PLCL/gelatin scaffolds. In our experiments the addition of hydrogels had no

significant advantage on cell retention, neither on bundles cultured in non-perfused

petri-dishes nor inside perfused chambers. A problem for comparing our results to

the literature is that not many groups report testing cell viability on day 0.

As a next step we changed the surface topography of our scaffolds from parallel fil-

aments to braided filaments. Braided yarns have been shown to support tenogenic

differentiation of human mesenchymal stem cells (hMSCs) and displayed similar me-

chanical behavior to native tendons [309, 310]. Our results showed the cell retention

from day 0 to day 1 was similar on both topographies and had no effect on cell growth

over 8 days of culture compared to the parallel scaffolds.

We mechanically stimulated both structures to see whether this would further influ-

ence cell viability, but saw no significant difference. The confocal images showed a

similar elongation of cells on both types, though slightly more so in the static samples.

The more elongated cells on the static samples could be an indication that cells are

starting to detach and lose their aligned shape along the filaments following mechan-

ical stimulation. Seeing as both structurally different scaffolds lead to very similar

outcomes, we could argue that not structure but material was the reason for cells

detaching. Studies have shown that PLLA braided scaffolds better supported ihPSC

cell adhesion, elongation and tenogenic gene expression compared to braided scaffolds

made from PCL. The authors put this down to the hydrophobicity of PCL and the

fact that less adhesion proteins can be deposited [309]. We have highlighted the hy-
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drophobicity of PCL in section 2.6. PCL’s contact angle is reported to be 130◦ [220].

Many groups therefore blend PCL with natural polymers, thereby increasing cell ad-

hesion, proliferation and differentiation of the seeded cells [311, 312, 313]. Another

way to decrease hydrophobicity are surface modifications such as plasma-chemical

etching to induce oxygen containing groups on PCL. Fibroblast cell attachment and

proliferation were found to increase on plasma coated scaffolds [314]. Hydrophilicity

is also improved by incorporating graphene oxide. This combination enhanced cell

viability, proliferation and differentiation in a study looking at myoblast differentia-

tion [315]. Collagen-modified PCL lead to an improved hydrophilicity of the scaffolds

and an increase in the proliferation of smooth muscle cells [316]. We have not made

any surface modifications that would affect hydrphobicity.

As an alternative, we tested whether a less hyrophobic material would lead to an

improvement. For this we added a scaffold made from PDO, and kept the same

structure of parallel filaments. PDO was first commercialized as a biodegradable su-

ture by Ethicon in 1981 [317], and has resurfaced as electrospinning techniques were

improved. It is currently used as sutures, commercial implants and in tissue engi-

neering [318]. Tendon derived cells were reported to adhere and proliferate well on

electrospun PDO mats for a period of up to 21 days [177].

Our preliminary analysis of n = 1 dynamic and n = 2 static PDO samples showed

that this material lead to very similar outcomes compared to our PCL scaffolds. It

did not improve cell retention, cell viability or cell distribution. This is interesting as

PDO’s contact angle is 32.1◦ and therefore hydrophilic, according to ASTM-D7334.

Next we had to look at the method we used for assessing cell viability. It is depen-

dant on the metabolic activity of the cells. It was possible that cells were stressed and

needed to adjust to the new environment, and therefore slowed down their metabolic

activity. Another possibility was that we physically lose cells. The small amount of

RNA extracted was the first indicator that this was true, as there was a strong cor-
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relation between the PrestoBlue signal intensity and the amount of RNA extracted.

Cells detaching could be due to the perfusion applied which could wash off the cells.

Results presented here showed that whether perfused or not, both conditions lost cells

in comparable amounts. We are however limited by the small sample size of n = 1

per condition. We can therefore not make an educated conclusion on this and further

investigation is required. Other members of the group have run experiments without

perfusion and observed a better cell retention. However this was conducted on MSCs

and can therefore not be directly translated to fibroblasts.

We cannot exclude apoptosis as a reason for detachment either. For this, more tests

are necessary. What we can deduct from the obtained images is that it is not the

metabolic activity that affects the cell viability readings, but the cells detaching from

the tested scaffolds.

The cell distribution data could give some insight into why cells detach. We ob-

served the majority of cells accumulating at one end of the scaffolds. It could be that

cells don’t distribute evenly upon seeding, indicating that the seeding technique we

use is not efficient enough after all. As full chambers are time consuming to make

and come at a cost, we have looked at cell distribution upon seeding on day 0 on

bundled scaffolds only. An uneven distribution upon seeding can lead to cells detach-

ing. As discussed in chapter 2, in order for cells to thrive, they need to be able to

communicate with each other. Cell density is important for cell proliferation, differ-

entiation, and ECM synthesis. Studies have shown that a higher cell density leads to

higher levels of collagen expression, invaluable for ECM generation [233, 232]. higher

seeding densities also showed more aligned and elongated cell nuclei, which can lead

to mechanotransduction and differentiation pathways for fibroblasts [319]. However,

simply increasing the seeding density can have negative effects, such as ECM degra-

dation, nutrient transport limitations and poorer mechanical properties [320]. Cell

accumulation at one end can also be an indication of poor nutrient distribution, al-
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though the model suggests otherwise and our sensors show sufficient oxygen, glucose

and lactate levels. Alternatively shear stress could be acting stronger on end of the

scaffold than the other, and wash cells off. We have tested eluted media straight after

seeding and found no cells. However, this could mean cells detach at a later stage,

between day 0 and 1. We have also repeatedly and sporadically imaged the cham-

ber membrane, and found no cells. We have run cyto-toxicity assays on all chamber

materials, and none of the materials used in this thesis were positive for cyto-toxicity.

5.7 Future Work

Future work will have to focus on understanding why cells detach from the scaffold

and how to prevent it. This can be done in several ways.

1. More repeats are needed. Several interventions saw a low number of repeats,

making the interpretation of this data challenging. This is especially true for

perfused gel-coated samples and mechanically stimulated samples. Furthermore

we have not been able to test non-perfused, gel-coated samples for their cell

retention at all.

2. Further investigation into the role of perfusion is needed. A preliminary study

that is not shown here investigated the effect of no perfusion on cell growth in

our chambers. There was a significant difference between data obtained from

perfused and not-perfused chambers. However, different cell types (fibroblasts,

MSCs) were used for perfused and not-perfused chambers respectively. These

cell types have different sizes, affecting the seeding outcome event at equal

seeding densities. It is not unlikely they also respond differently to scaffolds.

A study with the same type of cells for both conditions should be conducted.

Another operating parameter to investigate is the timepoint of perfusion. Cells

could be left to attach for a lot longer than the current 3 hours, potentially
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enabling cells to form stronger attachments with the material. Perhaps the

handling of the chambers upon seeding could be reduced. Cells are left to

attach for one hour before being topped up with media, followed by a presto

blue reading, followed by connection to the media circuit. The removal of the

first media top-up could greatly reduce stress on cells and therefore lead to a

firmer attachment.

3. The surface of the scaffold could be modified further. PCL scaffolds could be

plasma-coated to enhance hydrophilicity and therefore make cells more likely to

attach firmly. This could also make it easier for the cell suspension to enter the

filaments at the point of seeding. Though the efficiency of the plasma treatment

should be tested as plasma is known to have a low penetration and therefore

low efficiency on 3D structures [181]. Other surface modifications could include

dip coating [181] , etching [182], or tethering growth factor proteins to the

scaffolds [183]. The electropsinning process could also be influenced by mixing

self-assembling peptides (SAPs) with polymers before electrospinning [321] or

blending polymer solutions [179].

4. Testing of different cell types. As introduced in the literature review section

1.3.1, different cells are being used in tendon tissue engineering. Tendons con-

sist of fibroblast-like tenocytes, differentiated tenocytes and mesenchymal stem

cells [32] which are encountered at different anatomic locations within the ten-

don. The fibroblasts we used in our experiments were derived from the skin.

The literature suggests the same cell types derived from different tissues will

behave differently in culture [159]. Preliminary results of our own experiments

showed an increased cell retention for MSCs compared to fibroblasts. Stem cells

have the advantage that they tend to proliferate well and have the ability to

differentiate, giving us a direct insight into how they perceive their environment.
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Tenocytes are fully developed and can be employed without differentiating them.

However, they can still lose their phenotypic differentiation. Tenocytes can for

example increase their expression of collagen type II indicating cartilage-like

formations. Tenocytes have been shown to better maintain their phenotype in

mechanical stimulation [322]. Cells could also be grown in co-culture. Teno-

cyes have been shown to promote tenogenesis of allogenic MSCs via paracrine

signaling or cell–cell contact [323].

5. A different scaffold altogether. Preliminary work by colleagues have shown

mixed results for decellularized pig trotter tendons. Some results showed major

improvements in cell retention from day 0 to day 1, with PrestoBlue signal

increasing further over time. Others showed a similar trend to what we have

observed. This could be down to either the decellularization protocol, as it is

non-trivial, or the quality of the obtained tendons. The group has also started

work on Poly-tape, a polyester based tissue graft for ligament reconstruction.

6. The cell culture medium could be enhanced beyond the addition of FBS. Ten-

don differentiation markers Scx, Tenomodulin (Tnmd), Col-I and Decorin-null

(Dcn) were significantly upregulated in media containing IGF-1 and TGF-beta3

[324]. Whereas TGF-beta2 was shown to improve TSPCs and BMCs’ tenogenic

differentiation [325, 326]. Ascorbic acid is a vitamin that prevents free radical

formation and was shown to protect tenocytes from oxidative stress [327]. Me-

dia containing lower levels of glucose was shown to promote tenogenic marker

expression and help cells cope with oxidative stress better [328]. Several proteins

of the bone morphogenic protein family (BMPs) were found to be involved in

tendon repair, as reviewed by Ryan et al[329]. BMP-12 is an especially promis-

ing candidate as it was the only one not involved in osteoconduction. Other

growth factors such as connective tissue GF, platelet derived GF and vascu-
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lar endotheial cell GF are involved in tendon healing and promising candidates

[329]. The addition of growth factors will have an even greater effect in com-

bination with mechanical loading as cells seem to really thrive in combinations

of stimuli [325]. This was evidenced again by BMP-2, growth differentiation

factor (GDF-5) and FGF-2 enhanced medium in combination with mechanical

stimulation, leading to hMSCs’ differentiation into the tenogenic lineage [310].

5.8 Conclusion

Through the various methods used in this chapter we could conclude that the de-

creased cell viability signal on day 1 of culture was due to cells detaching from the

scaffold. The complimentary confocal images showed that this happened between

day 0 and day 1. Taking what we’ve learned from chapter 3 and applying it to

what we know from chapter 5 it looks like cells attach well in the first hour after

seeding and detach anytime between then and day 1. At this point we cannot say

whether cells detach due to perfusion or apoptosis. We tested several changes to

our parallel PCL scaffold to improve cell retention, including surface modifications

via gel-coating, topography changes by braiding PCL filaments, using a different ma-

terial altogether and mechanically stimulating cells. None of these changes lead to

a significant improvement in cell retention or proliferation. We suspect handling of

the chamber around 1 hour post-seeding as the culprit. More work is needed and

currently investigated by Jinrong Li.
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Chapter 6

Conclusion and Prospects

6.1 Summary

A review of the literature identified rotator cuff tears as a debilitating problem for

patients of old age and professional sportspeople. The success rate of repair strategies

highly depends on the state the tendon and surrounding tissues are in. Tendon tissue

engineering approaches offer the opportunity to improve the outcome of rotator cuff

tears. Importantly, we identified the need for soft bioreactors to better stimulate tis-

sues and study mechanotransduction. Soft chambers, in combination with humanoid

robotic systems in particular, offer the possibility of anatomically and physiologically

relevant movement. The development of such systems is a newly emerging feature

which we are yet to see more of. This body of work characterized such a system

and its working parts. Chapter 2 investigated seeding techniques to enable even cell

distribution on our tendon-like fibrous scaffolds. This was achieved in our experi-

ments, though should be revisited as more recent data showed that over a period of 8

days, cells distribute very differently inside the bioreactor chamber. In Chapter 3 we

investigated flow rates and their impact on nutrient distribution and cell growth in a

computational model. This model provides great insight into the 3D environment the
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cells are exposed to and indicates sufficient nutrient delivery and metabolite trans-

port out of the system. We identified a favourable flow rate and could confirm its

effect in Chapter 4. Through the set of validation experiments we identified several

shortcomings and ways to improve the presented model. Future work will implement

a few of the suggested changes to the model and improve our understanding further.

Chapter 5 dealt with the challenge of low cell viability on day 1. This chapter would

particularly benefit from a higher number of repeats, to draw a full conclusion. The

results showed, cells likely detach in between the first hour and the first day, indi-

cating handling of the chamber post-seeding as the culprit. This is currently being

investigated.

6.2 Scientific Contributions

This thesis contributes to the newly evolving field of soft bioreactors for multiaxial

mechanical stimulation, and in a wider context to tissue engineering and regenera-

tive medicine. The potential future of these bioreactors is multi-faceted and highly

promising. The main implication of this work consists in highlighting the bioreactor’s

current shortcomings and the identification of next steps necessary to improve its

performance. The conducted experiments have contributed in the following ways:

1. Cell seeding on untreated filamentous PCL scaffolds is driven by the capillary

effect rather than the cell seeding method. We established Osmium tetroxide

staining and subsequent image analysis as an effective tool to determine cell

location in 3D on large scaffolds.

2. The computational model provides insight into a myriad of matters. It can

determine nutrient concentrations under many different flow rates and their

influence on cell growth. It is able to show 3D nutrient and cell distributions.

The influence of a permeable membrane, as well as stopping the media flow
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and the effect of these on oxygen levels can be determined, without the need

for expensive and time-consuming experiments. The validation experiments

confirm that the model performs well, but could be improved with the work

suggested.

3. Sensors for nutrient and metabolite monitoring can affordably be integrated

into our system and deliver robust results without the need for external mea-

surements or large scale, costly equipment.

4. Low values in cell viability on day 1 post seeding are not due to cells undergoing

a state of metabolic quiescence, but physically detaching from the scaffold. The

reason remains undetermined though gel-coating, changes to PCL topography

changing the material altogether and mechanically stimulating them does not

lead to improvements.

6.3 Advantages and Future Opportunities created

by the HBR

6.3.1 Independence from external actuation system

Our soft chambers can be detached from the actuation system, increasing their ver-

satility. Being able to remove the chamber from the actuation system has several

advantages. Handling of the chamber and construct is much easier and enables non-

invasive monitoring of the cells such as viability assays or microscopy. The whole

system is much smaller, the actuator can stay outside the incubator and the cham-

bers can stay inside during rest periods, taking up minimal space, allowing for more

repeats or other experiments to take place in the same incubator. Removing the

chamber from the actuator makes it compatible with commercially available actua-

tion systems, making this a highly customisable platform.
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6.3.2 Reduced volume of medium

As the largest part of the system is usually the actuator, and because traditional

rigid systems cannot be detached as easily, the volume of media required to fill that

space is proportionally larger. Soft chambers can greatly reduce the amount of media

needed and therefore reduce the cost.

6.3.3 Oxygen transfer through soft walls

A challenge greatly underestimated is the adequate delivery of oxygen [263]. The

materials used in hard shell bioreactors are rarely permeable to oxygen and therefore

rely on a layer of air above the media to enable gas exchange, or a media reservoir open

to the environment. Unless properly filtered, this is a source of contamination. The

materials suggested for soft chambers are variably permeable to oxygen and therefore

passively enable gas exchange without the need for ventilation systems or alike. This

provides a more sterile surrounding and creates more opportunity for oxygen to be

circulated. Furthermore, perfusion through flexible chambers has lead to wave-flow,

resulting in higher oxygen transfer. This effect was more efficient than commonly

observed oxygen diffusion through whirlpool flows in shaker flasks [330].

6.3.4 Real time monitoring of cell growth

Mechanical stress bioreactor system capable of non-invasively imaging cells have been

developed [201, 204]. In these systems, microscopy was a feature that had to be built-

in via viewing windows, while not interfering with the actuator. This made multiaxial

stimulation impossible. Soft chambers as presented here, offer the opportunity for real

time monitoring of cell growth through the transparent membrane.
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6.3.5 Future Opportunities

The humanoid bioreactor platform can serve different purposes in the future. It can

be used as a material testing platform to test newly developed biomimetic patches

for shoulder augmentation. Different structures, such as woven or braided, as well

as different materials, such a synthetic, decellularized or ECM-based, can feasibly be

mounted in the bioreactor chamber and tested regarding their mechanical strength,

cell viability and infiltration as well as their suitability for ECM remodelling and

tissue regeneration following mechanical stimulation. This is currently investigated

by Hanif Nadhif, a DPhil student in our group. The implication of the HBR as a

materials-testing platform is that we will be able to screen a large variety of poten-

tial patches a lot faster. Furthermore, animal studies often fall short in replicating

the human anatomical environment. Specifically regarding the shoulder, as bipeds’

rotator cuffs differ significantly from quadripeds’ and even most bipedal primates [9].

Despite this fact and due to ethical issues and high feeding costs of suitable primate

models, the majority of animal models for patch testing are conducted in rat, while

biomechanical, performance and rehabilitation tests are performed in rabbit, canine,

sheep and goat [331]. The HBR providing much greater human anatomical relevance,

could not only bridge the gap in suitable models but also reduce the number of animal

studies.

Our soft chamber differs fundamentally from traditional hard-shell bioreactors, which

enables the construct to be stimulated in multiple directions. Complex motions such

as torsion, compression and multiaxial tension can be applied. This is vital as more

and more evidence shows that multiaxial stimulation leads to different outcomes over

uniaxial stimulation. Multiaxial stimulation will also lead to the fluid being pushed

around the construct, a phenomenon observed in vivo in tendons and synovial fluid.

This enables us to mimic physiological conditions better. Platforms to apply multi-

axial stimulation have been scarce. An important question that needs to be answered
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is whether multiaxial stimulation affects cells differently than uniaxial stimulation,

and how. Current literature suggests it does, but due to the lack of suitable plat-

forms has insufficiently been studied. Applying this type of stimulation will help

further our understanding of cells responding to mechanical stimulation, making it

a great platform for mechanotransduction studies of different cell types. Dr Tania

Choreno Machain, a Postdoc, in our group is currently investigating this. The implica-

tions of better mechanotransduction studies are plentifull and highly promising. The

identification of new drug targets for muskuleskeletal diseases requires a profound

understanding of the pathways involved in stress-sensing. Furthermore, additional

knowledge in this field has a potential knock-on effect to other force-sensing organs

such as the ear/auditory system [39]. Mechanotransduction studies can improve our

understanding of developmental biology and related birth defects. Our ability to sense

mechanical forces on the cellular level is a direct manifestation of how our bodies are

constructed [39]. We will better understand healing and pathology in an architectural

context. Conditions of the joints such as Ehlers Danlos Syndrome, Osteoarthritis and

Rheumatic diseases will greatly benefit from this as well. Mechanotransduction high-

lights the ability of tissues to adapt, but the HBR platform will also enable us to

study fibrotic mechanisms and responses to pathological load. What are they, how

are they triggered, how to avoid them and how to best support the body in its natural

responses. Along those lines our platform enables the direct investigation of healthy

and diseased tissue, to get a better understanding of disease mechanisms of condi-

tions such as tendinopathy or frozen shoulder. Furthermore we can study healing

mechanisms through mounting partially teared tendons. Another implication is the

testing of existing or emerging drugs under more physiologically relevant conditions

of multiaxial stimulation.

As we envision this platform, it is a useful tool for physiotherapy, providing the po-

tential to improve our understanding of different movement and loading regimes on
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a healing tendon. The robot has adjustable weights, making it a more personalized

platform for patients of different sizes. It could also informs about the benefits or

drawbacks of weight-exercises versus body-weight only exercises. There is still debate

about the time point at which physiotherapy should start post-surgery. This is an-

other question that can easily be addressed by the HBR.

The application of the soft chamber presented in this work has the potential to be

expanded onto other tendons in the shoulder. The chamber will straight forwardly

be mounted in a different location matching the anatomical site of the tendon of in-

terest. The same way the shoulder robot could be used with ligaments in mind. The

shoulder robot used here is part of a whole-body humanoid robot. With different

parts of the robot, the chamber could explore other locations in the body altogether

such as the foot, fingers or the knee. The system could also easily be modified for

cartilage/meniscus tissue engineering approaches.

The expansion from one soft component to several is a truly exciting feature cur-

rently under development in our group. Soft sensors which can be integrated into the

scaffold and measure strain from within are being developed and tested by Dr Zekun

Liu, another Postdoc in the team. This will lead to ever improving sensors capable

of capturing accurate force measurements localized in the tissue or scaffold.

Soft chambers could function without external actuation systems altogether by fur-

ther combining them with soft actuators, making the system entirely independent of

rigid structures. There are potential complications in detaching the tissue construct

from the soft actuator, and other unforeseen ones, and soft actuators need to be fur-

ther developed to enable more physiologically relevant movements. Humanoid robots

are one step ahead in this case.
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6.4 Conclusion

The aim of this thesis was to characterize the performance of a novel flexible biore-

actor system for mechanical stimulation. Traditionally bioreactors focus on uni-axial

or bi-axial stimulation only, and cannot currently replicate the micro-environment of

the tissue in question. The HBR has the ability to stimulate cells in a multiaxial fash-

ion. Its soft flexible membrane leads to a more natural movement of the fluid/media

around the construct. We have characterized this system in terms of cell distribution,

nutrient delivery, distribution of nutrients and waste-product removal, cell prolifera-

tion, cell retention and mechanical stimulation. We have shown that the bioreactor

chamber is capable of sustaining cell growth over 10 days and providing mechanical

stimulation. This work demonstrates the proof of concept of the bioreactor chamber

and identified a plethora of future work. Overall, we have further characterized the

bioreactor chamber, improving our understanding of it, leading to its further develop-

ment as a platform to study mechanotransduction, patch/graft development, disease

and healing mechanisms and further tissue engineering opportunities.
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Appendix A

Chapter 2

A.1 Micro-CT signal interference

Figure A.1: Example of signal interference on µCT. A) shows a cross-section
of filaments. B) shows the cross-section a few images down where filaments appear
to have merged in higher intensity. The images were taken from Upright repeat 3
section 1.5-1.8 as referenced in Table 2.1
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A.2 Micro-CT image post-processing

Figure A.2: Flow chart of µCT image post-processing. A) 3D-view and cross-
section of the obtained images. Potential obstructions and signal interference is re-
moved by drawing a region of interest (red circle) around bundles only. 3D printed
parts and support structures such as a straw are therefore removed. B) Resulting
images after the first post-processing step. From here, images can be fed into the
python script to analyze all six bundles (triplicates) at once. The results are grouped
into 10 sections. C) New regions of interest are drawn to analyze cell distribution
between the front and rear bundles. Both sets of images are fed into the python script
and the results grouped into 20 sections.
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A.2.1 Python Script

1 from PIL import Image

2 import numpy as np

3 import csv

4 # ----- EDIT ME PLEASE ----------------

5 results_file = ’PvB_4_P2.csv’ # title of .csv file for data

6 filename_base = ’PvB_5_P2_VOI_ ’# filename base of images

7 filename_ext = ’.tif’ # file extension of images

8 start = 189 # number of image (following VOI_), in case of 0541, the

0 is added by the script

9 end = 2189

10 threshold =106 #threshold found manually is added here

11 # ----------------------------------------------

12 def make_cell_count_csv(filename_base , filename_ext , start , end ,

threshold):

13 results = []

14 for i in range(start , end + 1):

15 image_name= filename_base + str(i).zfill (4) + filename_ext

16 try:

17 image_tiff = Image.open(image_name)

18 except:

19 continue

20 imarray = np.array(image_tiff)

21 cells = np.where(imarray >= threshold , 255, 0)

22 unique , counts = np.unique(cells , return_counts=True)

23 counts_map = dict(zip(unique , counts))

24 results_dict = {}

25 results_dict[’Filename ’] = image_name

26 results_dict[’Number of Voxels ’] = counts_map.get(255, 0)

27 results_dict[’Percentage above threshold ’] = counts_map.get

(255, 0) / cells.size * 100

28 results.append(results_dict)
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29 with open(results_file , mode=’w’, newline=’’) as csv_file:

30 fieldnames = [’Filename ’, ’Number of Voxels ’, "Percentage

above threshold", ’’, ’Threshold ’]

31 writer = csv.DictWriter(csv_file , fieldnames=fieldnames)

32

33 writer.writeheader ()

34 writer.writerow ({’Threshold ’: threshold })

35 for result in results:

36 writer.writerow(result)

37 if __name__ == ’__main__ ’:

38 print(’running ...’)

39 make_cell_count_csv(filename_base , filename_ext , start , end ,

threshold)

Macros and Codes A.1: Python script used to identify pixels above a threshold.
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Appendix B

Chapter 4

B.1 Pump Calibration

The governing equation for the peristaltic pump looks as follows:

Q = V NR (B.1)

where: Q is the Volumetric flow rate, V is the pillow Volume, N is the Number of

rotors and R is the Rotation speed per minute. The pillow volume depends on many

things but can be approximated as a cylinder.

V = πr2h (B.2)

therefore

Q = πr2hNR (B.3)

The variables π, h and and N are constant. Once the two input variables Q and r

are set, rotation speed per minute R is also constant.

It follows

Q = Cr2 (B.4)

168



On the pump in use, it is not possible to set different flow rates to run in parallel.

However, if we set the input values (tubing diameter and desired flow rate), and

mount tubes with different diameters, the flow rate will be affected according to the

continuity equation:

Q1

r21
= C =

Q2

r22
(B.5)

If the pump is set to a certain flow rate Q1 and tubing radius r1, mounting a tube

with a different radius r2 will have the following effect on the resulting flow rate Q2

Q2 =
r22Q1

r21
(B.6)

In order to test this, the pump was equipped with different size tubings, namely 1.6

and 0.64mm inner diameter (ID). We then set the ID on the pump to 0.64mm, set

the flow rate to 0.5, 0.1 and 0.25ml/min.measured the volume of both tubes after two

minutes(B.1. The resulting water was collected and measured. This was done three

times for each input flow rate. The smaller tube over-performed and delivered more

volume than predicted, The larger tube under-performed and delivered slightly less

volume. The results are collected in B.1. Overall we were happy with these results

and continued.

Table B.1: Pump and tubing diameter calibration. Predicted and measured volumes
at different flow rates in two different sized tubes

Q1 [ml/min] 0.5 0.1 0.25
ID [mm] 1.6 0.64 1.6 0.64 1.6 0.64

measured volume [ml] 3.00 0.54 0.62 0.13 1.50 0.31
predicted volume [ml] 3.13 0.50 0.63 0.10 1.56 0.25

% difference 4% -7% 1% -21% 4% -19%
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Appendix C

Chapter 5

C.1 Effect of PDO

C.1.1 Effect on Cell Retention

Figure C.1: Cell retention from day 0 to day 1 in chambers containing PDO
scaffolds Data is shown in change in signal over time. The flow rate was set to
1.5ml/min. The error bars show the standard deviation
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C.1.2 Effect on Cell Proliferation

Figure C.2: Cell proliferation on PDO scaffolds. PrestoBlue analysis were con-
ducted on the time points shown on the x-axis. Data are shown as fold-change from
day 1 on the y-axis.

C.1.3 Effect on Cell Distribution

Figure C.3: Cell distribution in different scaffolds following µCT analysis on
day 8. The graph shows the average percentage of signal coming from 10 subsections
of the scaffolds. The results stem from parallel PDO scaffolds. Due to the amount of
samples we were not able to track which side we seeded on
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C.1.4 Effect on Cell Morphology

Figure C.4: Cell morphology on day 8 on PDO scaffolds following no stimu-
lation and mechanical stimulation Mechanical stimulation as described in section
5.4.7 started on day 5 of culture and consisted of 30 minutes of adduction abduction
movement up to 60◦. The cytoskeleton was stained in green with phalloidin and the
nucleus was stained in blue with DAPI. Cells appear elongated along the PDO fi-
bres. C1) Samples that did not undergo mechanical stimulation. C2) Samples that
underwent mechanical stimulation. Subjectively cells look slightly more rounded on
the dynamic samples
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C.1.5 Findpeaks Script

1 % To create output files automatically (ty Peter Johnson):

2 mfilePath = mfilename(’fullpath ’);

3 folderPath = fileparts(mfilePath);

4 outputFolderPath = strrep(folderPath ,’input’,’output ’);

5 allFiles = dir(fullfile(folderPath ,’*.csv’));

6 fileNumber = size(allFiles ,1);

7 outCell = cell(1, fileNumber *4);

8 %% Set up the Import Options and import the data

9 for i = 1:12 %reads alphabetically the first file and all files , 1:3

would read the first three

10 outStr = strcat (" Calculating file: ", num2str(i));

11 disp(outStr);

12 fName = allFiles(i,1).name;

13 datatable = readtable(fName , ’ReadVariableNames ’, false);

14 numRows = height(datatable);

15

16 opts = spreadsheetImportOptions (" NumVariables", 5);

17 % Specify sheet and range

18 opts.Sheet = ’’;

19 % opts.Sheet = "pnB4G0Ae ";

20 dataRangeStr = strcat ("A2:E",num2str(numRows));

21 opts.DataRange = dataRangeStr;

22 % Specify column names and types

23 opts.VariableNames = [" timestamp", "axis1_pos", "axis0_pos", "

force", "axis2_pos "];

24 opts.VariableTypes = [" string", "double", "double", "double", "

double "];

25 % Specify variable properties

26 %opts = setvaropts(opts , "timestamp", "WhitespaceRule", "

preserve ");

27 %opts = setvaropts(opts , "timestamp", "EmptyFieldRule", "auto");
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28 opts.VariableOptions (1,1).WhitespaceRule = "preserve ";

29 opts.VariableOptions (1,1).EmptyFieldRule = "auto";

30 %[file ,path] = uigetfile ({’*.csv ’;’*.slx ’;’*.ods ’; ’*.*’} ,...

31 % ’File Selector ’);

32 % Import the data

33 cmdstr = sprintf(’tdata = readtable ("%s%s", opts , "UseExcel",

true);’,strcat(folderPath ,"\"),fName);

34 eval(cmdstr)

35

36 %% Clear temporary variables

37 clear opts

38 [pks ,locs ,w,p] = findpeaks(tdata.force ,’MinPeakProminence ’ ,2);

39 %outArr = [pks;locs;w;p];

40 if i==1

41 outCell {1,1} = pks;

42 outCell {1,2} = locs;

43 outCell {1,3} = w;

44 outCell {1,4} = p;

45 else

46 outCell {1 ,(4*(i-1) +1)} = pks;

47 outCell {1 ,(4*(i-1) +2)} = locs;

48 outCell {1 ,(4*(i-1) +3)} = w;

49 outCell {1 ,(4*(i-1) +4)} = p;

50 end

51 end

52 %make table to export

53 outTable = cell2table(outCell ’);

54 writetable(outTable ," matlabOutput.csv")

Macros and Codes C.1: Matlab script used to identify peaks in force data.
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[80] Sven-Olof -O Abrahamsson, Göran Lundborg, and L. Stefan Lohmander. Re-

combinant human insulin-like growth factor-I stimulates in vitro matrix syn-

thesis and cell proliferation in rabbit flexor tendon. Journal of Orthopaedic

Research, 9(4):495–502, 1991.

185



[81] Guang Yang, Benjamin B. Rothrauff, and Rocky S. Tuan. Tendon and ligament

regeneration and repair: Clinical relevance and developmental paradigm. Birth

Defects Research Part C - Embryo Today: Reviews, 99(3):203–222, 2013.

[82] Kristen Howell, Chun Chien, Rebecca Bell, Damien Laudier, Sara F. Tufa,

Douglas R. Keene, Nelly Andarawis-Puri, and Alice H. Huang. Novel Model of

Tendon Regeneration Reveals Distinct Cell Mechanisms Underlying Regenera-

tive and Fibrotic Tendon Healing. Scientific Reports, 7(1):1–14, mar 2017.

[83] Bhavita Walia and Alice H. Huang. Tendon stem progenitor cells: Understand-

ing the biology to inform therapeutic strategies for tendon repair, jun 2019.

[84] Sandra Ruiz-Alonso, Markel Lafuente-Merchan, Jesús Ciriza, Laura Saenz-del
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hard, and Maŕıa Florencia Lezcano. How Fiber Surface Topography Affects

Interactions between Cells and Electrospun Scaffolds: A Systematic Review,

jan 2022.

[187] Ravi Sinha, Nico Verdonschot, Bart Koopman, and Jeroen Rouwkema. Tun-

ing Cell and Tissue Development by Combining Multiple Mechanical Signals.

Tissue Engineering Part B: Reviews, 23(5):494–504, 2017.

[188] Zhonggang Feng, Yu Tateishi, Yasutomo Nomura, Tatsuo Kitajima, and Takao

Nakamura. Construction of fibroblast-collagen gels with orientated fibrils in-

duced by static or dynamic stress: Toward the fabrication of small tendon

grafts. Journal of Artificial Organs, 9(4):220–225, 2006.

[189] Chiara Rinoldi, Marco Costantini, Ewa Kijeńska-Gawrońska, Stefano Testa, Er-
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