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Abstract

Intervertebral disc degeneration is a major reason why we experience low back pain. Interver-
tebral discs are located in-between the vertebrae of the spine. They act, among other, as shock
absorbers by distributing the mechanical load applied to the spine while giving it its range of
motion. An intervertebral disc is composed of a center — a soft core, called nucleus pulposus
which is surrounded by a strong ring called the annulus fibrosus. By disc degeneration, we
mean a physical deterioration of either the nucleus and/or the annulus. It has been posited
that low back pain could be alleviated by replacing the degenerated nucleus pulposus by a
synthetic implant. However, such nucleus pulposus replacements have been subjected to
highly controversial discussions over the last 50 years and their use has not yet resulted in a
positive outcome to treat degenerated disc disease.

In this thesis, we report on the development of an implant material consisting of poly(ethylene
glycol)dimetacrylate — a hydrogel — loaded with nano-fibrillated cellulose. Photopolymer-
ization was selected as a polymerization method to “harden” the implant in situ. Thus, the
implant can be injected in a liquid state through the annulus fibrosus with a small diameter
cannula. Furthermore, an in situ photopolymerization method was developed along with an
implanting device which was used to insert the composite hydrogel into an intervertebral disc
ex vivo.

The volume of a human nucleus pulposus is several 100’s of mm?, which is a substantial
volume to photopolymerize. In order to ensure a homogeneous photopolymerization of this
volume, a Monte Carlo model was developed. The model is able to predict accurately the
volume of the photopolymerized implant in tissue cavities. This simulation tool was used to
tailor the light scattering properties of the hydrogel by loading it with lipid particles. Thus,
spherical implant shapes could be photopolymerized.

An implanting device was developed to inject and photopolymerize the liquid implant while
monitoring the cross-linking reaction of the implant during photopolymerization using fluo-
rescence spectroscopy in situ and in real-time. Using this device, synthetic nucleus pulposus
implants were successfully inserted through a 1 mm incision in the annulus fibrosus of an ex
vivo bovine intervertebral disc model and the long-term performance of the proposed nucleus
pulposus replacement was evaluated.

The changes of the fluorescence signal throughout the photopolymerization reaction could be
shown to correlate with the photopolymerization volume. It was thus possible to insert the
synthetic implant in a controlled manner into the bovine disc model. The implant was able to
significantly re-establish intervertebral disc height after surgery (p < 0.0025) and maintain it
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Abstract

over 0.5 million loading cycles (p < 0.025). Disc height is one of the essential parameters to
restore and maintain in an intervertebral disc.

The excellent results achieved in these ex vivo experiments validated the implantation method
and the device. More importantly, they showed that the novel implant material might resist
mechanical loads similar to the loads that would be experienced in everyday life. However,
longer tests (~ 10 million cycles) are required to determine whether this material would truly
resists during a clinical study.

Key words: medical device, minimally invasive surgery, orthopedic implant, photopolymeriza-
tion, Monte Carlo simulations, poly(ethylene glycol)dimethacrylate, fluorescence monitoring
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Résumé

La dégénération du disque intervertébral est une des raisons principales pour laquelle nous
avons mal au dos. Les disques intervertébrals se situent entre deux vertébres de la colonne
vertébrale et lui donnent ses degrés de liberté de mouvement. Entres autres, ils absorbent
les chocs et distribuent les charges appliquées a la colonne. Le disque intervertébraux est
composé en son centre du nucleus pulposus qui est confiné périphériquement par un tissu
fibreux, I'annulus fibrosus. La dégénération du disque consiste en une détérioration physique
du nucleus et/ou de I'annulus. Dans ce contexte de dégénération du tissu, il a été proposé
que le mal de dos peut étre soulagé en remplacent le nucleus pulposus avec un implant syn-
thétique. Cependant de tel replacement du nucleus pulposus ont été le sujet de discussions
contradictoires durant les 50 derniéres années et cette procédure n’a pas encore mené a des
résultats favorables pour traiter les disques dégénérés.

Dans cette these, un hydrogel qui se compose de poly(éthylene glycol) dimethacrylate chargé
avec de la fibres de cellulose a été utilisé. La photopolymérisation a été choisie comme mé-
thode pour durcir 'implant in situ, ce qui permet de I'injecter en état liquide a travers I'annulus
fibrosus en utilisant une canule de faible diametre. Pour parvenir a ce résultat, une méthode
de photopolymérisation in situ a été développée incluant un appareil d’'injection.

Le volume d'un NP humain est de plusieurs centaines de mm?3

, ce qui représente un défi
important pour obtenir une photopolymérisation homogeéne. Pour optimiser la photopoly-
mérisation, un modéle Monte Carlo a été développé. Ce modele est capable de prédire le
volume photopolymérisé a I'intérieur d'une cavité de tissu. Cet outil de simulation a été utilisé
pour adapter les propriétés diffusantes de I'hydrogel en le chargeant avec des lipides. Cette
approche a permis de photopolymériser des implants sphériques.

Un appareil d'implantation a été développé pour injecter et photopolymériser I'implant li-
quide en mesurant simultanément la réaction chimique de I'implant basé sur la spectroscopie
de fluorescence in situ et en temps réel. En utilisant cet appareil, des implants ont pu étre
injectés a travers une incision d'un millimetre et leur performance a été évaluée a long terme
ex vivo dans un modele de disque bovin.

Les changements du signal de fluorescence pendant la réaction de photopolymérisation ont
pu étre corrélés avec le volume photopolymerisé. Il était possible d’insérer 'implant synthé-
tique d’'une maniere controlée dans le modele du disque bovin. L'implant pouvait rétablir
significativement la hauteur de disque apreés la chirurgie (p < 0.0025) et la maintenir pendant
0.5 million de chargement cyclique (p < 0.025). La hauteur de disque est un parametre essentiel
pour la restauration du disque intervertébral.



Résumé

Ces résultats excellents obtenus pendant I'expérience ex vivo valident la méthode et 'appareil
d’implantation. Plus important encore, ils démontrent que le nouvel implant peut résister a
des charges similaires a celles appliquées a la colonne durant la vie quotidienne. Cependant,
plus de tests sont requis (~ 10 million cycles), pour pouvoir envisager la possibilité d'une
étude clinique.

Mots clefs : appareil médical, chirurgie minimale invasive, implant orthopédique, photopoly-

mérization, simulation Monte Carlo, poly(éthyléne glycol)dimethacrylate, spectroscopie de
fluorescence
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Zusammenfassung

Die Degeneration der Bandscheibe ist eine der Hauptursachen von Riickenschmerzen. Die
Bandscheiben befinden sich zwischen je zwei Riickenwirbeln und sind verantwortlich fiir
deren Biegsamkeit. Neben anderen Aufgaben fungieren sie als Stossddmpfer und verteilen me-
chanische Belastung. Eine Bandscheibe besteht aus einem weichen Kern — dem sogenannten
Nucleus Pulposus — umgeben von einem starken Ring — dem Annulus Fibrosus. Unter Diskus-
degeneration verstehen wir eine physikalisch Degeneration des Nucleus oder des Annulus. Es
wurde postuliert, dass Riickenschmerzen gelindert werden konnen, indem der degenerierte
Nucleus mit einem kiinstlichen Material ersetzt wird. Allerdings sind solche Implantate seit
mehr als 50 Jahren kontrovers und ihr Gebrauch fiihrte bisher nicht zu positiven klinischen
Ergebnissen.

In dieser Doktorarbeit wird ein kiirzlich entwickeltes Hydrogel aus Poly(Ethylen Glycol) Dime-
thacrylat, welches zusétzlich mit Zellulosefasern verstédrkt wurde, beniitzt. Als in situ Aushér-
tungsmethode wurde die Fotopolymerisation gewéhlt. Somit kann das Implantat in fliissigem
Zustand durch den Annulus Fibrosus eingespritz werden. Eine in situ Fotopolymerisationsme-
thode sowie ein Instrument fiir die Implantation wurden entwickelt um das Komposithydrogel
in eine Bahnscheibe ex vivo ein zu setzen.

Das Volumen eines menschlichen Nucleus Pulposus besteht aus mehreren Hundert Kubikmi-
limetern Material und ist somit eine betrdchtliche Herausforderung um mit Licht ausgehartet
zu werden. Um es homogen fotopolymerisieren zu kénnen wurde ein Monte Carlo Modell
entwickelt. Dieses Modell kann Fotopolymerisation in Hohlrdumen des Gewebes simulieren
und das fotopolymerisierte Volumen genau vorhersagen. Mit Hilfe dieses Simulationsinstru-
mentes konnten die Lichtstreuungseigenschaften anhand von Lipidpartikeln ideal angepasst
werden, was zu kugelférmigen Implantaten fiihrt.

Weiter wurde ein Gerit fiir die Implantation entwickelt um das fliissige Implantat einzusprit-
zen und zu photopolymerisieren. Gleichzeitig erlaubt das Gerit die Photopolymerizationsre-
aktion zu tiberwachen in dem die Fluoreszenz in situ und in Echtzeit gemessen wird. Anhand
dieses Gerits konnten synthetische Nucleus Pulposus Implantate durch einen 1 mm breiten
Einschnitt im Annulus Fibrosus erfolgreich in ein ex vivo Banscheibenmodell eingesetzt wer-
den, und dessen langfristige Leistungsfahigkeit evaluiert werden.

Es konnte gezeigt werden, dass die Anderungen des Fluoreszenzsignals wihrend der Photo-
poymerisation mit dem ausgehirteten Volumen korreliert. Dies erméglichte das kontrolierte
Einfiigen des kiinstlichen Implantates in das bovine Diskusmodell. Ein essentieller Parameter
einer funktionellen Bandscheibe, ist deren Hohe. Das Implantat konnte die Hohe der Band-
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Zusammenfassung

scheibe nach der Operation in signifikanter Weise (p < 0.0025) wiederherstellen und diese
Hohe wihrend 0.5 Million Ladungszyklen beibehalten (p < 0.025).

Die exzellenten Ergebnisse dieses ex vivo Experiments validieren die Methode und das Gerit,
welches zum Implantieren benutzt wurde. Es zeigt auch, dass das neue synthetisch Hydrogel
typischen Belastungen in einer Wirbelsdule standhalten kénnte. Es ist jedoch nétig Tests
wihrend eines ldngern Zeitraums (~ 10 Millionen Zyklen) durch zu fithren um heraus zu
finden, ob die Lebensdauer des Hydrogels gentigend hoch ist.

Stichworter: Medizinaltgerdt, minimal invasive Chirurgie, orthopéadisches Implantat, Photo-

polymerisation, Monte Carlo Simulation, Poly(Ethylen Glycol) Dimethacrylat, Fluoreszenz
Spektroskopie
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|§ Introduction

This introduction includes five sections covering the epidemiology of low back pain (section
1.1), the anatomy of the intervertebral disc (IVD) (section 1.2), the current treatment options
of low back pain (section 1.3), a state of the art on nucleus pulposus (NP) replacements
(section 1.4) and photoplymerization (section 1.5). Section 1.6 covers the objectives of the
thesis.

1.1 Epidemiology of low back pain

The impact of low back pain on society is tremendous [3]. Lower back pain is experienced by
70 to 85 % of the world’s population once in their life. It has an annual average prevalence of
10-20 % in the adult population which rises to a maximum of 15-30 % at the age of 65 and
then starts to drop again [4, 5]. In the United States of America at any given time 1 % of the
population is disabled chronically and another percent temporarily due to low back pain [6].
Moreover, 50 % of the working population has symptoms of low back pain every year [7]. The
direct costs were estimated to be up to 355 $ per capita and annum and 507 $ for indirect
costs [8] which results in a total of 100 to 200 billion for a country such as the United States
of America [9]. Low back pain is more prevalent in female than in male subjects (35.3 % vs.
29.4 %) and for people having a higher income than a medium or small income (32.9% vs. 25.4
% and 16.7 %), while there is no significant difference between patients living in urban or in
rural areas (30.7 % vs. 31.9 %) [10].

Low back pain can be categorized in four groups [11, 12]: 1) mechanical low back pain (80-90
%), 2) low back pain with neurological involvements (10-15 %), 3) specific spinal pathologies
(1-2 %) and 4) low back pain with non-spinal origins (1-3 %). Mechanical low back pain
consists mainly of non-specific pain (65-70 %) with unknown origins and which is usually
attributed to muscular strains or ligamentous injuries. Other reasons for mechanical low
back pain are degenerative disc disease (DDD; also called discogenic pain), degenerative
joint disease (pain induced at the facet or sacroiliac joint), vertebral fractures, congenital
deformities (e.g. scoliosis, kyphosis or transitional vertebrae), spondylolysis, instability and
failed back surgery syndrome. Neurological involvements include herniated disc (mechanical
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and chemical irritation of the nerve root), annular fissures (chemical irritation of the nerve
root), spinal stenosis, intervertebral foraminal stenosis (stenosis on the side arms of the main
nerve root), failed back surgery syndrome (e.g. recurrent herniation or inflammation of the
nerve root) and certain infections such as herpes zoster. Specific spinal pathologies include
malignant tumors, infections such as osteomyelitis (infection of the bone or bone marrow),
inflammatory arthritis and certain diseases such as Paget or Scheuermann disease. Finally,
low back pain with non-spinal origins can be due to gastrointestinal diseases, renal diseases,
abdominal aortic aneurysms, chronic widespread pain, somatoform disorders or malingering.
Risk factors associated to low back pain are obesity [13], smoking, heavy lifting [14], history
in spinal trauma, family history of low back pain, trunk asymmetry, increased height, female
gender, competitive sports, high level of physical activity, depression and stress [15].

— Low back pain is major healthcare issue. There is a wide range of factors inducing low
back pain. In 50 to 65 % of all low back pain cases the pain is of unknown origin.

1.2 Anatomy of the intervertebral disc

The intervertebral disc (IVD), situated between two vertebrae, consists of the nucleus pulposus
(NP) and the annulus fibrosus (AF) (fig. 1.1). As their names suggest, the annulus fibrous
is a fibrous ring surrounding the jelly “nucleus pulposus” core. Intervertebral discs and
vertebras are delimited by a cartilage tissue, the endplates. When the IVD is loaded, the
poro-elastic NP is compressed and redistributes the vertically-applied body weight into radial
directions, resulting in so called disc bulging [16]. The collagen fibers of the AF are stretched
and the vertical load transformed into elastic strain energy [16]. The poro-elasticity of the
NP and the fluid flow through the endplates [17] result in a viscoelastic response of the IVD
segment including long relaxation times and strong creep behaviors [18]. Disc mechanics are
significantly influenced by the non-linear disc permeability, the pressure at the endplates and
the fluid content of the NP [19, 20]. The integrity of the AF is also key as the presence of tears
in this structure was shown to affect the disc mechanical behavior [21, 22].

Figure 1.1: Bovine intervertebral disc after loading with jelly nucleus pulpous (NP), collagen-
fiber annulus fibrosus (AF) and endplates. The fibers of the inner annulus were deformed
radially, partially due to disc bulging.
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Indeed, disc degeneration substantially changes the mechanical behavior of the disc [23] and
may or may not lead to pain — an essential aspect which remains unclear in a considerable
amount of cases [24]. Early degeneration is often associated with a lower capability to bind
water to the proteoglycans in the NP. The NP fails then to distribute uniformly the pressure
to the AE Later degeneration is characterized by excessive motion of the spinal segment and
pain (due to the motion itself, nerve impingement or inflation. The final stage of degeneration
is characterized by bony ingrowth and limited or no motion. Disc degeneration is commonly
characterized using the Pfirrmann [25] and Thompson grading [26] ranging from 1 (healthy)
to 5 (final degenerative stage).

— The poro-elastic properties of the NP play a crucial role in mechano-transduction and
also during disc degeneration. Beside other factors, IVD degeneration is characterized by a loss
of water in the NP which results in a natural fusion of the two adjacent vertebrae during the
final stage of degeneration.

1.3 Current treatment options of low back pain

Two basic approaches exist to treat low back pain: conservative and surgical treatments. Pain
is treated with conservative measures first to postpone surgery as long as possible.

1.3.1 Conservative treatments

Conservative treatments of low back pain include medication, rehabilitation, transcutaneous
electrical nerve stimulation, epidural steroid injection, radiofrequency treatments, epidural
neuromodulation, intrathecal drug administration, chiropractic manipulation, osteopathic
manipulation, yoga, acupuncture, spa therapy, physical therapy and herbals [6, 27]. Ninety
percent of people respond rapidly to such treatment and are able to recover and return to
work in less than three month [5]. However, for instance, physical therapy was shown to be
effective for acute low back pain, but wasn’t able to improve outcomes in case of chronic low
back pain [28]. Based on different reviews it was concluded that only 54% of the studies could
show a better long-term outcome (in terms of costs) of physical therapy over surgery [29]. A
similar, contradictory situation was found for opioid-based pain killers. On one hand patients
who received opioids have a higher satisfaction than those who didn’t [30]. On the other
hand it was also shown that between 36% and 56% of chronic low back pain patients abuse of
opiates when taking them [31]. Recently, it became generally accepted that additional factors
related to psychological issues need to be accounted for. For instance sleep disturbance,
fear avoidance, catastrophizing, obesity, depression, anxiety were proposed to be taken into
account [32]. Therefore certain authors suggest to focus more on programs that encourage
physical activation despite pain, address underlying mental health issues, and foster lifestyle
behavior modification [32]. Finally, it was proposed that a major challenge is lower back pain
prevention and an optimum management of disability as opposed to treating lower-back pain
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as a serious health disorder [6, 33]. However, attempts to decrease the amount of incidents
by primary prevention have failed and it was then suggested that prevention using negative
consequences of low back pain might be more fruitful [5].

1.3.2 Surgical treatments

If a patient does not respond to conservative measures over a certain duration (e.g. six month),
surgical treatments may be proposed. They consist mainly of decompression, nucleotomy,
arthroplasty and fusion (fig. 1.2). During an early stage of degeneration decompression
surgery is performed to reduce the pressure on the spinal canal. In case of a more severe
degeneration including herniation, a nucleotomy (also discectomy) is performed. Later,
arthroplasty options such as a total disc replacement may be used to reestablish joint motion.
Finally, the joint is immobilized by a fusion. A fusion is the most invasive and, on the long
term, also most expensive treatment. If conservative measures fail, currently in many cases
the gold standard remains spinal fusion [34].

Fusion

Arthoplasty

Nucleotomy

Decompression —

Invasivness

Tissue

Conservative
replacement

treatment

>
>

IVD degeneration

Figure 1.2: Invasiveness of treatments in function of intervertebral disc (IVD) degeneration.
The least invasive treatments are conservative treatments, then decompression surgery and
nucleotomy. Later arthroplasty or fusions are required. A promising alternative is tissue
replacement.

1.3.3 Limitations of current treatments

The quantity of interventional treatment options increases steadily. The amount of spinal
fusions increased by a factor 7 to 15 within an investigated period of 6 years [35, 36]. The
efficacy of fusion still remains partially controversial [32]. A considerable amount of studies
were not able to show that fusion is more efficient than conservative treatment [37]. While
other studies showed that commonly used fusion techniques have better outcomes than
conservative treatments, especially if patients are well selected [38, 39]. Another issue for
fusion is that the pain may be alleviated temporally, but problems are shifted to an adjacent
disc [40]. Finally, if fusion fails, the only option is another fusion [41]. Unfortunately surgical
arthroplasty-options related to the IVD are not sufficiently effective [42] and it was not possible
to show their superiority over fusion [43]. Yet, it is desirable to use less invasive treatments.
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This may include any possible treatment stopping or slowing down spinal degeneration [44]
such as tissue replacements (fig. 1.2). Anderson concluded in one of his studies that more
extensive surgery on a patient’s IVD does not prevent further surgery [45]. This essentially
means that treatments should be kept simple (minimally invasive, cutting as few native tissue
as possible, etc.). Finally, a cost analysis was able to demonstrate that percutaneous, minimally
invasive techniques are less expensive in the long run and suggests that their appropriate use
may further prevent the use of more invasive surgery [27]. Therefore, developing a minimally
invasive technique to replace the NP or a part of the IVD could have a positive impact as it
might be able to postpone the course of degeneration.

— DDD is treated by conservative and surgical measures. However, if conservative treatment
fails, in many cases spinal fusion remains the gold standard. Less invasive techniques might
have the potential to postpone the process of IVD degeneration.

1.4 Nucleus pulposus replacements

1.4.1 Clinical aspects

In the development process of an NP replacement, it is essential not only to address a biome-
chanical function, but also a clinical need. The goal of re-establishing disc mechanics is pain
relief. NP replacements might be able to address the following pathologies: DDD, degenerative
joint disease, spondylolisthesis and instability. As mentioned in section 1.3.3 it is essential
to carefully select patient groups for a specific treatment. As presented in section 1.1, 15-40
% of low back pain can be associated with intervertebral disc mechanics and intervertebral
disc failures. Thus, if patients are thoroughly selected, surgical interventions to reestablish
disc mechanics have the potential to postpone or even replace more invasive treatments.
For DDD, degenerative joint disease, spondylolisthesis and spinal instability reestablishing
disc mechanics can relieve pain. For herniated discs and certain cases of spinal stenosis,
reestablishing disc mechanics might prevent pain. The less invasive the surgery is, the better
the outcome will be.

— It is crucial to select patient groups and clinical targets carefully. It is essential to focus
on the goal of an NP replacement which is pain relief.

1.4.2 General requirements for the nucleus pulposus replacement

Any medical device has to comply with regulations in terms of security and biocompatibility.
In this respect, the most advanced implant for nucleus pulposus replacement is probably
GelStix, although it has not yet obtained approval from the US Food and Drug Administra-
tion (FDA). The major failure aspects in the development of NP replacements are implant
expulsion, implant subsidence, endplate remodeling or poor disc kinematics [46, 47]. Factors
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Table 1.1: Existing NP replacements: *assumed due to lacking literature information, **accord-
ing to the Thompson & Pfirrmann grading system.

Replacement Type Low in- Failure / issue
vasive-
ness
Prosthetic Disc Nu- Inserted cushions [51] no Extreme stiffness [52],
cleus & HydraFlex implant migration [53]
Dascor Injected in balloon, in situ +/- Expulsion [55]
cured [54]
NeuDisc Inserted at 25% hydration level, +/- Implant migration*
swollen in situ
NuCore in situ cured [56] yes Only for degradation lev-
els 1 and 2**
BioDisc Injected adhesive with covalent yes Inability to restore disc
bonding [41] height [57]
Aquarelle Strongly swelling hydrogel [51] no Extrusion [57]
Newcleus Gradually introduced spiral +/- Elevated stiffness [58]
GelStix Worm-like hydrophilic material yes Only for degradation lev-
(59] els 1 and 2**
DiscCell Injected water-in-oil-emulsion yes NA
InterCushion in situ assembly no Implant migration

such as degradation, wear and aging play an important role as well [48, 2]. However, it is
remarkable that no clear consensus for material properties exists for IVD tissue replacements
[49]. For instance it is unclear whether mimicking the time-dependent or viscoelastic behavior
is necessary or whether reestablishing nutrient transport and fluid equilibration, required
for healthy tissue, is also required for an implant [50]. Moreover, it was found that other
factors such as for instance adhesion between implant and native tissues were not sufficiently
addressed in the past [46]. It is important to take into account such issues when designing a
surgery technique or an implant.

— It is necessary to specifically address the risks of expulsion/extrusion, subsidence, remodeling
of the endplate and poor disc kinematics when designing an NP replacement.

1.4.3 State of the art in the current NP replacement development

Dozens of different tissue replacements and implants have been proposed to replace NP, AF
or the entire IVD. Many of them consist of materials to replace or regenerate parts of the
intervertebral disc tissue. In Table 1.1 recent mechanical option of NP replacements are listed.

Silk fibroin-polyurethane composite hydrogel [60], PNIPAAm-PEG branched copoylmers
[61, 62], photo-cross-linked carboxymethyl-cellulose hydrogels [63], poly (vinyl alcohol) [64],
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collagen-hyaluronan hydrogel [65], oxidized-hyaluronic-acid/adipic-acid-dihydrazide hy-
drogel [66], gelatin-agar systems [67], tween 20 trimethacrylates composite hydrogel [68],
amino acid sequences derived from proteins [69], alginate/chitosan, polyglycol/poyl acid,
poly-e-caprolactone [70], Poly(1,8 octanediol malate), PDLLA/bioglass and bone matrix
gelatin/poly(polycapro-lactone triol malate) [71] have been reported as potential NP im-
plants or scaffolds. Moreover, to seal the AF tissue fibrin sealants [72, 73], synthetic agents,
collagen-based compounds [74] and tissue adhesive glues including hydrogels have been
proposed [46].

Many regenerative options are under investigation, but have not resulted in any significant
clinical outcomes up to date [75]. It is commonly accepted that materials for biological IVD
repair have to overcome significant obstacles until they can be used on patients [76]. This
would indicate that mechanical solutions might be a reasonable intermediate step to address.
As presented in Table 1.1 all recent tissue replacement or implant approaches failed or could
not be used to treat DDD above a Pfirrmann grade of 2. Therefore, in view of this history of
failure, we posit that the wrong choice of implant requirements have led to inappropriate
treatments in the past. This implies that it is essential to attack the problem of low back pain in
a structured manner taking into account clinical, pathological, design and engineering issues.

— Dozens of replacement approaches have been tested. None was able to treat DDD above a
Pfirrmann grade of 2. It is necessary to develop devices which allow to treat discs with higher
grades of degeneration.

1.4.4 Biomechanical aspects

Many models are not able to reflect the tri-phasic (solid, fluid and ionic species) composite
complexity of the NP or AF tissue. Several approaches were proposed, first at equilibrium for
instance by Flory and Huggins [77] and under dynamic conditions by Mow [78]. Based on
the energy balance and inequality of entropy the derivative of the material’s energy function
(Ftor) and sum of partial pressures (I1;) is zero at equilibrium. The mechanical behavior of any
biological tissue (or material) can be illustrated by the following formula :

Hyor = :Hel+Hmix+Hion+Hext:0 (1.1)
on |equ

The elastic term (I1,;) is a function of the invariants of the Cauchy-Green deformation tensor
and eventually the tissue’s fiber orientations [79], the mixture term II,,;, depends on the
changes in enthalpy due to mixing between liquid and solid phase [80] (sometimes also
referred to as liquid pressure term), the external forces term I,y is due to mechanical loads
form outside and the ionic term I1;,,, = RT(I' — I¥) is a function of the ionic strength of the
liquid (I") and the solid phase (I*) which further depend on the degree of ionization and the
pH; R being the Boltzmann constant and T the temperature.
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Table 1.2: Nucleus pulpous (NP) and annulus fibrosus (AF) properties of humans (if not stated
otherwise). 1: maximal stress which can be maintained by the tissue itself, without deswelling;
2: angle measured between the fiber and the superior-inferior axis; d: degenerated sample; h:
healthy sample; B: bovine sample: r: radial direction; 8: circumferential direction; a: anterior;
p: posterior.

Primary NP and AF properties Min Max

NP

Hydrostatic pressure [81] 0.1 MPa 2.3 MPa
Equilibrium stress! [82] 0.1 MPa 0.23 MPa
Equilibrium stress' semi-confined 0.15 MPa 0.4 MPa
(83]

Swelling pressure [23] 4.0.037 MPa h0.138 MPa
B Equilibrium stress! under com- 0.005 MPa 0.062 MPa
pression [84]

B Swelling pressure [84] 0.017 MPa 0.039 MPa
Swelling ratio ( = water content) 4.0 (=80%) 9.3 (= 90%)
(48]

Diurnal, overnight volume increase 0.1 cm? 2.7 cm®

(20]

Strain [85] +10% +20%
Relevant relaxation-time 5 min [49] 9h [23]

Hydraulic permeability

B 0.7x10715 m*/Ns [84]
h0.9x1071° m*/Ns [23]

B18x10°'® m*/Ns
41.4x%x1071° m*/Ns

Poisson ratio [49] 0.35 0.62
Aggregate (confined compression) ? 0.31 MPa [84] 1.01 MPa [23]
modulus

Baggregate modulus with o [86]  26.7 kPa 69.4 kPa
Elastic toe modulus [49] 3.3 kPa 44 kPa
pH [87] 6.9 7.2
Dynamic shear modulus [88] 7 kPa 21 kPa
Viscous loss angle [88] 23° 30°

AF

Elastic toe modulus [89] "0.19 MPa 0 2.5 MPa
Linear elastic modulus [89] " 0.45 MPa 0 45 MPa
Ultimate tensile stress [90] 2.1 MPa 12.9 MPa
Dynamic shear modulus [91] 100 kPa 400 kPa
Fiber orientation? [92, 93, 94] 423.5° P 67.3°

# of tissue layers [95] 15 25
Maximal tensile strains [16] 2.7 % 24.6 %
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Before discussing the essential biomechanical aspects for a NP (or AF) replacement, it is
important to understand the function of native NP or AF tissues. The NP is characterized
by two essential properties its poro-elasticity [50] and its swelling behavior [89]. The poro-
elasticity allows it to move almost freely within the IVD and to distribute the stress during
loading to the surrounding AF [96]. The swelling properties induce an osmotic pressure which
is essential for diffusion of nutrients [41, 50] such as oxygen or glucose and waste products
such as lactic acid or carbon dioxide [97]. On average 1.3 cm® of fluid are transported through
the endplate or the AF every night by diffusion [20]. This is crucial because the NP is the biggest
avascularized organ of the human body. The strength of the NP is dictated by type II collagen
and the swelling by proteoglycans in the extra cellular matrix, where the charge density which
is due to sulfated glycosaminoglycans imbibes water and induces the osmotic pressure [98].
NP cells express collagen type 11, aggrecan and certain proteins such as HIF-1@ and MMP-2
[99]. Notochordal cells in the NP are implicated in the production of this extracellular matrix
[100], but their role is not entirely clear yet [101].

The multilayered, criss-crossed patterned AF distributes loads along collagen bundles. It
is characterized by different primary fiber orientations [95, 102], exceptional strength and
the capability to reorient depending on the applied load [103]. The fibers consist up to 60%
of stiffer type I collagen and softer type II collagen with varying ratios depending on the
position in the AF [104]. The AF plays a crucial role in disc budging and holding in place the
NP Thus, its integrity, local stiffness and the anchorage within the neighboring endplate have
a fundamental impact on the IVD joint mechanics and the mechano-transduction in the IVD
[105]. In Table 1.2 different properties of the NP and AF are presented.

1.4.4.1 Review on biomechanical characterization of nucleus pulposus replacements

To evaluate a NP replacement, standardizing bodies recommend to perform static or dynamic
axial-compression-, axial-torsion- and shear-tests including functional range of motion, and
subsidence-, aging- and swelling-pressure-tests[106]. Also other tests and evaluation of prop-
erties were proposed, examples are resistance to radial bulging [107], self-exerted pressure,
ability to return to a complete level of hydration, extrusion resistance, mechanical overload-
ing until failure [108] and indentation [109]. Moreover, it was proposed to measure wear by
measuring dry weight before and after a test [110]. If applicable, polymer degradation has
to be considered [111]. Brittle materials lead also to more material degradation. Therefore
the Poisson ratio [112] or its fracture energy [113], often correlated with ductility and low
brittleness, could be measured. A range of compression and tensile tests exist [114, 115]. To
evaluate adhesion of biomaterials, peel tests [116], adhesion to tape [117], scratching tests
[118], shear strength of adhesives using pin-and-collar specimen [119] and lap shear tests
[120] pull out and shear test [121] were proposed.

For biocompatibility the following tests are required: cytotoxicity, sensitization, irritation or
intracuraneous reactivity, systemic toxicity (acute), subchronic toxicity (subacute toxicity),
genotoxicity, implantation and haemocompatibility [122].

For implantation and mechanical evaluations three main options exist:
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1. Plastic IVD models resist the minimal two-month-period required for 10 Mio. fatigue
cycles, but it should be questioned how close they can imitate in vivo conditions [114].
For such tests the use of AF-mimicking silicone molds and the following loads (Table
1.3) were suggested [2]. It was also proposed that the NP replacement’s reliability could
be assessed by a lower amount of fatigue cycles, if it is determined that a surrogate
annulus will not survive a total of 10. Mio cycles [106].

2. ex vivo models (either animal or human) can provide information about subsidence
and extrusion of an implant, but they degenerate due to apoptosis [123] and fail before
reaching 10 Mio. fatigue cycles [124]. The most widely used animal models are bovine
caudal discs. The pressure within bovine disc is similar to human discs (0.1 — 0.3 MPa).
On the other hand however, they are also different and might not be compared to human
lumbar discs because they are not weight bearing (which is also the case for most other
animals) [124]. A review on disc models summarized that hydrostatic pressures between
0.2 and 0.8 MPa at 0.1-1Hz during 8h/d are physiological conditions and that pressures
in the range of 0.1 to 2.5 MPa below 5Hz during 30min-4h/d are beneficial for samples
or cells. Yet, these conditions may vary depending on the type of animal model used
[123].

3. in vivo animal models are mouse, rat, pig, dog, chicken, baboon, sheep [125], rabbit
[126] and goat [127].

Table 1.3: Test profiles and associated parameters for lumbar IVD prostheses evaluation
(source: ASTM [2]).

Test Profile Axial load N Cyclic Axial Preferred Dis- Alternate Load
Load [N] min- placement Control: Ap-
max Control: ROM plied Moments

[degree] [Nm]

Flexion / exten- 1200 900-1850 +/-7.5 +/-10

sion

Rotation 1200 900-1850 +/-3 +/-10

Lateral bending 1200 900-1850 +/-6 +/-12

— The properties of the NP have been investigated extensively. For tissue replacement design it
seems to be essential to replicate swelling properties, such as the maximal equilibrium stress
which can be maintained by the material without deswelling.
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1.5 Photopolymerization

1.5.1 Photopolymerization of hydrogels

Hydrogels are a promising option for IVD tissue replacements because their mechanical
properties depend on cross-linking density, polymer composition, degree of swelling [128]
and polymerization conditions [129, 130]. Thus, material properties can be chosen ade-
quately by adapting composition and cross-linking density when mixing the components. The
polymerization of a gel is a chemical reaction which can be induced by mixing two different
compounds or by light irradiation or by changing the pH, temperature or pressure. A control-
lable mean to activate and control the degree of polymerization is via light irradiation, or so
called photopolymerization. The controllability of photopolymerization via exposure dose is
an important advantage over other techniques. Other advantages are the degree of acceptance
of NP cells which is higher in cell-seeded photopolymerized hydrogels than in ionically cross-
linked hydrogels consisting of two different compounds [131]. Finally, photopolymerization
is the only polymerization type which allows dispensing a material in a completely liquid
state. Thus, the liquid material can be first dispensed within tissue and surface interstices in a
minimally invasive manner for example via a small gauge needle. We hypothesize that this
property increases the adhesion of the polymer biomaterial to tissue [132, 133].

— Hydrogels can be tailored to reach specific, desired properties and dispensed in a mini-
mally invasive manner trough a small gauge needle. Any material with chemically active
groups can be photopolymerized or photocrosslinked in combination with a photoinitiator and
light illumination. Dispensing the material first in liquid state may show promising adhesion
properties.

1.5.2 Initiation of photopolymerization

In photopolymerization, a photoinitiator forms radicals either by cleavage or hydrogen ab-
straction [134] which are induced by the absorption of a photon. The radical induces the
chain formation of the polymer. Also other options such as cation or anion based photoinitia-
tors exist. A photoinitiator has a certain absorption spectrum, often in the ultraviolet (UV)
range, where the energy per photon is higher than for visible light. In the UV range, light
exposure (in energy per surface area) is harmful to biological tissues (especially below 315
nm) [135]. The tabulated maximum light exposure that is wavelength dependent is shown
in figure 1.3. Among photoinitiators, the following are high efficiency (meaning requires low
light exposure to initiate polymerization) and low cytotoxicity for biomedical applications:
Eosin Y + triethanolamine (wavelength range : 430 to 570 nm) [136], LAP ( 200 to 420 nm) and
Irgacure 2959 ( 200 to 365 nm) [137]. In biotechnology, photopolymerized hydrogels are used
for drug delivery [136], 3D tissue scaffolds [138] and cell-encapsulation [134]. When choosing
a photoinitiator, a compromise needs to be found between light exposure, cytotoxicity of the
photoinitiator and available light sources. Light emitting diodes are available at wavelengths
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such as 365, 385 and 405 nm. Lasers are available for instance at 325, 337, 355, 380, 395 and
405 nm [139, 140]. In this study Irgacure 2959 was chosen because it is easily available and
can be used as a one component initiator.
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Figure 1.3: Maximal allowed exposure limits for living human tissues between 200 and 400 nm
(UVC, UVB and UVA ranges). The allowed exposure decreases to a minimum between 260 and
300 nm - a dangerous range for DNA strands. It is slightly higher below this range (due to the
shallow light penetration and lower wavelength). the allowed exposure is significantly higher
at wavelength close to visible light (400 nm) which is due to the lower energy per photon in this
range. The red peak is the illumination wavelength used in this work (the units are arbitrary).

— Wavelength below 315 nm should be avoided for cytotoxicity reasons. There are existing
photoinitiators and light sources in the range between 315 and 400 nm. Irgacure 2959 was
selected because it is easily available, can be used as a one component initiator and has been
shown to work with 365 nm light excitation.

1.5.3 Photopolymerization modelling

We propose to develop a simulation model for the photopolymerization of our implant in
order to predict the shape of the implant after photopolymerization, the time to reach full
photopolymerization. Photopolymerization has been modeled by others using molecular
dynamics [141] and using the Beer-Lambert law to predict the speed of photopolymerization
and the thickness of a photopolymerized layer [142, 143]. When the illumination is performed
through tissues to reach a subcutaneous volume, light scattering and absorption within
the tissue decreases the available light dose for photopolymerization [144]. Monte Carlo
simulations are often used to model light scattering in tissues [145]. The scattering properties
depend on the size and shape of the scatterers. Rayleigh scattering is a regime valid for
particles much smaller than the wavelength. In the so-called Mie regime, the particle has a
size comparable to the wavelength and has an index of refraction different than its surrounding.
Biological tissues are made up of scatterers with a size range distribution and thus the overall
scattering is quite complex. In linear scattering (the wavelength does not change), scattering
is described by a scattering cross-section o (different to its geometrical cross-section). The
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1.5. Photopolymerization

scattering coefficient y; is the product of the cross-section and the volume density of the
medium p; . Thus, the probability of transmission of a photon through a scattering medium
of length L and maintaining its incident direction of propagation is given by:

Ptrans = e—,usL = e_UX‘DSL (1.2)

This formula relates the fraction of photons transmitted through a scattering medium which
have maintained their original direction. These photons are called ballistic photons. They
are those which have not encountered a scattering particle. For the other fraction of photons
which interacted with the particle, we need to find an expression which indicates the direction
they took after the interaction. This is described by a so-called scattering probability function
p(0). A commonly used scattering function was developed by Henyey and Greenstein (1941)
[146]:
1 1-g°

0) = — 1.3
po) 47 (14 g2 —2gcosh)3/2 (1-3)

where 0 is the angle between the incident and the scattered photon and g is an anisotropy
coefficient. p(0) and g are related in the following manner:

/A
f 2np(@)cosOsinfdl =g (1.4)
0
And where:
/A
f 2np(0)sinfdo =1 (1.5)
0

If g is equal to zero, it results in isotropic scattering (uniform in all directions). If it is equal to
one, then all photons are forward scattered (same direction as the incident vector). Common
values of g for biological tissues are between 0.5 and 0.95 [147].

Photopolymerization was modeled in 2D using Monte Carlo taking into account absorption,
but neglecting light scattering [148]. A prerequisite for a Monte Carlo simulation that in-
clude absorption and scattering is the measurement of the material’s optical absorption and
scattering coefficients. A range of approaches exists for such measurements [149] including
transmission-, reflectance- or pulsed measurements. One of the simplest methods is to use a
double-integration-sphere system [150, 151, 152] calibrated by fat emulsions [153], dyes [154]
or titanium oxide [155] phantoms. An example of such a setup is presented in figure 1.4. A
similar setup was used in the experiment described in chapter 2.
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Figure 1.4: Double-integrating-spheres setup: Photons can be detected in the first sphere (det
1), the second sphere (det 2), on the detector at the back end (det 3) or on the reference-detector
(det 4). Five different events are possible: 1) backscattering/reflection 2) forward-scattering 3)
ballistic transmission 4) absorption and 5) loss of the photon.

— Material scattering properties determine the amount of photons available at a specific
location in a volume. To control the photopolymerization geometry and volume, photons
need to be guided to the right position. We will use a Monte Carlo model to simulate the light
distribution in our photopolymer.

1.5.4 Photopolymerization control

Examples of applications using photopolymerization are dental cements, coatings and pho-
tolithography where light is used to control the reaction spatially and temporally while pro-
viding at the same time other advantages such as minimal exothermic reaction or material
dilatation during the reaction. For our application, the liquid photopolymer is injected to the
implant location via a small conduit such as a needle. Thus the light also needs to be guided
within the same conduit. This is achieved with an optical fiber. A vast range of optical fibers
are commercially available. These fibers have small diameters (several hundred micrometers)
and thus are, by virtue of their size, minimally invasive [156]. Light probes are used for illu-
mination, tissue characterization [157], spectroscopy [158], measurement and monitoring
[159, 160] and imaging. During polymerization, the liquid monomer or polymer compound
is transformed into a solid polymer-network. Chemical, mechanical and optical properties
change as a result of polymerization or cross-linking. These changes can be monitored to track
the state of polymerization. A considerable amount of polymerization-monitoring-methods
exists. In our application, there is no direct viewing of the illuminating zone. For implant
monitoring only in situ soft-sensing techniques are of interest. For example, calorimetry or
gas-chromatography are not applicable. Speckle interferometry [161], Raman spectroscopy
[162], transmittance measurements [163], fluorescence monitoring [164, 165], UV-, Vis-, NIR-,
MIR-spectroscopy, nuclear magnetic resonance spectroscopy and acoustic monitoring [166]
were used for polymerization monitoring in situ. Furthermore, optical coherence tomography
was used for monitoring PEG-hydrogels within tissues [163, 164] and for strain field analysis
in polymers [167]. Photopolymerization of dimethacrylates was already monitored with a
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fluorescence probe [168].

— Photopolymerization has been extensively used to pattern surfaces and volumes in a con-
trolled manner. The light illumination can be delivered with a probe to locations, which are
difficult to reach by other means. A large range of methods to monitor photopolymerization
exists. An optical feedback method based on backscattering will be used and tailored for the
photopolymer material.

1.6 Objectives of the thesis

This thesis is part of a larger project to design a NP replacement. The general project consist of
designing the implant material, developing an implantation device for photopolymerization
and evaluating material and device together during implantation. The present thesis covers
mainly the two last aspects. The development of the material is done by Azadeh Khoushabi
form the Laboratory of Polymer and Composite Technology at EPFL in the framework of
a parallel thesis. In the present thesis, photopolymerization of hydrogel implants shall be
assessed to determine whether they are an alternative which can address the recently observed
failures of intervertebral disc tissue replacements. Specifically, a method, device and test
setups shall be developed to simulate and test different potential implant materials. Selected
materials shall be implanted in a controllable, minimally invasive manner and be evaluated
within in vitro or ex vivo animal models. In summary, the objectives of the thesis are:

* Model an implant during photopolymerization using Monte Carlo simulations. These
simulations should predict the special and temporal evolution of a polymer-volume
and take into account the interactions between tissue, light and polymer. The results
should allow designing the light probe, tailoring the surgical procedure and find optimal
bio-optical material properties.

* Develop different polymerization probes and monitoring options to inject, photo-
activate and control a material in situ. Combine injection, photopolymerization and
monitoring function in one single probe within a cannula which allows for photopoly-
merization and surgery within real tissue.

* Develop through cyclic iterations an implant and device with known reliability in terms
of mechanical performance and biocompatibility. Starting by evaluating an existing
Tween 20 hydrogel [169], materials and device generations are tested. Physical perfor-
mance such as hydrogel’s hydrostatic pressure, water content and moduli for example
will be evaluated. At a second stage the materials are evaluated in vitro to test their
biocompatibility. At the last stage, the material is implanted into an ex vivo bovine
model and evaluated over 0.5 million loading cycles within a bioreactor (collaboration
with ARTROG, University of Bern).
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¥4 Photopolymerizable hydrogels for
implants: Monte-Carlo modeling and
experimental in vitro validation

This chapter mainly consists of an article published in the journal of biomedical optics [170].
The co-authors are A. Khoushabi, C. Schizas, PE. Bourban, D.P. Pioletti and C. Moser

2.1 Abstract

Photopolymerization is commonly used in a broad range of bio-applications such as drug-
delivery, tissue-engineering and surgical implants where liquid materials are injected and then
hardened by means of illumination to create a solid polymer-network. However, photopoly-
merization using a probe, e.g. needle guiding both the liquid and the curing illumination,
has not been thoroughly investigated. In this paper, we present a Monte Carlo model that
takes into account the dynamic absorption- and scattering-parameters as well as solid-liquid
boundaries of the photopolymer to yield the shape and volume of minimally-invasively in-
jected, photopolymerized hydrogels. In the first part of the paper, our model is validated using
a set of well-known Poly(ethylene glycol) dimethacrylate (PEGDMA) hydrogels showing an
excellent agreement between simulated and experimental volume-growth-rates. In the second
part, in situ experimental results and simulations for photopolymerization in tissue cavities
are presented. It was found that a cavity with a volume of 152 mm? can be photopolymerized
from the output of a 0.28 mm? fiber by adding scattering lipid particles while only a volume of
38 mm? (25 %) was achieved without particles. The proposed model provides a simple and
robust method to solve complex photopolymerization problems where the dimension of the
light source is much smaller than the volume of the photopolymerizable hydrogel.

2.2 Introduction

Photopolymerization [171, 172] is a widely used method to harden polymers in controllable
manner by illuminating a liquid monomer or an uncured polymer precursor. Originally used
in the field of coatings, printing, paints, adhesives, optical fibers, etch resist or printed circuits
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With scattering particles Without scattering particles
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=

Figure 2.1: Poly(ethylene-glycol) dimethacrylate hydrogels. Left: with scattering particles
(intralipids). Right: No scattering particles. The hydrogel without scattering particles has a
Methylene blue dye to visualize the photopolymerized volume. a) samples during illumination.
[llumination is performed with the output of a 600 ym core diameter optical fiber placed 5
mm from the cuvette; b) after extraction of the un-polymerized liquid. The red lines indicate
the polymerized volumes. Light dose and illumination area are the same for both samples.

(173,174, 175, 176], it quickly found its way into the biomedical sector where photopolymeriz-
able materials are used for dental implants [177], cell encapsulation[178], tissue-replacements
[138, 121], drug delivery [136], implant coatings, bio-glues [62] and microfluidics [130]. How-
ever, when materials are introduced and cross-linked in the body by means of photopolymer-
ization, illumination becomes challenging since surgical procedures tend to be minimally
invasive[134]: large polymer volumes have to be illuminated with small light emitting surfaces,
for example through the tip of an optical fiber.

Bulk or mass photopolymerization is used for thin and thick films [179]. For uniform illumina-
tion of non-scattering polymers, the process of photopolymerization is well understood and
mostly modeled using Beer-Lambert law that describes the exponential decay of the incident
light intensity. The extinction coefficient is equal to the absorption coefficient since scattering
is neglected and the photopolymerized surface area is that of the illumination area. Figure 2.1
illustrates the effect of an additive in the form of scattering particles on photopolymerized
volumes. Although the illumination time and incident illumination area are the same for the
polymer with and without scattering particles, the polymerized volume varies significantly.
Therefore, a model which takes into account scattering and absorption, light dose and illumi-
nation pattern is required to better predict the photopolymerized volume.

In this paper, we investigate photopolymerization of implantable tissue replacement which
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are injected through a thin needle and then hardened by illumination with an optical light
guide. Based on a statistical Monte Carlo[145, 180] approach, a model for photopolymeriza-
tion is presented. Monte Carlo is a well-known method to model light transport through a
scattering medium. It consists of tracking single photon packages and predicting their way
throughout a predefined volume based on the media’s absorption (u,), scattering (i) and
anisotropy coefficient (g). Monte Carlo studies have been conducted on a broad selection of
tissues, for optical neural stimulation [181], glucose monitoring [182], cancer detection [183]
and many others. Bulk-photopolymerization induced by an incident laser beam has been
studied using Monte Carlo [179] or analytical models [148]. However, Monte Carlo modeling
of photopolymerization with different absorption, scattering coefficients and its experimental
validation has not been investigated to our knowledge.

This paper is organized as follows: the hydrogel precursor composition and fiber based illu-
mination is introduced in section 2.3. The experimental method to measure the absorption
and scattering coefficients is presented in section 2.4. Section 2.5 describes the Monte Carlo
simulation model to predict a photopolymerization volume and section 2.6 describes its exper-
imental validation. Section 2.7 models photopolymerization of hydrogels in tissue cavities. An
application example of an intervertebral disc replacement is presented. The effect of scattering
additives on final polymerization volume is shown. A simple method is proposed to integrate
any type of tissue geometry into the simulations.

2.3 Hydrogel material and illumination

We selected a Poly(ethylene-glycol) hydrogel because of its commercial availability and in-
teresting biomechanical properties. Due to their elastic strength [128][22], swelling ability
[134] and bio-compatibility [137] Poly(ethylene-glycol) hydrogels systems are promising for
cartilage [138], tissue replacements [169], arterial coating [136] and bio-sensors [184]. Four
different Poly(ethylene-glycol)dimethacrylate (PEGDMA) systems were prepared with the
following combination of absorption (i) and scattering () coefficients: 1. low y, and low
Us 2. high u, and low g 3. low 1, and high pu; 4. high p, and high y;. PEGDMA 6 kDa was
synthesized as previously described[185], the used photoinitiator was Irgacure-2959 (BASF)
and the scattering additive were Intralipids (Fresenius Kabi). y, is adjusted by varying the
concentration of the photoinitiator and p, is adjusted by adding Intralipids. Phosphate Buffer

Table 2.1: Preparation of PEGDMA - 6 kDA hydrogel samples.

Sample PEGDMA 6000 Irgacure 2959 Intralipids PBS

[mg] 1%w/v)[ml]] (10%w/v) [ml] [ml]
1. low 4 and low g 220 0.22 - 0.659
2. high p, and low pg 220 0.66 - 0.217
3. low u, and high p; 220 0.22 0.1 0.659
4. high p, and high 220 0.66 0.1 0.217
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Solution (PBS) was used as the liquid in the hydrogel. Quantities and concentrations are
presented in table 2.1.

The photoinitiator Irgacure - 2959 (1% w/v) absorbs most efficiently between 280 and 320
nm (Fig. 2.2). Unfortunately, DNA nucleotides have their main absorption peaks in this
wavelength range [186] and therefore admissible light doses for in vivo applications in this
range are extremely low [187]. Thus, we opted for a longer wavelength to increase significantly
the admissible dose and selected 365 nm, a wavelength where Solid State Light Emitting
Diodes have high brightness and are commercially available. An optical fiber with 600 um
core diameter, 0.22 numerical aperture, (Polymicron Technologies, FVPE60060710/2M) was
butt-coupled to a high-power LEDs chip with emission area of 0.72 mm? (Nichia, NCSU033B).
The final fiber optical output power at the fiber tip was 6.5 mW.

— Our measurement
—— Product information

Absorption [a.u.]
s s

-
L

T 1
300 320 340 360 380
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Figure 2.2: Absorption curves of the used photoinitiator (Irgacure-2959, 1% w/v). The photo-
sensitizer reacts best around 300 nm, but can also be used at longer, more bio-acceptable
wavelengths.

2.4 Determination of absorption and scattering coefficient

In an absorbing and scattering compound, the scattering and absorption coefficients can
be measured separately if p, >> s, texr = Ha + Us = Uq and vice versa for u, << ys. In Fig.
2.3, the setup is presented: the previously described output of the LED fiber-coupled light
source is collimated and incident on a 1 mm-thick hydrogel sample sandwiched between
two 1 mm-thick glass slides that forms a chamber to confine the liquid and uncrosslinked
polymer. The extinction coefficient can be measured throughout the transition from liquid to
solid hydrogel. To reduce the optical noise (glass interfaces, local tilts etc.), the chamber is
fixed and can be filled or emptied without moving it. Water is used at a reference before each
test. One detector measures the transmitted light and another serves as a reference.

During photopolymerization, the photoinitiator is consumed and a polymer-network forms.
Thus it can be expected that optical properties change during photopolymerization. In the
case of the PEGDMA hydrogel, we did not find a significant increase or decrease of the ex-
tinction coefficient throughout the photopolymerization reaction for any of the four tested
hydrogels. Table 2.2 shows the measured results for the scattering and absorbing coefficients.
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Figure 2.3: Transmission set-up at 365 nm to measure the extinction coefficient of either a
scattering or an absorbing compound. The collimated beam is split into two arms, one is used
as reference the second passes through the sample. The chamber is fixed. Its content can be
injected or extracted.

Table 2.2: Measured scattering and absorbing coefficients at 365 nm (mean and maximal mea-
surement error). These values are used for the simulations (*assumed values for simulations)

Absorption coefficient y, (cm™) Scattering coefficient g (cm™)

1. low p4 and low g 0.131+£0.003 0.00*

2. high p, and low pg 0.430 + 0.004 0.00*

3. low u, and high pg 0.131* 6.76 + 0.48
4. high p, and high u; 0.430* 6.85 + 0.62

As extinction-, absorption- and scattering coefficients linearly depend on molar concentra-
tions of a certain compound, they can be measured individually and then be summed up in a
mixed solution.

2.5 Monte Carlo model for photopolymerization

Photopolymerization is a multi-physics problem which includes light transport, bi-phasic
(liquid and solid) mass transport (swelling and diffusion), molecular dynamics and photo-
chemical reactions. The Monte Carlo approach consists of tracking energy packages through
space and thus can account for a maximum of effects. Events like absorption or scattering are
characterized statistically. Wang’s Monte Carlo model [145, 180] (C++ code) was rewritten in
Matlab. This reduced computational speed considerably, but drastically simplified program-
ming and code validation due to amount of available filter- and spline-functions in Matlab.
The following assumptions were taken in the model: 1) The initially liquid hydrogel-precursor
absorbs energy step-wise and at a given threshold, a sub-volume (voxel) changes into solid
material. 2) The liquid hydrogel precursor and the solid hydrogel are separated by a discrete
boundary (different refractive index). As the reaction goes on, this interface changes dynami-
cally. 3) Photons (photon-packages) can be reflected or refracted at this interface and also at
the polymer-tissue interface. 4) Scattering and absorption coefficients are dependent on the
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photon package’s position (photon in liquid hydrogel precursor, in solid hydrogel or within
tissue). 5) Scattering and absorption coefficients can vary over time (throughout the reaction).
The method developed by Wang models light scattering and absorption in tissue layers by pre-
dicting the path of flight of photon packages (a detailed description is given in Appendix A). In
summary, these packages are guided through space by a series of statistical events. A package
is defined by a position (x,y,z), a directional vector (u,v,w) and an energy also called photon
weight. All events i.e. photon-mater interactions are described by statistical distributions
which are linked to randomly computed parameter ¢ using the following equation:

X
f p(x)dxy=¢ for €l0,1] 2.1

Where y is the random variable (e.g. coordinates of the light source) and p(y) its probability
density function. ¢ is a second random variable between 0 and 1 generated by the computer.
The result of the integral is a function of the type f(y) = ¢. Its inverse function is used to
compute a final random distribution. An example of a uniform point source is given in
Appendix A.1. Laser beams were simulated using Gaussian profiles. Solving 2.1 for a Gaussian
profile leads to:

x= [ @) =2V2wq-er f711-29) 2.2)

Where x is a position of the photon package orthogonal to direction of the beam, erf™! is the
inverse of the error function and w the half beam waist. Moreover, u = v =0 and w = 1 will
result in a collimated beam. The output of an optical fiber was modeled as following:

“101 _
x= 1@ ﬁ-(o.s-%lzf)) 2.3)
And:

—107 _

u:cos(ﬁ.(l_zcos—(lzé))) (24)
7

-1 _

w:sin(ﬁ-(l—zw%ﬂza)) (2.5)
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Where d is the fiber’s core diameter and § = si n‘l(NA/nliquid), NA being the numerical
apperature of the fiber and 7;44:4 the refractive index of the liquid polymer. In the Monte
Carlo approach, at every interaction, a photon package loses some of its energy (photon-
weight), depending on the material’s absorption properties. Parts of the absorbed photons
will induce a photopolymerization reaction. Thus, the degree of polymerization Polyay; ;, of
the volume element AV; ; i (i, j and k being the elements position) is introduced. At every step
Polyav,;, is updated:

PolyAV; ;1) — PolyAV; j )+ a-AW (2.6)

Where AW is the absorbed energy of the volume element AV; ;  and « the fraction of energy
consumed for photopolymerization. Polyay,;, is initially equal to zero indicating that no
polymerization at AV; ; x took place. It can also reach a predefined maximal value which
defines the state where all reactive groups in the volume AV; ; . are consumed. As the
polymerization goes on, particle sizes and chemical properties change, and thus scattering
and absorption coefficients, which directly influence the path of light and the polymerization
structure, also change. Therefore scattering and absorption coefficients are directly linked to
the degree of polymerization.

Pa=Ha(t,T) = pa(Polyay, ;) = Hanavi 2.7)

HS = Ns(t; F) = Hs(POl,VAV,-,j,k) = HSyAVi,j,k (28)

Un(Pol yav, ;) were chosen as linear combination between an initial iy, ;- poltymerizeqa and a
final ty, porymerized- This spatial variation in optical properties induces that a photon package
is exposed to changes in scattering and absorption coefficient between two interaction sites.
This effect was modeled by averaging i, and us between the two sites:

Hnav; + Un AV
nreal = "#”"2 2.9)

Figure 2.4 shows the modeled intensity distribution of an optical fiber output in hydrogel
precursor. One simulation consists of 10® photons. After every million photon-package,
iso-intensity-levels are computed (Fig. 2.4b). One iso-level is chosen as boundary between
solid and liquid hydrogel (e.g. 0.3 or 0.5). This selected iso-level is extracted, and thus the
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volume-growth can be plotted over time (Fig. 2.4c). The voxel size was chosen to be 10 x 10
pum.
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Figure 2.4: Monte Carlo simulation of photopolymerized volume. The light source is the
output of an optical fiber. a) Distribution of absorbed energy calculated by the Monte Carlo
model. b) Fitted iso-levels at a given time-step: solid hydrogel in the center and liquid hydrogel
precursor outside c) polymer-volume-growth over time.

Due to the statistical nature of Monte Carlo-models, solutions have to be averaged over local
areas to create proper surfaces between different domains. A median filter (Matlab) applied
over a neighborhood of 15 x 15 voxels gives good results as it showed the most similar surfaces
compared to experimentally photopolymerized hydrogel samples. The plots in Fig. 2.4b)
indicate the amount of absorbed energy and need to be correlated to a solid or liquid material
state by setting a gel point, the boundary between liquid and solid hydrogel. Brulle et al.
[148] proposed, via simulation, to set the gel point at 57% of totally absorbed light energy.
Photo-rheology measurements were performed on the 6 kDa PEGDMA hydrogel and data
is shown in Fig. 2.5a). Results show that the hydrogel changes from liquid to solid after
about 40% of total irradiation energy. Using this information one iso-level (Fig. 2.4b) can be
extracted at every time-step to from a growth-pattern over time (Fig. 2.4c).

During a simulation run, a photon knows its position, but not the material it is crossing, thus
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alevel-set function ¢, attributed to each voxel, is defined:

0 outside of investigated area

0= 1 liquid 2.10)
2 solid
3 tissue

If a photon-package crosses the solid-liquid boundary, the stepping algorithm calculates the
change in ¢, the position where the boundary is crossed and computes its orientation at the
intersection with the photon path (Fig. 2.5b). Thus refractions or reflections are calculated
dynamically while interfaces change their position. Circularly or linearly polarized light are
averaged to compute reflection and refraction probabilities [180]. The algorithm also takes
into account time-dependent changes in absorption and scattering coefficients which can be
defined using a desired polynomial function (e.g. us(#) = uso + a; - t). Further information on
the algorithm is detailed in [188].
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Figure 2.5: a) Photorheology measurement of the PEGDMA hydrogel: The gel point (change
from liquid to solid) is reached after approximately 250 seconds corresponding to 40% of
absorbed energy. b) Interactions of photons with a tissue-cavity: The red lines indicate the
paths of the tracked photon package.

2.6 Experimental validation of the Monte Carlo model

To validate the Monte Carlo model introduced in section 4, four hydrogel samples (Table 2.1)
were placed in a cuvette and illuminated by the previously described, 600 um core optical
fiber (365 nm). The fiber is touching the liquid polymer (Fig. 2.6a). The output power at the
fiber tip is 6.5 mW. A constant volume of 2 ml of uncross-linked polymer was injected into the
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test cuvettes. Samples were photopolymerized during 3, 5 and 10 minutes. After illumination
the solid polymer was extracted, dried from un-bonded liquid and weighted. In Fig. 2.6b) and
¢), the volumes and shapes between simulation and experimental results are compared.
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Figure 2.6: Fig. Four different photopolymerized hydrogel samples (Table 1). a) Cuvette-
setup with a fiber immerged into the liquid hydrogel precursor. b) Volumes of experimentally
polymerized samples (stars and triangles) and computed results (colored lines) are compared.
c¢) Pictures of the shapes of experimentally polymerized and simulated samples (colored
contours) after 3, 5 and 10 minutes of light illumination: The black arrow shows an area
where the liquid hydrogel precursor did not solidify due to the size of the cuvette. The white
arrow shows an area where polymerization took place due to polymer-diffusion, swelling and
back-reflections.
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The experimental volumes and shapes agree very well with the simulated results except for
the samples with high absorption and low scattering. This discrepancy can be explained by
the following factors: 1) The Fresnel reflections of the cuvette’s side glass walls are taken into
account, but not on the cuvette’s bottom. 2) The length of the cuvette limits the size (length)
of the hydrogel-shape. 3) The simulations do not take into account polymer diffusion which
strongly influences the outcome of photopolymerization [189, 190]. As the material diffuses,
nucleation is only possible next to already existing solid polymer, thus hydrogel-shapes tend
to grow outward of the cone of light (given by the output of the fiber) whereas in the Monte
Carlo simulations the volumes grow within the cone of light.

In the simulations, the energy per photon package is 65 nJ (108 photon packages over 16.7
minutes at 6.5 mW). The amount of photons is 1.2x10'! per photon package at 365 nm. We
found that refractions and reflections on the liquid/solid interfaces do not influence pho-
topolymerization outcomes in a significant way. This is because the refractive index, between
the liquid and solid is approximately A n = 0.01 [148]. We also report that by pre-illuminating
the hydrogel it was possible to photopolymerize volumes up to 3500 mm?® within 10 min using
the previously mentioned 600 um fiber. The pre-illumination time was chosen to be equal to
the time for which the liquid polymer starts to change its shear modulus (inflexion point in fig.
2.5).

2.7 Modeling and experimental application of photopolymerization
in tissue cavities

Figure 2.7a illustrates light scattering and photopolymerization in a tissue cavity. Figure
2.7b) shows the autofluorescence of an intervertebral bovine disc cavity injected with a liquid
hydrogel monomer and illuminated with 365 nm light from a fiber housed in a rigid needle.

Filled cavity

Tissue

\

Optical fiber scattered photons

a)

Figure 2.7: a) Schematic: the purple arrows show possible reflections and refractions of back-
scattered photons. b) autofluorescence of a bovine intervertebral disc tissue cavity [1] filled
with a PEGDMA-hydrogel and illuminated with a light-probe consisting out of an 18 gauge
needle and a 600 pum fiber.
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The surrounding tissue absorbs light, but it can also reflect and scatter it, which directly alters
the local irradiance and thus photopolymerization (Fig. 2.7b). Photopolymerization, light
source and interactions of tissue/polymer-interfaces with photons were modeled with the
Monte Carlo model presented in section 4 and 5. The energy absorbed (light dose) by the
hydrogel is shown in Fig. 2.8). The tissue cavity was designed arbitrarily using a drawing
software (Illustrator).

tissue

hydrogel

0 0.2 0.4 0.6 0.8 1 1.2
Absorbed light dose (uJ / voxel)

Figure 2.8: Fig. 8 Photopolymerization of a hydrogel within a tissue cavity: a) the hydrogel
precursor (u, = 0.43 cm™!, variable ;) is injected into the cavity. The surrounding tissue is
modeled with an absorption coefficient of 1, = 0.33 cm™! and scattering coefficient ps = 210
cm™!. An optical fiber (violet arrow) is introduced into/next to the cavity (NA=0.22, diameter
600 pum), the color-scale indicates the amount of absorbed energy per voxel. The hydrogel
precursor requires a minimal irradiance of 0.52 uJ per voxel corresponding to a fluence of 520
mJ/cm? for photopolymerization. In a) the probe is placed several millimeters away from the
cavity b) the probe is located next to the cavity wall c) the probe is in the cavity, no scattering
additives are present in the gel (us = 0.000 cm™1) d) low amount of scattering particles (SP) (us
=0.1 cm™}!) e) medium amount of SP (u; = 1 cm™?!) f) high amount of SP (us = 10 cm ™)

The position of the fiber-tip is important (Fig. 2.8a-c). Missing the cavity by a distance of less
than 500 ym (Fig. 2.8b) leads to no significant light dose in the cavity. In c) the polymerized
volume is 38.1 mm? whereas in b) it is only 2.2 mm? and in a) it is 0 mm?2. We observe in Fig.
2.8c) that even if the probe is placed at the right position the low scattering coefficient and the
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high absorption coefficient do not lead to a complete polymerization of the cavity volume.
By adding scattering particles, the scattering coefficient rises (Fig. 2.8c-f) and the amount
of photopolymerized hydrogel can be increased by a factor 4 to 152.4 mm? (Fig. 2.8f) where
the cavity is completely filled with solid polymer. There is an optimal amount of scattering
particles which can be added to the gel. If this amount is too low (Fig. 2.8e) light is scattered
weakly and most of it is absorbed at the cavity edge. We find that a scattering coefficient y; =
10 cm™! leads to an adequate level of scattering that provides a uniformly absorbed light-dose
in the cavity. If the concentration of scattering particles increases further, the light is not able
anymore to reach the edges of the cavity.

2.8 Conclusion

A simle and robust photopolymerization Monte Caro model is presented and applied to the
case where the dimension of the light source is much smaller than the volume of the pho-
topolymerizable hydrogel. The model was validated and compared to experimental results by
using a PEGDMA hydrogel. Good agreement between predicted and actual polymer volumes
and shapes was found. Reflection and refraction effects at solid-liquid-interfaces did not
impact the shape or volume of photopolymerized material. Our in-vitro experiments show
that uniform spherical volumes up to 700 mm? can be photopolymerized in 10 min using
Intralipids, and that by pre-illuminating a hydrogel precursor, a volume of up to 3500 mm?
can be reached. Simulations and photopolymerization experiments inside a cavity filled
with a hydrogel provide insights into the polymer-light-tissue-interactions. We observed that
the probe-position is crucial and that a certain amount of scattering particles increases the
polymerized volume by a factor 4. Furthermore, it is conceivable that a gradient of scattering
particles in the hydrogel is used to tailor the polymerization rates of certain areas and hence
their mechanical properties. Thus, by means of simulations and in situ experiments, this arti-
cle shows the potential for injecting and hardening photopolymerizable, optically scattering
hydrogel-implants through a small diameter fiber thus paving the way for minimal invasively
implanted tissue replacements or scaffolds.
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8] Miniature probe for the delivery and
monitoring of a photopolymerizable
material

This chapter mainly consists of an article published in the journal of biomedical optics [191].
The co-authors are A. Khoushabi, C. Schizas, PE. Bourban, D.P. Pioletti and C. Moser

3.1 Abstract

Photopolymerization is a common method to cure materials initially in a liquid state, such as
dental implants or bone or tissue fillers. Recent advances in the development of biocompatible
gel- and cement-systems open up a new avenue for in situ photopolymerization. For mini-
mally invasive surgery, such procedures require miniaturized surgical endoscopic probes to
activate and control photopolymerization in situ. In this work, we present a miniaturized light
probe in which a photoactive material can be 1) mixed, pressurized and injected 2) photopoly-
merized/photoactivated and 3) monitored during the chemical reaction. The device is used to
implant and cure Poly(Ethylene Glycol) Dimethacrylate-hydrogel-precursor in situ with UVA
light (365 nm) while the polymerization reaction is monitored in real time by collecting the
fluorescence and Raman signals generated by the 532 nm excitation light source. Hydrogels
could be delivered, photopolymerized and monitored by the probe up to a curing depth of 4
cm. The size of the photopolymerized samples could be correlated to the fluorescent signal
collected by the probe and the reproducibility of the procedure could be demonstrated. The
position of the probe tip inside a bovine caudal intervertebral disc could be estimated in vitro
based on the collected fluorescence and Raman signal.

3.2 Introduction

Photopolymerization [171, 172] is widely used to harden polymers in controllable manner by il-
luminating a liquid monomer or an uncured polymer precursor. Initially photopolymerization
was used for coatings, printing, paints, adhesives, optical fibers, etch resist or printed circuits
[174, 175, 176, 173]. It found its way into the biomedical sector where photopolymerizable
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materials are used for dental implants [177], cell encapsulation [178, 132], tissue-replacements
[138, 121], drug delivery [136], implant coatings, bio-glues [62] and microfluidics [130]. One
of the advantages of photopolymerization is that by using light illumination, the initiation and
speed of the polymerization reaction can be controlled actively [192].To monitor photopoly-
merization reactions, methods such as speckle interferometry [161], Raman spectroscopy
[162], transmittance measurements [163], fluorescence spectroscopy [164, 165, 168], UV-, Vis-,
NIR-, MIR-spectroscopy, nuclear magnetic resonance spectroscopy and acoustic monitoring
[166] have been proposed.

However, during minimally invasive, surgical implantation of a photopolymerizable material,
the implant is hardly accessible which makes the methods above difficult to implement. To
our knowledge, there is no report of a system to simultaneously photopolymerize and mon-
itor a photopolymerization reaction in a minimally invasive manner [134]. In certain cases
there is sufficient access to illuminate and monitor polymer injected into a tissue cavity. For
instance in dentistry while placing a dental implant a hole is drilled and the tissue cavity can
easily be filled and illuminated. The monitoring is done by visual and haptic inspection. In
minimally invasive surgery, such as the case of an intervertebral disc replacement, this is more
complicated because of the limited space. Having the means to monitor whether the implant
is well polymerized is essential: the geometry of the tissue cavity is unknown, tissue pieces can
cover the probe tip or the light can be absorbed by blood. All these issues make the effective
polymerization time change at each intervention. Therefore it is necessary to have in situ
photopolymerization monitoring.

We thus report on a method and device that enables photopolymerization in a minimally inva-
sive way and provides in situ monitoring of the photopolymerization state during illumination.
We show that the liquid-to-solid-transition during photopolymerization can be monitored,
which potentially gives the surgeon a real time feedback during a surgery. We developed
a custom surgical probe in which a photoactive material can be 1) mixed, pressurized and
injected 2) photopolymerized/photoactivated and 3) monitored during the chemical curing
reaction. To illustrate the device performance, we report experiments of hydrogel samples
implanted into a bovine intervertebral disc model.

3.3 insituPhotopolymerization Monitoring

Figure 3.1a) illustrates the probe concept: A cannula or catheter containing an optical light
guide is inserted into a living tissue. In the empty space around the optical fiber, a liquid
polymer precursor is injected which flows out to the distal end of the cannula to fill a tissue
cavity, such as the degenerated core of an intervertebral disc. The polymer precursor is
photopolymerized by light brought by the optical fiber. The photopolymerized, solid volume
will grow gradually over time. In order to homogenize the light distribution in the volume,
scattering particles are added to the photopolymer. In figure 3.1b) the principle of in situ
photopolymerization monitoring is illustrated: a second beam of light is sent through the
optical light guide. This monitoring light can be reflected, backscattered by the liquid or solid
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Figure 3.1: Schematic illustration of a probe for a) in situ photopolymerization and b) in situ
photopolymerization monitoring. In a) polymer precursor (orange) is injected into a tissue
cavity and illuminated with a UV light for photopolymerization. Scattering particles enhance
amount of photopolymerized polymer (violet) by homogenizing the light in the volume. In b)
a second beam of light is used to monitor the polymerization reaction. This monitoring light
can be reflected or backscattered by the polymer directly (1), the surrounding tissue (2) or via
the scattering particles (3).

polymer or the surrounding tissue. The scattering particles further allow collecting photons
which originate from positions outside of the illumination cone of the light guide (e.g. figure
3.1b, number 3). This light is then collected by the same light guide and then detected on the
proximal side to provide an electronic signal. We expect that the intensity and the spectrum of
this signal provide information about the current photopolymerization state in real time and
in situ.

3.4 Surgical Device for Injection, Illumination and Monitoring

In figure 3.2, the illumination and detection system as well as the custom surgical probe are
presented. The illumination system consists of two arms that are combined by a dichroic, long
pass filter at 400 nm and coupled in a multimode fiber (600 um core, Polymicron Technologies,
FVPE60060710/2M) to provide an illumination source for photopolymerization (LED source
at 365 nm, Nichia, NCSU033B) and a source for monitoring the photopolymerization reaction
(laser source at 532 nm, CNI Technology, MSL-FN-532). The optical fiber is inserted into the
surgical probe (lower right picture). Within the surgical injection probe, the fiber and the
liquid polymer-flow are combined. At the distal tip of the probe, the liquid polymer surrounds
the fiber flowing in the interspace between the fiber and the cannula wall . A pressurization
joint and an integrated Luer-Loc connector ensure that the polymer can be injected at high
pressures (up to 50 MPa) without any backflow. During illumination, back-scattered and
reflected photons are collected at the distal end of the illumination fiber and back-propagated
trough the fiber (as illustrated in fig. 3.1b). The dichroic, long pass filter (550 nm) separates
the illumination light from fluorescence and Raman signal generated by the illuminated sam-
ple. The band pass filter (532 nm) filters out the excitation laser light and the spectrometer
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(Princeton Instruments, Acton SP2300) records the fluorescence and Raman spectra of the
sample.

band pass 532 nm ’

e
Light intensity [A.U.]

polymer

N i
flow

Wavelength [nm] Ty, .~
long pass 550 nm K .

cannula

LED source
(365 nm)

lens long pass 400 nm
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Figure 3.2: Schematic illustration of the illumination and detection system. The sample is
illuminated with a LED light source (365 nm) to photopolymerize the injected photoreactive
precursor and with a green light source (532 nm) to monitor photopolymerization. The
spectrometer records the back-scattered fluorescence and Raman spectra. The distal tip of
the device consists of a cannula containing the optical fiber and a circular chamber to inject
the liquid photopolymer.

Throughout photopolymerization, the spectrum of the backscattered light changes. The
evolution of the spectrum intensity is described using a function F that depends on time t and
the wavelength w:

F(w, 1) 3.1)

Let’s denote by index i, the frequency position of the i’" spectral peak in the spectrum (e.g. a
peak at 600 nm).

Fi(t) = F(w;, 1) (3.2)
Critical values F.; can be defined which indicate that the photopolymerization reached a
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critical threshold after time T:
Fei=F(w; T,) (3.3)

A critical threshold could be for instance a 90% conversion from un-cured precursor to cured
network. The polymerization is stopped once such a critical value is reached.

3.5 InsituPhotopolymerization Monitoring Results

Two types of polymer materials were chosen for in situ tests: 6 kDa Poly(Ethylene Glycole)
Dimethacrylate, so called PEGDMA was synthesized 25, and samples 1. with and 2. without
Nano-fibrillated cellulose (NFC) fibers (EMPA, Switzerland) were prepared. The cellulose
fibers act as scattering particles which leads to a more uniform distribution of the light in the
hydrogel. On the other hand, they also strengthen the polymer-matrix, acting as a reinforcing
fiber composite. Irgacure 2959 (BASE Germany) was used as photoinitiator. The used concen-
trations are indicated in table 3.1.

Table 3.1: Preparation of PEGDMA hydrogel samples

Sample PEGDMAG6kDa NFC Irgacure2959 PBS

(Wt%] [wt%] (Wt%] (Wt%]

1. Neat hydrogel 10 0 0.1 89.9

2. Composite hydrogel 10 0.72 0.1 89.18

The tip of the probe was immersed into a large volume of polymer precursor (fig. 3.3a) and
the samples were illuminated with UVA light (365 nm, 3.4 mW) and green light (532 nm, 13.3
mW). A spectrum was recorded every 15 seconds. To reduce noise, the exposure time was
set to 10 seconds. The experiment was stopped at different time-intervals to evaluate the
volume of photopolymerized PEGDMA hydrogel. As a hydrogel is a water-based polymer, the
Raman/fluorescence signal of water is used as a reference signal. This signal does not change
during photopolymerization.

As a baseline reference, the spectrum shown in fig. 3.3a) was recorded during immersion
of the probe into a phosphate buffer solution (PBS, i.e. water). The first peak at 532 nm is
due to the linear scattering and reflections of the excitation beam. Between 532 and 580 nm
the silica Raman bands of the fiber are present with their double peak around 540 nm (~ 450
cm™') and four smaller peaks between 550 and 580 nm (~ 600 - 1200 cm ™). Between 580 nm
and 700 nm the signal is dominated by fluorescence. No Raman signal of the water can be
seen between 625 nm and 658nm (2800 cm ™! and 3600 cm™!). Between 700 and 780 nm the
spectrum originates from the 365 nm LED itself.
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Figure 3.3: Liquid samples were illuminated with a 600 ym fiber. a) back-ground signal
recorded when immersing the probe into water. b) spectra over time during photopoly-
merization of a PGDMA sample. c) the change in intensity over time for different samples
measured at 580 nm without NFC fibers and d) with NFC fibers. e) resulting volumes after
photopolymerization without NFC fibers and f) with NFC fibers

In fig. 3.3b) the spectra of a PEGDMA hydrogel during photopolymerization and monitoring is
shown (both the 365 nm LED and the 532 nm laser are turned on). At the beginning (0 min) the
spectrum is not significantly different to water. The hydrogel is transparent. No fluorescence
is induced. Over time the sample starts to solidify, the spectra gradually change and a strong
fluorescence signal centered between 550 and 600 nm appears. A wavelength of 580 nm in the
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spectrum (F;=550,m=f580 (t)) was chosen arbitrarily for monitoring the photopolymerization.
In fig. 3.3c) and 3.3e) a PEGDMA samples without NFC fibers are presented. Hydrogels were
illuminated while the fluorescence at 580 nm was monitored. The samples were retrieved and
photographed. The samples grew steadily up to a final length of 40 mm after 25 minutes (after
25 minutes the polymer growth is limited by the glass container). For the hydrogels without
NFC, we observe that the resulting shapes are irregular and the monitoring signal shows peaks
appearing between 3 and 5 minutes. The peaks’ position varies from sample to sample.

The results of the hydrogels with NFC are shown in fig. 3.3d) and 3.3f). The resulting shapes
are more sphere-like due to the scattering properties of the hydrogel caused by the presence
of the nano fibrils of cellulose. The fluorescence intensity curves are reproducible. We observe
that the inter-sample variance of the signal is smaller for the hydrogel with NFC. During
photopolymerization, the injected liquid material in front of the probe solidifies first. Thus, its
refractive index, particle size and therefore scattering properties change. A change in refractive
index and a higher amount of scattering events increases the backscattered signal collected by
the fiber. This could partly explain the increase in signal around 3-5 min, however it remains
unclear why these peaks decrease after this time before growing again.

The particle size can significantly influences the scattering properties of a material. The critical
particle size is x = 27r/A where r is the particle diameter and lambda the wavelength of the
light. Ifx << 1is true, Rayleigh scattering will occur. Ifx ~ 1 the scattering can be characterized
by Mie’s theory for spherical particles. Other Mie solutions for different shapes such as infinite
cylinders also exist. The size of the NFC fibers has been studied previously using cryo scanning
electron microscopy (cryo-SEM) [169]. However, the results are partially controversial: 1)
the fiber size (diameters and length) were not uniform 2) the fibers also agglomerate. The
filament diameter was estimated to be between a few and ~ 100 nm. Therefore, most probably,
the occurring scattering is a mixture between Rayleigh and Mie scattering. Moreover, the
liquid or solid gel has a white color without any bluish shade, which would occur in the
Rayleigh regime (the scattering intensity is proportional to 1/A*). This indicates that Mie
scattering might be dominant. The hydrogel alone is almost transparent (before, during
and after photopolymerization). After the photopolymerization of the hydrogel the NFC
fiber network remains incorporated within the hydrogel and the fiber orientation remains
unchanged. Therefore, it can be concluded that the scattering properties of the solid or liquid
composite hydrogel should be the same.

To better understand how such a polymer develops in time, the in situ measured fluorescence
signal (via the fiber) was compared to an ex situ fluorescence signal (collected from outside
of the cuvette). The polymerized volumes induce scattering and fluorescence which can be
recorded from outside the cuvette (fig. 3.4a). By applying an intensity threshold to each image
(fig. 3.4b) and counting the pixel values within a relevant area (fig. 4c) the current shape
and an ex situ intensity are generated. At the same time, the in situ fluorescence is measured
using the probe (fig. 3.4e). No significant change of either the ex situ signal or polymerized
sample volume could be observed between 2 and 4 minutes (position of the peak in fig. 3.4e).
Thus, it can be concluded that the peaks occurring during the 3-5 min are not related to the
photopolymerized volume.
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Figure 3.4: The photopolymerized volume is imaged from outside the cuvette (a), a threshold
is applied within a relevant area (b and c¢) and by a pixel count the size and the signal intensity
plotted over time (d). The ex sifu signal does not show any peak between 2 and 4 minutes,
while during in situ monitoring of the same sample such a peak appears (e). In detail evolution
of the sample size and geometry over time (f).

Furthermore, using the ex situ data, the polymer growth is monitored and certain irregularities
of the polymer volume are observed, such as shown in figure 3.3e). In figure 3.4f), a nucleation
is happening locally away from the main volume (red arrow, 5 min). There is an empty or less
dense space in between the main volume and the nucleation (red arrow, 5 min 30 s). Then,
the polymer more distal to illumination fiber starts to form (red arrow, 6 min) and only later
the empty space is closed (red arrow, 7 min).

In the monitoring experiments shown in figures 3-4, the fluorescence signal does not exhibit
a saturation effect. We expect that when the hydrogel is fully photopolymerized, the fluo-
rescence signal should saturate. In the experiments above, the volume of the hydrogel was
large and the UVA exposure time (up to 50 min) was not enough to fully photopolymerize the
whole volume. We thus perform the following experiment with a lower amount of hydrogel
and compare the results with photorheology.

In figure 3.5a), the illuminating fiber was placed at a distance of 500 um away from the bottom
of an optical cuvette (fig. 3.5a). To avoid that the precursor dries out or reacts with air during
illumination, the cuvette was filled with polymer precursor. Some of the illumination light
reaches the volume above the fiber (black arrow) by reflection off the cuvettes’ wall and by
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scattering from the NFC fibers. Finally, the entire volume in the cuvette is cured. Fluorescence
photons generated above the fiber tip can still be collected by the same fiber via reflection
and scattering (dotted arrow). Fig. 3.5b and c) show the cured sample with fiber tip at 365
nm (illumination light) and at 532 nm (monitoring light). Figure 3.6d) shows the time de-
pendence the fluorescence spectrum at three monitoring wavelengths. We observe that the
signal intensity starts to saturate after approximately 120 minutes. We then compare this time
scale with a photorheology measurement (fig. 3.5e). The illumination in the photorheology
apparatus is uniform across the area of the hydrogel (illumination intensity: 5 mW / cm?). The
thickness of the hydrogel is 500 pm. The chemical conversion can be associated to the elastic
modulus [193] which is measured using the cyclically rotating plate. The curve saturates after
20 minutes. The difference in saturation time comes from the illumination geometry. In the
case of the fiber, the illumination area is small (0.28 mm?) and light needs to be scattered to
reach the volume whereas in the photorheology apparatus, the whole volume is illuminated
with the same intensity at once.
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Figure 3.5: Saturation of the monitored fluorescence signal. The fiber tip was placed at 500 ym
from the bottom of an optical cuvette containing the liquid PEGDMA-NFC hydrogel (a). The
UVA light (b) and visible light (c) are distributed within the entire volume. d) the monitoring
signal, measured at three different wavelengths starts to saturate after approximately 120
minutes. e) photorheology of a 500 um layer of hydrogel to measure the elastic modulus
during solidification.

This experiment shows that the fluorescence measurement exhibit a saturation effect that
might be attributed to a solidification of the whole volume. However, we cannot exactly
monitor a specific conversion state at a given position in the polymer. Figure 3.5 indicates
that the device can still monitor changes of the material which occur up to 10 mm away from
the probe tip only using back-scattered photons. Yet, there is no information about a specific
position. The overall collected backscattered fluorescence gives an average over the sample
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and we correlated the change in fluorescence with the actual polymerized volume. To retrieve
more specific information it would be necessary to emit and collect light at different positions
(e.g. using a multicore fiber). Based on the recorded signal and by using a model, for instance
Monte Carlo, a conversion rate at a given position could be calculated.

In practice, the surgery time is strongly limited and it would not be possible to illuminate a
sample during 120 minutes. Thus, to further improve the photopolymerization of an injectable
implant, either the illumination power can be increased or a more efficient photoinitiator
could be use. However, it is also not necessary to achieve a full conversion of the polymer
precursor to have sufficient mechanical strength. Conversions of 30 or 50 % might already be
sufficient to achieve a sufficiently cured material [194].

As PEG-base gels usually swell when immersed into water or PBS [195] the increase in volume
could also be attributed to swelling and not photopolymerization. Yet, the impact of dissolved
PEG molecules on the ionic strength of the solvent is much higher than the impact of dissolved
ions in the PBS (Na™, CL~, K, POi_, etc.). Therefore, whether PEG is dissolved into water
or PBS the resulting solution will be governed by the PEG-solute. As the hydrophilic PEG
backbone is the driving swelling force, the hydrogel swelling will not change throughout the
photolymerization reaction because the PEG backbone itself does not change. Therefore the
osmotic pressure within the solid and the liquid will be the same at any time of the reaction,
even independent on whether the hydrogel was prepared with water or PBS. However, this
is only true for an isolated system, if the PEG is photopolymerized within a tissue cavity for
instance, there will be an osmotic pressure difference between tissue and hydrogel. The
hydrogel may attract water from the tissue or vice-versa. In the first case the hydrogel will
swell and exert a pressure onto the cavity wall. The second case results in contraction of the
hydrogel and a negative pressure.

3.6 invitro photopolymerization monitoring

To further evaluate the probe, the PEGDMA-NFC hydrogels were implanted into intervertebral
discs. Bovine tails were obtained from a local slaughter house. Following dissection, papain,
an enzyme which degenerates the core of the intervertebral disc, was injected in the IVD
(100-200 pl, 100 U/ml) and each disc was cultured in an incubator (medium: Dulbecco’s
Modified Eagle’s Medium with 10 % Fetal Bovine Serum and 1 % L-Glutamine) during 7 days.
The surgeries were performed through a 19 gauge needle (outer diameter: 1.07 mm, inner
diameter: 0.69 mm) connected to the probe (fig. 3.6). The PEGDM-NFC hydrogel was injected
and then illuminated. During surgery the position of the needle’s tip needs to be located in
the middle of the IVD (in the void). If the light emitting needle tip is covered by a tissue layer,
most of the emitted light will be absorbed in the tissue and not in the hydrogel. In figure 3.6a)
an intervertebral disc is illuminated at 532 nm only. This wavelength does not induce any
photopolymerization and the space inside the IVD is probed at different positions. If the tip is
placed in front of a tissue layer (position 1 & fig. 3.6d), the scattering is almost as important as
the Raman peak of the silica fiber. The signal decreases if the probe is placed at the side of the
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Figure 3.6: PEGDMA hydrogel is injected into a bovine intervertebral disc. a) the probe is
used in a monitoring-only-mode at 532 nm, number (1)-(4) denote different probing positions.
b) and c) the UVA light (365 nm) is switched on to photopolymerized the injected sample.
The different positions (1)-(4) were evaluated: d) at the front of the intervertebral disc, e)
at the side, f) at the back without hydrogel and g) in the middle with hydrogel. h) in vitro
photopolymerization monitoring: a spectra over time from 0 to 45 min (black arrow). i)
fluorescence intensity is tracked in function of wavelength over time.

intervertebral disc (position 2 & fig. 3.6e) or at the back of the intervertebral disc (position 3
& fig. 3.5f). When the PEGDMA hydrogel is injected, tissue scattering is further decreased
because the space in front of the tip is filled with the hydrogel (position 4 & fig. 3.6g). The
hydrogel is then activated by switching on the UVA light (fig. 3.5b and c). Although the tissue
scattering background signal is present, the intensity of the backscattered signal develops (fig.
3.6h) in a similar way as predicted by in sifu monitoring in a simple cuvette (fig. 3.3d). The
intensity measured at different wavelengths (F;=595.600:650nm) increases steadily, indicating
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that the injected hydrogel is photopolymerizing (fig. 3.5i). The critical value F.;, which
indicates a given volume of solid hydrogel can be tabulated for a given volume of injected
polymer. For instance for a cavity size of 5 mm (diameter) F.; would be set at 1.5 x 10° (fig.
3.3 d,f) assuming that the illumination intensity is kept constant. Another option is to define
F. i as arelative value such as F¢ ;e1arive=Fi=595nm/F j=540nm) . In this case F,relative would
be set at ~ 0.53 (~ 2 x 10° / 3.8 x 10°) for the same 5-mm-cavity (fig. 3.3 d). Look up tables can
be integrated into the device architecture and the values can be adapted depending on the
size of the cavity or the injected volume, the illumination power, the injected polymer and the
type of surrounding tissue.

3.7 Conclusion

We showed that photopolymerization of PEGDMA can be monitored by fluorescence spec-
troscopy. Although PEGDMA is transparent to the eye (without NFC) and the used hydrogel
solution has a water content of around 90%, the fluorescence light contains enough spectral
information that changes as a function of UV illumination time. We have experimentally
correlated and quantified the photopolymerized volume growth with the fluorescence signal.
If was found that the fluorescence signal increases during the crosslinking reaction. We have
demonstrated that the custom probe and transportable photopolymerization monitoring
device is functional in an in vitro bovine intervertebral disc. The underlining physics including
scattering anisotropies and swelling behavior of the hydrogel during photopolymerization
need to be further investigated. This monitoring probe and system could potentially be used
as a mean to control the polymerization state for in situ and in vivo placed implants or drug
delivery systems in field of orthopedic or cardiovascular surgery, oncology or dentistry. This
work also shows the need for more effective and faster photoinitiators.
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A photopolymerized composite hydro-
gel and surgical implanting tool for a
nucleus pulposus replacement

This chapter mainly consists of an article under review in Biomaterials. A. Khoushabi devel-
oped the implantation material and is also a first author of the article. The co-authors are D.
Frauchiger, B. Gantenbein, C. Schizas, C. Moser, PE. Bourban and D.P. Pioletti.

4.1 Abstract

Nucleus pulposus replacements have been subjected to highly controversial discussions over
the last 50 years. Their use has not yet resulted in a positive outcome to treat herniated disc
or degenerated disc disease. The main reason is that not a single implant or tissue replace-
ment was able to withstand the loads within an intervertebral disc. Here, we report on the
development of a photo-polymerizable poly(ethylene glycol)dimetacrylate nano-fibrillated
cellulose composite hydrogel which was tuned according to native tissue properties. Using a
customized minimally-invasive medical device to inject and photopolymerize the hydrogel
in-situ, samples were implanted through an incision of 1 mm into an intervertebral disc of
a bovine organ model to evaluate their long-term performance. When implanted into the
bovine disc model, the composite hydrogel implant was able to significantly re-establish disc
height after surgery (p < 0.0025). The height was maintained after 0.5 million loading cycles
(p < 0.025). The mechanical resistance of the novel composite hydrogel material combined
with the minimally invasive implantation procedure into a bovine disc resulted in a promising
functional orthopedic implant for the replacement of the nucleus pulposus.

4.2 Introduction

The impact of low back pain on society is tremendous [3]. The economic burden was esti-
mated to be up to 355 $ per capita and annum for direct costs and 507 $ for indirect costs
[8] which results in a total of 200 billion per annum for a country such as the United States
of America [9]. In its early stage, low back pain with or without sciatica is addressed with

43



Chapter 4. A photopolymerized composite hydrogel and surgical implanting tool for a
nucleus pulposus replacement

conservative treatments such as physical therapy or medication [196, 197]. In a later stage,
decompression surgery might be warranted [198] and in the case of disc herniation a more
invasive procedure such as discectomy is undertaken [131]. For persisting pain due to disc
degeneration fusion of one or several spinal segments might become necessary [38]. The
reasons for more severe surgery are mainly disc protrusion and herniation, degenerative disc
disease [199] and spondylolisthesis [200]. For all these conditions, the range of motion of the
spinal segment increases which leads to a segment instability and pain [201].

The ideal solution is a stabilization of the joint by reinforcing the degenerated or missing
tissue of the nucleus pulposus (NP) [202] which is the core of the intervertebral disc (IVD).
However, up to date, all implantation attempts with a NP replacement material have failed due
to extrusion, expulsion or subsidence of the implanted material [46, 41]. The required material
properties have been subject of controversial discussions over the last two decades. The
current, general consensus is that more mechanically resistant materials need to be developed
[203, 89, 204]. What is clear, is that a material needs to be implanted in a minimally invasive
manner to avoid damaging existing tissue [203]. It also needs to re-establish disc height
without destroying the endplate [202, 89] and should not extrude when the spinal segment is
cyclically loaded [46, 205]. We propose an implant solution based on a photopolymerizable
material. The low viscosity of the material is ideal for injecting it through a small capillary and
for flowing into tissue interstices. The capillary also guides the curing light, thus providing an
original solution for minimal intrusion and optimal control.

Photopolymerized implants first appeared more than 50 years ago in dentistry [206] where the
initiation of the photopolymerization reaction by light was a significant advantage in terms
of control and integration into enamel. Recent advances in water-based and biocompatible
materials which allows photopolymerization of volumes of several cm3, open a new avenue for
in situ photopolymerized implants for orthopedics [207], oncology [208] and ophthalmology
[209]. Especially, photopolymerized hydrogels provide promising solutions for tissue replace-
ments [134]. However, despite the large body of work in photopolymerized hydrogels, none
of them to our knowledge, has the performance required for a NP replacement, and there
are no devices available for controlled, minimally invasive placement of photopolymerized
hydrogels.

Hydrogels lack structural strength, and thus are not adapted to cases of high mechanical
stress, such as in the IVD [129]. Conventional methods to improve the hydrogel stiffness, such
as increasing the cross-linker density, usually result in a loss of strength and water content
[210, 211, 129]. Different hydrogel designs have been proposed to tackle this issue [210, 212]
such as slip-link hydrogels [213] and double network hydrogels [214]. Although these methods
result in significant improvement of stiffness and toughness, their long and/or sequential
preparation makes in situ curing impractical. The use of a composite hydrogel is an alternative
approach. Composite hydrogels combine the high stiffness and strength while preserving the
one-step hydrogel preparation. The composite material retains the short curing time making
the composite material suitable for in situ insertion. Minimally invasive photopolymerization
has been achieved is situ by transdermal illumination [215] and irradiation through the walls
of blood vessels [216]. To achieve the photocuring deeper within tissue, methods and devices
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need to be developed.

Photopolymerized poly(ethylene glycol)dimethacrylate (PEGDMA) has been widely investi-
gated for biomedical applications such as cell encapsulation [217], tissue engineering [218]
and drug delivery [219]. PEGDMA is highly hydrophilic and the resulting hydrogel properties
are tunable by changing the polymer’s molecular weight and water content. Cellulose fibers
showed to be a promising composite material for the reinforcement of the polymeric matrixes
[220, 221]. The use of cellulose fibers to reinforce the hydrogel matrix is advantageous because
cellulose is biocompatible and its addition only slightly influences the equilibrium water
content [222]. Recently, in a separate study, we have shown that nano-fibrillated cellulose
(NFC) fibers also have a positive impact onto the bio-optical scattering properties of a hydrogel
which results in a more efficient and homogenous curing during light illumination [185].

In this study, we have prepared and tested a customized photopolymerizable composite hy-
drogel composed of PEGDMA and NFC. The relative concentration of reinforcement and
molecular weight of polymer in the composite hydrogel can be tuned to match closely the
properties of the NP native tissue. We further hypothesize that by injecting the liquid precur-
sor and activating it through photopolymerization, the tissue integration of the implanted
material is strongly enhanced.

4.3 Materials and Methodes

A hydrogel was first tailored to match the properties of native NP tissue in terms of elasticity
and water content. A selected hydrogel was then evaluated against native bovine NP tissue
during specifically designed functional tests: 1) confined compression was done to avoid
subsidence into the IVD endplate, 2) the hydrogel’s swelling pressure was tested to be able
to re-establish disc height and 3) an extrusion test was performed to evaluate the hydrogel’s
resistance to extrusion or expulsion. Following material testing, a surgical injection, illumina-
tion and monitoring device was developed and applied to implant the composite hydrogel
into an ex vivo bovine IVD organ culture model.

4.3.1 Sample preparation
4.3.1.1 PEGDMA synthesis

PEGDMA was synthesized according to the description by Lin-Gibson et al. [185]. Poly(ethylene
glycol) with molecular weights of 6 and 20 kDa and triethanolamine (99%) were purchased
from Sigma Aldrich, Buchs, Switzerland. Poly(ethylene glycol) was dried by the aid of dean-
stark distillation. Extra dry dichloromethane (99.8%) and diethyl ether (99.5%, extra dry over
molecular sieve) were purchased from Acros, Basel, Switzerland. Dried poly(ethylene gly-
col) (20 g) was dissolved in 60 ml dichloromethane. Methacrylic anhydride (303 mg) and
triethanolamine (462 mg) were added to the solution and the methacrylation was carried out
under dry argon flow. After five days, the solution was precipitated in diethyl ether, filtered
and dried overnight in vacuum at room temperature. The H-NMR spectrum revealed a 74%
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and 90% degree of methacrylation for the PEGDMA 6 and 20 kDa respectively.

4.3.1.2 NFC preparation

Cellulose pulp (bleached softwood pulp, elemental chlorine free) with a residual chlorine
content of 0.4 wt% was purchased from Zellstoff Stendal, Arneburg, Germany. Cellulose
pulp was fibrillated with a high-shear homogenizer by pumping the suspension through two
consecutive chambers with diameters of 400 and 200 ym (i.e., H230Z 400 ym and H30Z 200
pm, respectively) for 12 passes. The resulting NFC suspension was concentrated with the
aid of centrifugation (5’000 rpm, 25°C, three times during 15 min). According to cryo-SEM
images the NFCs diameter was in the range of 2-100 nm and their length in the range of a few
micrometers.

4.3.1.3 Composite hydrogel preparation

Phosphate buffered saline (PBS, pH 7.4) was purchased from Gibco, Basel, Switzerland and
4-(2-hydro- xyethoxy) phenyl-(2-hydroxy-2-propyl) ketone (Irgacure 2959) was purchased
from BASE Basel, Switzerland. PEGDMA powder (10 wt%) and NFC (0.5 vol%) were added to
PBS. The PEGDMA was dissolved by keeping the solution in 37°C water bath for 15 min and
the photoinitiator. Irgacure 2959 (0.1 wt%) was added to the suspension. The suspension was
then homogenized by ultra turex (IKA T25 digital, SN 25 10G, Staufen, Germany) for 20 min
in a dark chamber. The homogenized suspension was degassed at a pressure of 20 mbar. In
order to characterize the hydrogel properties, the precursors were cast in plastic molds with
a diameter of 8 mm and height of 4 mm, covered by microscope slides and illuminated by
monochromatic 365 nm ultra violet lamp (AxonLab, Baden, Switzerland) with an intensity of 5
mWcm ™2 during 30 min.

4.3.1.4 Sample sterilization

The photoinitiator solution and the PEGDMA dissolved in PBS were passed through the 0.22
pm filter (Millex®GS, Millipore Corporation, Bedford, MA). NFC were autoclaved and the NFC
solution was sterilized by UV light illumination during 30 min.

4.3.1.5 Nucleus pulposus preparation

IVDs were isolated from bovine tails (age < 1 year old) obtained from a local abattoir. The
endplates were removed surgically and the discs immediately frozen. An 8 mm surgical biopsy
punch (Stiefel, Brentford, United Kingdom) was used to extract the frozen NPs from the IVDs.
To unfreeze the samples, they were put in a closed plastic bag during 5 to 10 min to avoid any
evaporation of water.
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Figure 4.1: Customized compression setups: a) unconfined compression setup in which the
sample’s area and applied load can be measured simultaneously using a transparent casing
and an optical tracking system, b) confined compression setup for swelling pressure assays, c)
extrusion setup for tissue extrusion d) bioreactor for long-term incubation and testing f) live
IVD organ culture within the bioreactor chamber.

4.3.2 Material characterization tests

4.3.2.1 Water content evaluation

Hydrogels and NP weights were measured after swelling in PBS (W;) and after 2 days of
drying (W) in a vacuum oven (40 °C). The water content was then calculated from: 100 x
(Ws'Wd)/ Ws-

4.3.2.2 Unconfined compression

Mechanical properties of the swollen hydrogels and NP were characterized under displacement-
controlled monotonic loading (1 mm/min) until reaching 80% compressive engineering strain

of the sample. Measurements were performed with an Instron E3000 linear mechanical testing

machine (Norwood, MA, United States). As illustrated in fig. 4.1a, the samples were placed in

a chamber filled with PBS during compression. A transparent substrate and a high-resolution

camera were employed to measure the sample’s area throughout the test. With the measure-
ment of the deformation area, the stress-strain curves were calculated. The elastic moduli

were calculated as linear extrapolations of the true stress-strain curves in the linear range of

0.15 - 0.25 strain.
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4.3.2.3 Confined compression

A custom-made confinement setup with a porous upper and lower plate (fig. 4.1b) was used
to compress the samples. The used rate was 10 mm/min. The porous upper and lower plates
were covered additionally with filter paper (11 ym, grade 1, Whatman, Kent, United Kingdom)
in order to avoid any type of extrusion through the holes of the porous plate.

4.3.2.4 Swelling pressure

To evaluate the swelling pressure, a pre-load of 0.15 N was applied and the corresponding
displacement represented the zero position. The chamber (fig. 4.1b) was filled with PBS and
the load was monitored while keeping the displacement constant. A preliminary 48 h test
showed that all the samples reach the equilibrium pressure after 8 h, thus all the tests were
done over a period of 8 h. The initial load of 0.15 N was subtracted and the swelling pressure
calculated as the average pressure during the last hour of the test.

4.3.2.5 Extrusion

Samples were compressed at a rate of 1 mm/min until they extruded through the hole in the
lower plate (fig. 4.1c). Plates with different diameters of 0.5, 0.7, 1, 1.5 and 2 mm were used.
The maximally applied pressure before the sample’s extrusion was reported as the extrusion
pressure.

4.3.3 Cytotoxicity

For a clinical application it is crucial to make an injected hydrogel visible under X-ray. Thus,
155.2 mg/ml of Iodine (Iopamiro®300, Bracco Suisse SA, Manno, Switzerland) were added
to the liquid hydrogel precursor. Liquid precursor before illumination and solid hydrogels
after illumination were evaluated. For liquid samples, cells (50’000 cells/cm?) were placed
in a 48 well plate and 250 ul of precursor at different concentrations (1% to 50%) and 250
ul of cell culture medium were added. For solid hydrogels, cylindrical samples (¢: 8.4 mm,
height: ~ 8 mm) were photopolymerized during 30 min (LED light at 365 nm), placed in petri
dishes (¢p: 35 mm) on top of cells (100’000 cells/cm?) and fixed with clamps to assure contact
during incubation. After four days of incubation the hydrogels were retrieved to perform a
Live/Dead® (Molecular Probes) assay. EthD-1 (4 uM) and Calcein (2 uM) were added (200 ul
for 48 well plates and 1 ml for 35 mm petri dishes) and the samples incubated during 40 min.
For imaging samples were existed at 495 and 544 nm.
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Figure 4.2: To measure the disc height, the disc is compressed using the sterilized caliper,
(manually a short and high compressive force is applied: the disc should deform elastically) the
caliper is released and the disc height is measured in the relaxed state (a). Four measurements
are taken and averaged (b). The diameter of the disc is measured once after isolation in two
directions using the same method. A special cutter is used to cut discs in the middle for
histology (c).

4.3.4 Implantation of the hydrogel into an organ model
4.3.4.1 General protocol

To test the performance of the composite hydrogel as a potential NP replacement, we used
bovine ex vivo IVD organ culture models, which have been proven to be a adequate option [1,
223]. Bovine caudal discs showed to be similar to human IVDs in terms of size, biomechanical
behavior and biology [224, 225]. Figure 4.3 illustrates the protocol which was used to prepare
the IVD organ model and to evaluate the implanted photopolymerized composite hydrogels.
The success of a NP replacement can be evaluated by measuring the height of an IVD during
cyclic loading [226, 227]. To evaluate the performance of the implant, the height of the implant
was measured at four different “states”: 1) healthy state (after disc isolation), 2) pre-operative
state (degenerated disc), 3) post-operative state (repaired disc after hydrogel injection and
photopolymerization) and 4) state during follow up (disc after cyclic loading). For each state,
the organ height was measured by a caliper according to the method presented in fig. 4.2.
Before performing the measurement, a preconditioning was performed on each sample to
assure inter-state comparability (red boxes in fig. 4.3). The results were all normalized to the
healthy disc state.

4.3.4.2 Organ model preparation

Fresh bovine tails (animal age < 1 year old) were obtained at a local abattoir. IVDs were
isolated according to the previously described protocol [1, 228]. Briefly, to create the degen-
erated IVD model, papain (Sigma Aldrich, Buchs, Switzerland) was injected into the discs at
a concentration of 100 U/ml. A buffer was prepared with 55 mM Na-Citrate, 150 mM NaCl
and 5 mM EDTA in 400 ml H20. The pH was set to 6.0 and the volume was adjusted to 500 ml
with H,O. Before injection, the papain solution was prepared by adding 5 mM of Cysteine-HCl
and papain (100 U/ml) to the buffer. Between 100 to 200 ul of Papain solution were injected
via a 25 Gauge needle (outer diameter 0.51 mm) into each disc and the injection position was
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Figure 4.3: Testing protocol and predicted evolution of IVD disc height during degeneration,
surgery and loading. Discs were isolated at day 1, Papain was injected at day 2 to induce
the degeneration of the IVD over an incubation period of 6 days (day 2-8), the composite
hydrogel was implanted at day 8 followed by a 6 day cyclic loading period (day 9 - 15) and
then evaluated using histology at day 16. All states (four red boxes) were compared between
each other: healthy state (after disc isolation; disc height: h1), pre-operative state (impaired
and degenerated organ; disc height: h2), post-operative state (repaired; disc height: h3) and
state during follow-up (after cyclic loading; disc height: h4). Before evaluating the height of
an IVD in one state the specimen was conditioned by a 12h free swelling (FS) and a 2h cyclic
compression (CC).

marked by a surgical thread. The injected discs were incubated (37 °C, 0.5 % CO2) during 6
days to digest the NP and form the cavity.

4.3.4.3 Surgery device for injection, photoactivation and reaction monitoring

To perform surgeries in a minimally invasive manner, a surgical device with the following
functionalities was developed: 1) pressurization and injection of the liquid hydrogel, 2) illu-
mination and photoactivation of the hydrogel and 3) reaction monitoring of the photopoly-
merization reaction. This was achieved by building a customized probe which combines an
injection and an illumination channel at the same time. The sample is illuminated with UVA
light at 365 nm (photopolymerization) and visible light at 532 nm (monitoring). A combination
of fluorescence and Raman spectroscopy is used to track the photopolymerization reaction in
situ. A more extensive description of the probe and the device is presented here [229].

4.3.4.4 Surgical procedure

A 19 Gauge needle (outer diameter 1.06 mm) containing the optical fiber (600 um core, NA of
0.22, Polymicron Technolgies, Phoenix, AZ, United States) was connected to the customized
probe. The area between the optical fiber and the needle was used for injection. The composite
hydrogel was injected at the same location as the Papain previously. The precursor was then
illuminated during 45 minutes using the LED light (365 nm, Nichia, Tokyo, Japan) butt-coupled
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to the proximal end of the optical fiber.

4.3.4.5 Bioreactor loading parameters

Each preconditioning (red boxes in fig. 2) consisted of a 12 h free swelling (FS) phase and 2 h
cyclic compression (CC) phase (1 Hz, 0.1-0.2 MPa). During the incubation phase (day 2 to 8)
the IVDs were left under free swelling condition. During the cyclic compression phase (day 9
to 15) the samples were cyclically loaded (0.2 Hz, 16 h per day at 0.1-0.2 MPa and 8 h per day
at 0.075-0.05 MPa).

4.3.4.6 Histology

Histology was done on day 16 i.e at the end of the cyclic loading. Each IVD was cut on the
transverse plain using a specifically designed cutter (fig. 4.2c). After removal of the endplates
by a scalpel, samples were frozen and sliced along the sagittal plain by a microtome (Leica
CM3050 S, Leica Microsystems, Heerbrugg, Switzerland). Due to the high water content of the
hydrogel (< 90 wt%), the slice thickness was increased to 100 um. Tissue sections were placed
on a cover slip and fixed in 10 % formalin solution (Sigma Aldrich, Buchs, Switzerland) during
15 min. Sections were then stained with Hematoxyline & Eosin (H&E) solution and mounted
with xylene-based glas”™ medium (Sakura, Horgen, Switzerland). A light-transmitting micro-
scope (Axiovert 100, Zeiss, Feldbach, Switzerland) was used for imaging. The magnification of
the objective was 20x.

4.3.5 Statistics

All values are presented as mean (+ standard deviation). The statistical data analysis was done
using Matlab (Mathworks, Natick MA, United States). Un-paired t-tests were used to compare
different populations. For populations which changed over time (e.g. the organ model), paired
t-tests were used for comparison. The population size (n) was always between 3 and 5 samples.
P < 0.05 was considered as a significant result (denoted as *). P > 0.05 was considered as a
non-significant result (ns). P < 0.01 was denoted as ** and p < 0.001 as ***.

4.4 Results

4.4.1 Hydrogel design and selection

The material selection was done iteratively by comparing equilibrium water content, ultimate
rupture strain and elastic modulus of native NP tissue and candidate hydrogels (fig. 4.4). The
hydrogel properties were tuned by changing the cross-linker density and concentration of
NFC reinforcement in order to achieve high deformability and strength.
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Figure 4.4: Hydrogel properties tuning in function of a) modulus, b,c) maximal rupture stain
and d) water content. Development step 1 (in red): PEGDMA 6 kDa hydrogel has a similar
modulus (a) and water content (d) as the NP, but fails at a strain of 63% (b). Step 2 (in red):
The PEGDMA molecular weight was increased to 20 kDa in order to improve the hydrogel
deformability (c), however this hydrogel shows a lower modulus (a). Step 3 (in red): This
hydrogel was then reinforced with 0.5 vol% NFC fibers to reach the desired modulus (a) while
keeping the same deformability and high water content of the NP (d).

The photopolymerizable PEGDMA hydrogel with the molecular weight of 6 kDa had a modulus
and water content similar to the NP. However, this hydrogel failed under compression at a
strain of 63 % and a stress of 220 kPa (fig. 4.4b — development step 1). The hydrogel cross-
linker density was then reduced by increasing the PEGDMA molecular weight from 6 kDa
to 20 kDa which improved the hydrogel’s ultimate rupture strain (fig. 4.4c — step 2). The
resulting hydrogel was able to withstand the maximally applied strain level of 80 % and had
5 wt% higher water content. Yet, this improvement in deformability was associated with a
loss in elastic modulus (fig. 4.4a,d — step 2). To compensate for this loss, the material was
strengthened using the NFC as reinforcement which increased the material’s stiffness and
toughness while keeping the high equilibrium water content (fig. 4.4a,d - step 3). Figure 4.4a,
illustrates the stress-strain curve of the PEGDMA 20 kDa reinforced with 0.5 vol% of NFC. The
composite hydrogel achieved a targeted modulus range of the tissue (150 kPa), reached high
water content (> 90 wt%) and withstood the maximum applied strain of 80 % without failure.
This composite hydrogel was chosen for further tests directly associated to the function of the
implant.

4.4.2 Functional testing

The confined compressive behavior, swelling pressure and extrusion properties are specific to
the organ or implant function of the IVD or the NP tissue replacement. Both native tissue and
composite hydrogel resisted pressures up to 3.5 MPa in confined compression (fig. 4.5a).
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Figure 4.5: The three functional tests done in order to evaluate the PEGDMA-NFC composite
(PEGDMA A20 kDa with 0.5 vol% NFC) in comparison to native nucleus pulposus tissue (a)
confined compression stress-strain curves that evaluate the samples confined behavior similar
as within the real intervertebral disc tissue, (b) swelling pressure which directly affects the
disc height after implantation and (c) the maximum tolerated stress before extrusion which
assesses the sample’s resistance to extrusion and expulsion.
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Figure 4.6: Live/Dead assay using human nucleus pulposus cells. Red box (a - g) liquid
un-polymerized precursor on cells. h) and i) solid polymerized hydrogel on cells.
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No significant difference was observed between the composite hydrogel and the native NP
tissue at each level of deformation (0.20 < p < 0.84). The equilibrium swelling pressure of
the NP and the composite hydrogel were 78 (+8) and 83 (+6) kPa respectively (fig. 4.5b). No
significant difference was found (p = 0.69). The extrusion data illustrates that the native NP
tissue is more resistant to extrusion compared to the composite hydrogel. The native NP tissue
was extruded trough a 0.5 mm hole at a pressure of 16.6 (+8.7) MPa, whereas the composite
hydrogel was extruded at a pressure of 5.3 (+0.1) MPa. The NP tissue was always stronger: p =
0.087 (hole: 0.5 mm), p = 0.035 (0.7 mm), p = 0.0000015 (1 mm), p =0.11 (1.5 mm) and p = 0.23
(2 mm). However, the difference between the extrusion pressure is less pronounced at bigger
whole sizes, e.g. a hole of 2 mm hole, where the NP and the composite hydrogel are extruded
at 3.2 (+2.4) and 1.2 (+0.05) MPa respectively.

4.4.3 Cytotoxicity

Polyethylene glycol was shown to have a low cytotoxicity [230]. However, the methacrylate
groups have a high toxicity [231] and so do photoinitiators [232]. Therefore liquid precursor
and solid hydrogels were evaluated. Figure 4.6a) to g) shows the results of Live/Dead assay
of liquid precursor at different concentrations. Figure 4.6h) shows the solid hydrogel and
i) the solid hydrogel where the water within the PBS was replaced by lopamiro® 370 Ilodine
marker. Based on the Live/Dead assay no significant negative impact of the photoinitiator or
the Iodine marker was found.

4.4.4 Implantation

The extracted samples originated all from the same tail, had a diameter between 14.7 and 16.7
mm, an initial height between 9.6 and 11.2 mm and weighted initially between 2.5 and 4.2 g.
The dose of papain injected was between 90 and 150 ul. The composite hydrogel was injected
(fig. 4.7a) at the same position as the papain previously. Between 0.75 to 0.95 ml of hydrogel
could be injected per specimen. It was possible to inject the liquid hydrogel precursor through
the interspace between the needle (cannula) and the optical fiber (fig. 4.7b). During illumi-
nation (fig. 4.7d), the photopolymerization state of the injected sample was evaluated (fig.
4.7¢) by recording the reflected illumination spectra at different time points and by tracking
the signal intensity over time.
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Figure 4.7: a) Customized minimally invasive surgical probe used for the hydrogel implanta-
tion. Liquid hydrogel precursor injection and illumination are combined within one single
needle (cannula). Different joints ensure high pressurization during the injection. An optical
fiber permits the light delivery for photopolymerization. b) At the distal tip of the instrument,
the hydrogel precursor flows between cannula wall and optical fiber into the intervertebral
disc. c) By recording the reflected illumination spectra a signal intensity is calculated. The
intensity of the signal correlates with the amount of photopolymerized material and there-
fore provides valuable information about the reaction state of the implant in real time. d)
Intervertebral disc during photopolymerization.

In figure 4.8, the results of the IVD loading in the bioreactor are presented. The conditioning
cycles (12 h free swelling, 2 h cyclic compression, c.f. red boxes in fig. 2) resulted always,
as expected, in a disc height increase during the free swelling phase and a decrease during
the compression phase (not shown in fig. 4.8). During papain degeneration, the disc height
decreased (p = 0.00022) to 65.6 (+ 0.9) % of the initial, healthy disc height (fig. 4.8a).

After the hydrogel injection (again including 12 h swelling and 2 h cyclic compression), the
normalized disc height increased (p = 0.0020) to 99.0 (+ 1.9) %. There was no significant
(p = 0.73) difference between the initial healthy disc and the repaired state. After one week
of loading (0.5 million cycles), the disc height decreased to 91.1 (+ 6.1) % of healthy initial
height, i.e the disc height suffered less than 10% height change after 0.5 million loading cycles.
Compared to the degenerated state, the increase in disc height remained significant (p = 0.021)
and compared to the initial healthy state, no significant (p = 0.11) difference was found. Figure
4.8b and c illustrate graphically the increase of disc height after the surgery.

4.4.5 Histology

In figure d the macroscopic integration of the composite hydrogel after loading is illustrated,
surrounded by annulus fibrosus tissue and the endplates. In figure 4.8e and f, the implanted
hydrogel was compared to native NP tissue (both after mechanical loading). The healthy
integrity of the nuclei of the NP cells can be seen (fig. 4.8e), while in figure 6f the fibrous
structure of hydrogel can be observed. Figure 4.8g depicts the tissue integration of the
hydrogel. The interface between native tissue and implanted hydrogel remained undisturbed
after 0.5 million loading cycles. This suggested that the in situ photopolymerized composite
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hydrogel was able to integrate well into existing tissue and that the created interface was able
to resist the extensive loading regime.
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Figure 4.8: a) Disc height of bovine tail IVD (n = 3) before surgery (degenerated state), after
surgery (repaired state) and after 0.5 million cycles of ex vivo compressive loading (loaded
state) are compared to the initial disc height (healthy disc). The disc height significantly
increased after implantation of the PEGDMA-NFC composite hydrogel. The increase in disc
height remained significant after loading. b) Bovine tail IVD before surgery and c) after
surgery. d) IVD cut in half showing the hydrogel, annulus fiborsus (AF) and the endplate
(EP). Histological sections of the bovine IVD samples (H&E-staining): annulus fibrosus tissue
(purple) and nucleus pulposus tissue (violet). e) Native nucleus pulpous, f) nucleus pulposus
replaced with implanted hydrogel and g) interface between native tissue and implanted tissue.

4.5 Discussion

To our knowledge, this is the first study which presents the design, implantation and testing of
an in situ photopolymerized, functional orthopedic implant. A novel tuned material for NP
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repair was designed specifically to comply with mechanical and bio-optical requirements. A
device was developed to initiate and control the photo-chemical reaction in situ. The surgical
procedure, medical device and implant were able to significantly restore IVD height after
0.5 million loading cycles within an ex vivo organ culture model. The hydrogel implant also
showed an excellent tissue integration during histology analysis. The results not only demon-
strate the feasibility of photopolymerized, mechanically loaded implants, but also opens a
new pathway for the minimally invasive and controlled implantation of material within the
human or animal body. Often novel materials, implantation methods and surgery devices
are developed separately. In the proposed approach, the parallel development and testing
significantly contributed to the obtained promising results: To reach the goal of a working
implant it was necessary to 1) tune the bio-optical and mechanical properties of the composite
hydrogel, 2) design a device which allowed for in sifu injection, photopolymerization and
reaction monitoring and 3) evaluate the material, the device and the implantation procedure
all together. The discussion will then successively focus on these three aspects.

4.5.1 Material design
4.5.1.1 Mechanical properties

Using pre-formed polymers, such as poly(ethylene glycol) instead of monomer/cross-linker
systems is advantageous since the more homogeneously formed network is stronger and
shows less brittleness [210]. The composite hydrogel made of the highly deformable PEGDMA
matrix reinforced with NFC has a similar modulus and water content as the healthy NP tissue.
An increase of the PEGDMA’s molecular weight, decreases the cross-linker density and thus
improves the deformability of the hydrogel. The reinforcement effect provided by the NFC
addition is induced by hydrogen bonds interactions between the cellulose fibrils and by
the entanglement between the cellulose and the polymer networks [233]. This interactions
still allow the deformation of the networks and do not add any brittleness to the resulting
composite hydrogel. The obtained composite hydrogel has a high water content owing to
the hydrophilic nature of the polymer matrix and the NFCs. The material properties were
tuned in order to mimic elastic modulus and water content of native tissue while keeping
the high deformability. Similar properties for the implant and the tissue result in a smooth
gradient of shear stresses at the tissue/implant interface, further enhance the integration of
the implant into the tissue and thus, reduce the risk of extrusion or expulsion. In order to
evaluate the possible failure modes of the implant, different testing methods were designed.
The PEGDMA-NFC composite hydrogel was tested in a confined and unconfined compression
mode. The similar behavior of the composite hydrogel and the native tissue in confined
compression demonstrated that the material interaction with water is similar to that of the NP
tissue for the range of applied stresses and testing rates. The comparable swelling pressures
of the composite hydrogel and of the native NP indicate that the implant might restore
the healthy IVD height by swelling. Furthermore, the swelling also leads to a continuous
tissue/implant interface and ensures an homogenous load distribution. The extrusion test
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evaluates the hydrogel performance in the harshest condition where the material is squeezed
until it ruptures completely. It cannot bulge or adhere to surrounding tissue as it would do in
reality. The composite hydrogel ruptures to pieces at high pressures whereas the native tissue
is irreversibly deformed, but without rupturing. This different behavior might be due to a lack
of available energy dissipation within the composite hydrogel system compared to the native
NP tissue. This indicates that by adding energy dissipation routes in the hydrogel, e.g. via
ionic interactions, an increased resistance to extrusion of the hydrogel could be expected.

4.5.1.2 Bio-optical properties

Photopolymerization allows for controlled curing and also increases the implant’s adherence
to native tissue. The photopolymerizable curing system is highly advantageous compared
to other in situ cured systems (e.g. heat reactive or chemical curing) because it provides the
surgeon with an extra degree of freedom by decoupling the material insertion and curing. Ad-
ditionally, the photopolymerization of an injected, low-viscosity liquid enables the precursor
to flow into tissue interstices and leads to an optimal contact between implanted material and
tissue. During illumination, the penetration of liquid precursor into the microroughness of
the surrounding tissue results in the formation of mechanical interlocking which improves the
tissue/implant interface [215]. The illumination from an optical fiber results in a cone of light.
We have previously developed a Monte Carlo model to simulate the curing light distribution in
the hydrogel [234]. It was shown that the addition of light scattering elements such as intralipid
particles change the conic polymerization shape to a homogenous spherical shape. However
lipid addition drastically weakened the mechanical properties of the hydrogel. Experimental
data illustrated that the NFC fibers and the network they form, also act as light scattering
element resulting in accelerated curing [195] and more homogeneously cured volumes [234].

4.5.2 Surgical device design

Injection, photopolymerization or monitoring of a photopolymer using a probe have been
achieved previously, but the combination of the three functions in one probe is novel. We
have shown that the probe can monitor the whole curing volume [229]. The extrusion results
indicate that the hydrogel insertion site diameter should be less than 0.5 mm in order to avoid
extrusion up to maximal pressures of 2.5 MPa measured in humans [81]. To achieve this, a
smaller optical fiber and needle would be required to do the surgery. In the current study a
LED light was used for illumination. The LED can easily be replaced with laser illumination
and be delivered within a small diameter fiber with an external diameter of 125 ym. This
would allow performing the surgery through a needle as small as 25 or 26 Gauges (0.51 and
0.46 mm respectively) which is a relevant factor for the delivery of hydrogels as has been shown
from clinics and experimentally in animal studies [235, 121, 236].
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4.5.3 Evaluation of minimally invasive implantation procedure

Usually the biomechanical evaluation of tissue is associated with high inter-sample variance
and strong creep within the first two hours of loading [237]. The conditioning method (free
swelling and cyclic loading - c.f. red boxes in figure 2) counters this effect and allowed reaching
standard deviations between 0.9 and 6.1 % over 15 days which is low in the field [238, 239, 240].
Between day 2 and 8 the disc height decreased by 1.0 % and between day 9 and 15 another
7.9 %. Although these changes were not significant, one could argue that ideally there should
not be any decrease in disc height. However, the natural degradation of the IVD in ex vivo
condition is important and usually much higher height decreases were observed over such
a time frame for healthy disc [241]. Thus it can be concluded that the obtained 7.9 % are
negligible. In order to evaluate the procedure and the implant, two options are available: in
vivo or in vitro animal model. Due to their size and metabolism, bovine, canine and ovine
IVD models show high resemblance to human IVDs [124]. Yet, degraded in vivo IVD models
come along with high ethical issues and limited options to control loading. The ex vivo model
in the bioreactors is an attractive solution to evaluate IVD replacements. The used bovine
NP tissue has similar mechanical properties compared to human NP [23, 84]. Additionally,
bovine NP tissue can be easily obtained while human non-degenerated tissue is difficult to
obtain. The results are not only a proof-of-concept, but also demonstrate the potential of
clinical translation. In the 4.9, the water in the hydrogel was replaced with a water-based
Iodine marker. Figure 4.9aillustrated how the injected material can be imaged in a clinical
situation using X-ray tomography to inject the material and visualize its position after injection.
Figure 4.9b illustrates how the T2 signal during magnetic resonance imaging can be used to
differentiate between an empty and a filled cavity.

Figure 4.9: a) Micro CT and b-c) MRI scans of an IVD. Red arrows: control with an empty cavity
(grey) and cavity filled with composite hydrogel (whitish). The injected volume can be moni-
tored by CT scans by replacing the water in the hydrogel with a water-based, biocompatible
Iodine marker (Iopamiro® 370, Bracco Suisse SA, Manno, Switzerland). A similar effect can be
achieved by exploiting the T2 signal of MRI without using a marker [64]

A remaining challenge is to decrease the total illumination curing time, which, for this study,
was chosen to be excessively long (45 min) to assure optimal tissue integration. However, we
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demonstrated previously that volumes of more than 2 ml (i.e. enough for a human NP) can be
photopolymerized in less than 10 min using the same optical device [234]. It is also possible
to choose different photoinitiators such as Eosin Y with higher photopolymerization rates in
the range between 10 s and 3 min [136]. Moreover, the curing power in the experiment was
limited to 4 mW in the fiber and can easily be increased by more than one order of magnitude
using a laser light source. In summary, the procedure could easily be translated into clinics
and seems to have a high potential to be successful.

4.6 Conclusion

A composite hydrogel having similar functional properties as a native NP was developed. Using
a specifically designed probe for in situ photopolymerization, the composite hydrogel was
implanted into an IVD model and was able to withstand loading without signs of damage. The
composite hydrogel showed promising performance during implantation and significantly
reestablished IVD disc height from 65.6 to 99.0 % and maintained it on a significantly higher
level over 0.5 million loading cycles during an ex vivo study. After 15 days of loading, a
continuous, undisturbed tissue/implant interface was observed during histology.
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The present research project consists of two PhD theses covering the development of a func-
tional NP replacement. The first thesis contains the design of a nano-fibrillated cellulose
hydrogel. The present thesis is related to the development of a photopolymerization method
and an implantation device. The global outcome of the project as presented in chapter 4 is
a functional NP replacement which was able to withstand 0.5 million fatigue cycles with-
out a significant decrease in disc height. These results were enabled by the present work
through 1) the development of a in sifu photopolymerization method based on scattering
lipid additives, 2) the design of a optical fluorescence monitoring device to initiate and track
the photopolymerization and 3) the development of a set of test setups to evaluate material
candidates and compare them to native NP tissue.

5.1 Monte Carlo model of photopolymerization

The developed Monte Carlo model in chapter 2 is the first model which takes simultane-
ously into account photopolymerization, light scattering, polymer/tissue interfaces and
liquid/solid polymer-interfaces. Based on these simulations it was possible to predict pho-
topolymerization within tissue cavities and later design the bio-optical properties of the
implanted material. The developed model enables simulating light transport in materials
which dynamically change their shape and their optical properties and therefore can also be
of interest to other domains of research such as additive manufacturing.

Yet, although the current model is functional in 3D (expect for the automatic calculation of
the evolving surface between liquid and solid polymer), it was only used in 2D. Calculations in
three dimensions are too time consuming, but could be enabled if the code was implemented
in C++ in stead of Matlab.

The measurement of the absorption and scattering coefficients for the simulations could
be improved. Here, four types of gel (two scattering and two absorption coefficients) were
evaluated and certain effects were neglected. For instance it is not clear what percentage of
absorbed photons is converted into radicals or results in heat dissipation. Thus, to further
improve the accuracy of the model, more testing and validation on different known materials
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would be required.

Finally, combining the simulations with an in-depth study of the photochemistry of pho-
topolymerization might help to better understand the effects occurring on the micro and
nano scale. Although the algorithm was able to predict photopolymerized shapes for most
volumes, the polymer growth at larger scales (several cm) was not computed very accurately
the Monte Carlo model (c.f. fig. 2.6). Therefore, studying nucleation processes and diffusion
of molecules might lead to a better understanding of photopolmyerization of large volumes.

5.2 Monitoring device

In chapter 3, a probe was developed to inject, illuminate, photopolymerize a liquid precursor
and monitor the photopolymerization reaction in situ and in real-time. The method and
device can be used for any type of surgical intervention transforming a liquid to a solid.
Therefore, they hold considerable potential for different applications such as in dentistry,
oncology and drug delivery.

A major weakness of the probe might be that currently it is not able to distinguish between
different illuminated areas. The specificity could be improved by additional illumination or
collection channels. Moreover, nano-structuring of the probe tip would allow directing light
more precisely to a given location. This would permit to selectively control and monitor a
reaction in space, and not only in time.

The dimensions of the device are still big (¢ ~ 1 mm). Using smaller fibers and injection
channels, the impact of the device on the tissue could be reduced.

5.3 Exvivoevaluation

In chapter 4, a composite hydrogel was implanted and was able to resist 0.5 million fatigue-
loading cycles within a bioreactor. To our knowledge this is the first orthopedic implant which
was implanted in a minimally invasive manner (incision of ~ 1 mm) using photopolymer-
ization. In particular, the material was able to withstand cyclic loads of 0.2 MPa ex vivo and up
to 3 MPa when implanted in a non-sterile environment (Appendix C) and therefore presents
good extrusion properties. An explanation for this resistance to extrusion might be the tissue
integration and adhesion of the implant induced through the photopolymerization procedure.
However, this has not been investigated sufficiently. For instance it is unclear whether tissue
and composite hydrogel are able to bond covalently.

Moreover, further mechanical tests would be required to assure a complete functionality of
the implant. Especially, the neutral zone and range of motion were not measured. The implant
was only evaluated under compressive loading. Flexion, bending and torsion need to be
considered. Also, more surgeries are required to better understand the extrusion behavior
of the implant (e.g. to study the impact of non-sterile, previously frozen tissue on extrusion).
Finally, further fatigue and degradation testing is necessary to conclude about the efficiency
of the proposed NP replacement.
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5.4 Impact and potential of photopolymerized implants

The global approach covering device & implant development, functional testing and im-
plantation allowed to tackle tissue replacements in the IVD in an iterative manner. Several
sets of hydrogel and device generations were tested. Based on each result the requirements
were redefined and the next generation was adapted accordingly. This is valuable because it
allowed to correct errors at every step and adapt the implant and the device constantly.

The main impact of this work might be the proposition of a strategy to improve tissue in-
tegration of biomaterials in a minimally invasive manner. Both, tissue integration and
invasiveness are crucial in clinics to reduce re-operation rates and treatment costs [27].

A crucial aspect for a translation into clinics is the photopolymerization time. On one hand,
because it is correlated directly with safety (shorter illumination times and lower photoini-
tiator concentrations, have a direct impact on the cytotoxicity of the procedure) and on
the other hand, because a fast photopolymerization (30 s to 3 min) is an essential require-
ment in a clinical setting. Such fast and efficient photopolymerizations could be achieved by
using visible-light-absorbing photoinitiators for instance based on Lithium or Phosphorus
[137, 242].

As amethod, the proposed surgery technique and device also hold considerable potential for
other applications such as light induced photopolymerization of materials injected into the
vascular tree. We could envision injecting and solidifying an agent in a controlled manner for
instance to treat aneurysms (filling aneurysm cavities), cancers (occlusion of the nourishing
vascular branches) or strokes (injection of a biomaterial into heart tissue for regeneration
[243]).

5.5 Requirement for a NP replacement

Adhesion and ultimate tensile strength of NP tissue replacements might have been un-
derestimated in the past, especially when considering implants for Pfirrmann grades be-
tween 3 and 5. Many authors consider that mimicking native tissue properties is essential
[243, 244, 245, 246, 247]. Although the importance of the interface between native an im-
planted material has been highlighted by others [204], especially adhesion as a key property
still goes against the current understanding of what needs to be repaired when replacing
IVD tissue. Thus, interactions between tissue and implant might be more important than
characterization with elaborated models of the tissue or implant. It might not make sense to
separate AF and NP replacement strictly. During the insertion of an NP replacement usually a
lesion in the AF is introduced. Moreover, fissures in the AF will appear during a later stage of
IVD degeneration. Thus, any NP replacement should have properties which will avoid later
extrusion.
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5.6 Outlook

In this study rather simple concepts were selected to identify suitable materials. For instance,
it could be argued that an aggregate modulus is more relevant than a linear elastic modulus.
The simpler models are sufficient to cover a physiological loading range. However, when com-
pressed, tissues deform in a non-linear manner, which is due to their fiber-based composite
(sometimes also multi-filament) structure. Synthetic materials can be designed homoge-
neously and therefore may deform in more linear way (e.g. fig. 4.4). Yet, the non-linear
behavior of tissues might play a role when materials are close to failure, an aspect which might
not have been sufficiently investigated in this work and thus deserves further attention.
Another issue which is related to the strength of the material and merits further investigation is
the extrusion of the hydrogel and the NP. During extrusion of the hydrogel the samples rupture
directly in the center (the first rupture occurs in the middle of the volume, as if the volume
would implode), while the NP tissue is extruded in a viscous manner (similar to tooth past). It
would be interesting to identify the rupture mechanisms and the role of fatigue. In general,
IVD herniation seems to be poorly understood at the microlevel. A better understanding
might lead to improved implant and treatement design for patients with disc herniation.
Finally, it is difficult to predict whether the current hydrogel would withstand loads when
implanted into a human being. An in vivo study in a large animal model would be necessary
to ultimately corroborate whether an implant is adapted for functional tissue repair [248].

In summary, numerous studies have shown that it is possible to build sufficiently strong
materials (in terms of elastic modulus and ultimate strength) for NP tissue replacements, but
it is not yet clear whether the interface between tissue and material can be designed to resist
the loads present [204]. In the future, the following directions might be of interest:

e Currently, it might not be realistic to expect that the holy grail of bioactive scaffolds will
lead to viable solutions first. A more realistic approach might be to design materials and
methods fulfilling the biomechanical requirements first and then modify these materials
into scaffolds. Thus, current implant and bioactive scaffold design might converge in
terms of properties over time.

* Most IVD replacement research is based on the hypothesis that reestablishing joint
motion is the ideal solution to tread DDD and associated diseases. However, although
this seems logic, it has not been proven so far that disc arthroplasty is superior to
fusion. It could be argued that arthroplasty is not mature yet, however, it should also be
considered that natural degeneration and stiffening of the motion segment (including
osteophytes and spongylophytes) could be optimal. This is why research on semi-rigid
devices might be a path to follow. There are some promising solutions such as hybrid
total IVD replacements [249].

* Finally, requirements need to be defined carefully for NP replacements. Mimicking
tissue properties might not be sufficient. Requirements beyond this gold standard could
be necessary.
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A.1 Probability distribution of a point source

For a point source the vector of an initial photon path was calculated using two different

angles ¢ and 6 with the following distributions:

1 .
_J = if ¢=10,2n]
Po(&) { 0 otherwise
sin@) - _ Tn
o) a2 if e=[-33]
Po(®) { 0 otherwise

Using equation 2.1 y = f~1(¢) results in:

=@ =2m-¢

0= fe_l(f) =cos'(1 -2§)

(A.1)

(A.2)

(A.3)

(A.4)

¢ being a random variable between 0 and 1 which is calculated for every probabilistic event

separately.
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A.2 Refraction and reflection at interfaces

Based on the assumption that half the photons have a linear or an the other half a circular
polarization, the probability of reflection is calculated as following:

; 2 2
Sinla; —a tan(a; —a
(sintai - ay) (ai—ay) s

R)=0.5
pPR) sin(a;j+ap)?  tan(a;+a)?

Where a; = sin~ (n;/n, - sin(a;)), a; and a; are the angles between the vector orthogonal to
the interface and the incident or transmitted beam, and »; and n, the indexes of refraction of
the medium on the incident or transmitted side of the interface. A photon is reflected if:

£ < p(R) (A.6)

or refracted otherwise. In both cases a new vector based on «; or a; is computed.

A.3 Absorption

After every absorption event inducing photopolymerization (equ. 2.6) the weight of a photon-
package (initially equl 1) is ajusted:

W—W-(1-a); (A.7)

Where a = u,/ (s + [1g) is the albedo.

A.4 Scattering

Applying equation 2.1 to the Henyey-Greenstein function ( 1.5) results in:
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) (A.8)

And using equation A.3 the angular coordinates 6 and ¢ of the scattering vector 7 is computed.

A.5 Propagation
One propagation step is calculated as following:

;- 108

= A9
Hat+ Hs (A9
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And:

F=Xo+1-F (A.10)

67






Appendix - Loading up to 3 MPa

If bovine IVDs are loaded cyclically above ~ 0.8 MPa, loading results in apoptosis [123]. How-
ever, to evaluate an implanted material it is necessary to laod IVDs up to ~ 3 MPa. Hydrogels
were implanted into IVDs using a 19 Gauge needle and then loaded cyclically. After each 300
cycles the average load was increased by 0.3 MPa (fig. B.1a).

After 3000 cycles disc heights were reduced significantly by approximately 40 %, but no signifi-
cant difference was found between healthy IVDs (with NP tissue inside) and replaced IVDs
(degenerated by Papain as described in section 4.3.4.2 and replaced with hydrogels). Usually,
the NP tissue should extrude at such loads although the amount of cycles until extrusion might
be higher [250]. No extrusion patterns were observed. The NP partially extruded, but not for
all samples. The gels did not exude, although water or liquid hydrogel was observed at the
hole crated by the 19 Gauge needle for most samples. It is possible that the amount of cycles
was too low to induce extrusion. More extensive testing would be required to understand the
extrusion mechanisms.
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Figure B.1: High compressive loading of IVDs up to 3 MPa. a) Protocol: First, a cyclic load of
0.3 = 0.015 MPa was applied over 300 cycles. Then the load was increased stepwise by 0.3 MPa
with a loading amplitude of 10 % of the nominative load (each time 300 cycles) until reaching a
load of 3 MPa + 0.15 MPa. b) The disc height was measured after each 300 loading cycles. The
disc height decreased faster for healthy IVDs, than for IVDs with hydrogel and no NFC fibers
or hydrogel with NFC fibers. However, the final disc height was not significantly different p =
0.68 (healthy vs. no NFC) p = 0.26 (healthy vs. NFC).
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