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Abstract
Tendon Augmentation with a Novel Biomimetic Polydioxanone Patch:
An In Vivo Biocompatibility Study

Mark Morrey Worcester College
Master of Science Trinity Term 2013

Introduction and Aims: There is great interest in biomimetic devices to augment tendon repairs. Ideally,
implants improve healing without causing adverse local or systemic reactions. Biocompatibility remains a
critical issue prior to implantation into humans, as some implants elicit a foreign body response (FBR)
involving inflammation, poor wound healing and even fistulae formation. Any implant should maintain its
tensile strength while tendon healing occurs. Additionally, the effect on articular cartilage locally or
systemically with placement of juxta-articular implants has not been examined. The aim of this thesis is to
test the in vivo biocompatibility and tensile strength of a novel hybrid woven and electrospun
polydioxanone patch in a rat tendon transection model.

Main Study Methods: Sixty Lewis rats were divided into 4 groups in which the infraspinatus was surgically
transected 3 mm from its insertion. Tendons were repaired with a laminated woven and electrospun
polydioxanone patch (PDOe) and 5-0 polypropylene sutures. Polylactic-coglycolic acid (PGLA) and silk
patches or a simple polypropylene suture repair served as comparators. Animals were sacrificed at 1, 2,
4, 6 and 12 weeks to examine the biocompatibility of the implants. Immunohistochemistry was used to
examine macrophage subpopulations and hematoxylin and eosin staining was used to assess foreign-body
giant cells (FBGC) and both analyzed with a two-way ANOVA with significance set at p<.05. Articular
cartilage was scrutinised with semi-quantitative analysis. Hind paw inflammatory indices were used to
determine the systemic effects and biomechanical testing the tensile strength of the materials over time.

Findings and Results: The PDOe patch remained grossly quiescent at all time-points. There was a severe
inflammatory reaction to Vicryl at one and 2-week time-points with a massive transudate. Silk patches
were associated with larger fibrous capsules at each time point. There were no adverse systemic effects
and articular cartilage remained normal with no differences between materials and controls.
Immunohistochemistry showed a significantly higher ratio of inflammatory macrophages to total cells for
the PGLA and silk patches compared to the PDOe patch and controls at each time-point except four weeks
and no difference in regenerative macrophages across all time-points. Silk and Vicryl patches had a
significantly greater number of FBGC’'s compared to the PDOe patch and controls(p<.05) at all time-points,
again with the exception of 4 weeks, suggesting incorporation rather than rejection and walling off of the
biomaterial. Tensile strength of the PDOe patch remained around 20N until 6-weeks and then gradually
declined from 6 to 12-weeks.

Discussion and Conclusions:
The novel PDOe patch appears to be biocompatible and illicit very little FBR in this rat tendon injury
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model. Importantly, there was no joint reaction to the biomaterial, which has not been addressed
previously. The electrospun component of the patch recapitulates native tendon architecture creating a
tissue healing microenvironment directed by a regenerative macrophage subpopulation. These results
corroborate earlier in vitro work that showed incorporation of tenocyte-like cells within the electrospun
scaffold. The woven component of the scaffold provides tensile strength as the tendon heals and begins
to degrade after healing is underway making it less likely to elicit a FBR. Based on these and earlier in
vitro data we believe this implant shows excellent biocompatibility and is ready to proceed to human
trials.



Table of Contents

Y 4 o N 3
1. Introduction and Background ...........ccccceiiieiiiiiiniiiiiniiiiiiiiessseaee 12
Epidemiology and Economic Costs t0 SOCIEtY .....ccciiuuiiiiinniiiiieniiniieniiinieninniesiienenes 12
Rotator Cuff Repair FAIlUres ........ccceiiiiiiiiieneiiiiiiiiiieieeiissinineessssssiiessiisesssssssssssssssesnnssssans 14
Reasons for Failed CUff REPair.....ccccciiiiiiirmmeiiiiiiiiiiiennniiiiiiiiiienesiiiieessssisesssssssans 15
Rotator Cuff Tear Size and Failed RePairs.......cccceceereeuiiiieeniiereeeieeneenneeeeennseeeeensessennseessennns 16
Age and Rotator Cuff Tears and Repair Failures ...........c..coiieeeeiiiieceniiiccnrecccrreeneeeeennnens 17
Fatty Infiltration, Muscle Atrophy and Rotator Cuff Healing........ccccceueiriennciriinncereeennnneees 17
Synovial Fluid Infiltration and Rotator Cuff Healing.........cceveeueeiiiienciiiieeccineeccrreeecceeeennens 20
Tissue Quality and the Underlying Molecular Changes in Rotator Cuff Pathology............... 21
Genetics, Host Variation and Tendon Pathology ..........ccccceiiiieeiiiiieeiiiiiecriiirencs e neeees 22
Rotator Cuff Failures and Clinical Outcomes- Is There a Link? .........cccocevunnnnnnnnniininnnnnnne. 23
Biologic Solutions to Rotator Cuff RePair.......ccceeeirereiiiiiiniiiiieeiieririinreneiesrenesssseenssessenees 24
2. Tendon Scaffolds and Biocompatibility ........ccceuiiiiimiiiiiiniiiiiirrcncrec e 27
The Development of Tissue Engineered Tendon Scaffolds .........ccceeeriimiiiiiiniciiienciciieennenns 27
Electrospinning of Scaffolds ........ccceeiiiiiiiiiiiiiiiiirrc e e enens 30
Biocompatibility of IMPIANts ......cccuireeiiieiiiiiiicrrrcrrc et creeeereneesennereasesensesensessnns 32
[ 1Y 1T Y 7 32
(10T o] E= T4 LAY  T-T' 1T PP 33
Yot 11 o] (o I 20T o L 1 AV 20Ot 33
Chemical CoMPOSItION ....ccuciieeiiiiiiiiiiiencrerereeereeerneeerensereaserensersassernsesenssesansssensesensesenne 33
Reactions to Implanted Biologic Materials.....c.c..ccucuiiiiiiniiiiiniiiniinniiinneeeee. 34
Vroman Effect.......ccoiiiimiimiiiiiiiiiiiinninnnrrr s e s saaes 34
Macrophages in the FBR.........c.ccccciiiiiiiiiiiiiiiiiiiniiinieiaisnsesesisnsessissesssssssessssssssnsssssssnsss 35
Foreign Body Giant Cells and the Foreign Body ReSponse......ccccccerieuriinieneniinieneisnieneisneenes 40



Animal Models for Biocompatibility ........ccceeeeiiiimiiiiiiiciriccrrreccrrreece e e e s enaeeens 41

One Approach to Biocompatibility and Efficacy......ccccccureeeiiiiieeiiiiieeiciiieeccereeeccsreeeeecenenens 44
Questions, purpose and hypotheses.........ccovveeiiiieiiiiiiecrcrrrr e s renes s e s enens 45
3. Experimental Design, Materials and Methods .........c.cccoiieeeiiiiieiiirinricereccrreecs e enens 47
In Vivo experimental deSiSN ......ccceuciiiieeiiiiieiiiiiicciireeecrrreeeerrrnesessennesessennssessennssssaennnnnns 47
4T 3 50
SUT I tuuituiineiinireiieesiestrasiresteesiassrassrassrestssstassrsssrsssesssasstassrsssesstosssassrassssssssssasssnssrnsssnssnns 52
Surgical Procedure and postoperative protocol........c.cccceeiriieieiiimniciiiesnenneerecrreneeenennenens 52
Assessment of the Biocompatibility of PDOE€ ......ccc.coiiimiiiiiieiiiiinicirreeecrrreeecrerneeesennenens 56
Sterilisation of the patch material ..........ccovimiiiii e 57
ANiMal SaCrfiCe ..oiviiiiiiiiiiiiii e 58
Tissue preparation, processing and SeCtioNING .......cccceuveiiimeiiiiiiiieiirriieierree e eeneeenees 59
Histology and Immunohistochemistry ........ccccceiiiiieiiiiiiiiiniiniinrece s renesssssenens 62
Microscopic Assessment and Image ANalysis ......cccceeiiiiieiiiiiiiiiiieciiineirereneseesenens 64
L B2 S - 11 1 - 65
Biomechanical TeStS.......uuuuuuuuuuuuuiiuiiiiii e 66
StAtiSHICS .oveeieenneiiiiiiiiir e s e s e e e ns s e aes 66
4. In Vivo Biocompatibility ReSUILS.....cccciveuiiiiniiiieiiieriiiiereeerreneereneeeeeereneerenserensesrasessnsessnnees 68
Systemic Reactions to IMPlants ......cccceieeiiieeiiiiriiiiiiiccrenereeereeereaseernsesenssesesssrennesensesenne 68
(o Yo 1 I 201 o Lo T LY=L J 69
ElECtroN IVIICIOSCOPY «.ieererenniiennerennerrencienseeraniernssernsserensessssersnssssnsessnsessnssssnssssnssesansessnsenanne 74
Articular Cartilage RESPONSE ....cccueiiiiieuniiiiinnieiiinnieiirniieiissiseiisnesiesssesssssssssssssssssssnssssss 76
2-Week Time-PoiNnt .....ccccciiiiiiiiiiiiiiiiiiiiiiieis e sieaessssrsnessstsessssstassssesssssssssssnsssssssnnses 79
4-Week Time-POINt....cccciiiiiiiiiiiiiiiiiiiieiiie i iisasesitssssesieasssesssasssssssssssssssssssssesnssssss 85
Macrophage SUDLYPES.......cciiiiuiiiiiiiiiiiiiiniiriinieietieasistsesssisnenssssstenssssssensssssssnssssssnnses 95



Biomechanical tensile testing and electron MicrosCopy.......ccceeeuierreenriireeencirrenencsseenencsnennes 98

LT 0 TE o113 1o T I 104

[T 311 =1 4 Lo s RN 113
(ST L T = 1T =Yt 4 o o TR 116
DY o o111 T [ G PO 119
=] =] = =L 121



Table of Tables

Table 1.1- Original stages of fatty infiltration (FI) by Goutallier..........ccccveeeeeiieiieicee e, 18
Table 3.1- In Vivo experimental deSIZN .......coccuiii it 47
Table 3.2- Inflammatory index SCOrNG SYSTEM ........uuiiiiiiiieeciee et e 58
Table 3.3- Cartilage Degeneration SCOMNE.......uuiiiiiieiiiiee ettt e e e vre e e ebee e e e eveeas 63
Table 3.4- Stains and dilutions Used fOr THC.........cooviiiiiiiiiiiecce e e 64

Figure Table of Contents

Figure 1.0- Muscles and tendon attachments of the rotator cuff............cccccorvrmeiiiiiinicriiennenns 12
Figure 1.1- Different ways of performing rotator cuff repair.......ccccceeeeriieeieiiiieiciiieecicineeennenne 14
Figure 1.2- Factors affecting rotator cuff re-tears .........ccccceeriieceitiiccerieicccerree e eree e s e naeeees 16
Figure 1.3- MRI modification to stages of fatty infiltration .........c.ccceeiriieiciiiicciiiicccrrreees 19
Figure 1.4- Comparison of normal tenocyte morphology to chondroid metaplasia................. 25
Figure 2.1- Publications on tissue engineering and scaffolds from 1992 through 2012............ 27
Figure 2.2- Scaffold archit@CtUre........coceeeeiiiiieceiiiccerrecce e s re e s eean e s e ra s esenassessennnannees 28
Figure 2.3- Schematic representation of scaffold degradation and repair......cccccccevrveeierrennnnens 29
Figure 2.4- Electrospinning diagram........cccccciiiiiiiiiiieiiiiiiieniieniieeeneeeisrnesenesesesssssessssnsssens 30
Figure 2.5- Engineered tendon patch repair diagram.......ccccooveeuiiiiieiiiiiecccinecrcerrreneeeeennnens 31
Figure 2.6- Graphical representation of the Vroman effect.........cccoveeiiiiiniiiiinniiiiieicciiennnns 35
Figure 2.7- Macrophage subpopulations............ccoveeiiiieeiiiiiicc e eeneeseeeasessennnaenes 37
Figure 2.8- Characteristic response to a biomaterial.......cccccoiiieiiiiiiiiiiccrrrrccrrrce e 39
Figure 2.9- Development of different foreign body giant cell (FBGC) types........cc.eceveermennncennns 40
Figure 2.10- Woven and electrospun components of the PDOe patch......cccccovveucerieencrreennnens 44
Figure 2.11- Crimp, alignment and cell ingrowth with PDOe........cccccuueiriiencirirenccnrreecenreenneens 45
Figure 3.1- Typical animal ROUSING ......cceuiiieiiriiiiiiiieeierenicreeereeereanereneeerasesnseernsserensesennenanns 50
Figure 3.2- Animal prepped for SUIBEIY... ..o iiiiiecciitiecerrenecereennneeseennseeserasssesennsssssennssseens 53
Figure 3.3- Posterior based skin iNCISION ..........ciiieeiiiiiiciiiicccrcccrre e e e e e e eens 54
Figure 3.4- Cadaver dissection and muscular interval .........ccccceveeeiieeiireeiiienniieenereecrrenereneenen 54
Figure 3.5- Exposure and location of the tendon transection overlying the joint..................... 55
Figure 3.6- Surgical procedure for patch placement...........coeeeuciriieeiiiiiccrrerccrreeeeeeeeneenees 56
Figure 3.7- Control suture and the three patches tested........cccccerireuiirrirniiriieccerirrcereeeeees 57
Figure 3.8- Animal photographs for hind paw indices.........cccccviiiiiiuiiiiinniniiiinininn. 58
Figure 3.9- Dissection area, instruments and arrangement.........c.cccceerreeeecerrenecererencerenanennes 59
Figure 3.10- Tendon orientation in fiXing cassette.......cccceeeirireiiriirecicrirrce e e 60
Figure 3.11- Paraffin embedded section of a patch.........ccevreeeeiiiiiiiiniinecniicinneeneen. 60
Figure 3.12- Orientation of patch tendon tissue for sectioning .......cccccevveeeeriveeiciiieecccrieennnens 61



Figure 3.13- Protocol for paraffin embedding of the bone after tissue processing .........ccccc.... 62

Figure 3.14- Slide examination Mmethod.............coriruiiiiiiiiiii e e s e e e e ees 65
Figure 4.1- Hind paw inflammatory indices........cccueueiiiieiiiriicerieecrrrce s s eneeeeeenaneeees 68
Figure 4.2- Cutaneous reactions at 1 WeekK.........civvuviiiiiiniiiiiiniiiiinniniin. 69
Figure 4.3- Scar tissue formation in a control failed repair......c.ccceeveeeerrercccrriecccrrrcccreeees 71
Figure 4.4- PGLA transudate ......cccceeiiiireeiiiiineieritnesereennssesernssserennsssssennsssssensssssssnsssssennssssnens 71
Figure 4.5- Fibrous capsule of SilK.......ccccceeiiiiiiiiiiimmiiiiiiiiiininiiieesenee. 72
Figure 4.6- Ex vivo dissection of the silk patch...........ceiireiiiiiicrrccrrccrrr e 72
Figure 4.7- In situ dissection of PDOe patch at 1 week........ccceeeeiiiieeiiiiieiiiiirrcerreercreeneeee 73
Figure 4.8- PDOe patch dissection over time.......ccccceieeiiiiiiiiiiiiiiiiiinrcnrcsreeserenereesesensnens 74
Figure 4.9- Scanning electron microscopy (SEM) of the 3 patches at 2-weeks........cccccccureeceennns 75
Figure 4.10- Scanning electron microscopy (SEM) of the 3 patches at 4-weeks....................... 76
Figure 4.11- 12-week cartilage examination........ccccceieeiiiiiiiiciiiniiiiicicnrrc e sree s e nenenes 77
Figure 4.12- Inflammatory infiltrate at 1 WeekK ......cccueiriieiiiiiiicirrccrrrecc e 78
Figure 4.13- PDOe patch at 1-week time-point.......ccccceeiiiiiiiiiiiiiiiiciiiecinrc s rneesnenenes 79
Figure 4.14- Control at 2-WeekKS .....cccuuiiieiiieiiiiiiiiiiieiiiricieeereaesensessnssstnssssnsssssnssssnssssnsssens 80
Figure 4.15- PDOe at 2 weeks post-implantation in different regions next to the construct....81
Figure 4.16- Electrospun side of the PDOe scaffold at 2 weeks........cccceerieeeeiriennccnrienncernennnnens 82
Figure 4.17- 2-week silk photomicrographs.......c..ccccceiieiiiiiiieiiiiiiiiiciecinrcrrsereesrneseseennes 83
Figure 4.18- 2-week PGLA SCaffolds .......cccciiieiiiiiiniiiiiiiciiiiicnrrescrereeserenesessenassessenssseseens 84
Figure 4.19- 2-week comparisons of different patches at 100x maginification........................ 85
Figure 4.20- PDOe scaffold at 4-Weeks .......ccceuuiriimeciiiiecccrticcerrrcesreenee s eeene e s ereneesenanaeneens 86
Figure 4.21- 4-week polypropylene control repairs.......ccccccceiieeieiiieniieiireiinieniennenseneenenee 87
Figure 4.22- PGLA cONStructs at 4-Weeks..........cceiieuiiriienciiiiinnceerennnceesennsseseennssessensssssesassessens 88
Figure 4.23- Silk FBGC’S at 4-WeEEKS.....cccuuuiiiiieciiiiieciictieccrtreeeeseraeessenaneseennssssennsssssenansaseens 88
Figure 4.24- The number of FBGC around the repair areas over 12 weeks......cccccerveeererrernnnnnns 89
Figure 4.25- PDOE at 6-WeEEKS......ccccciiiiiuiiiiiiniiiiiiiiiiiiiieiiiieiiinieiinmsesiesmsssesmsssseasssssees 91
Figure 4.26- Constructs of the patch at 6-weeks.........ccceuviiiiiiuiiiiiiiiiiiinininn. 92
Figure 4.27- Constructs of the patch at 12-Weeks .......ccceeuieriimciirimeicirerccrrreeeerereeeerenaneeees 93
Figure 4.28- Control repairs with chondroid metaplasia .......cccccceirreniiiiiinniiiiinnniiniinicnnnn, 94
Figure 4.29- IHC for M1 (inflammatory) macrophages at 6-weeks........ccccccccieeiiiiiiirenneiiiinnnnns 95
Figure 4.30- M2 or regenerative macrophages at 6-Weeks.........cccvveeeeiriieeiiiirnercerienenerneennen 96
Figure 4.31- Ratio of M1 cells to total cells at each time-point........cccccerieneiriieieiirenceereeanenns 97
Figure 4.32- M2 or tissue healing/regenerative macrophage ratio to total cells ..................... 97
Figure 4.33- PDOe strength to failure at different time points post implantation.................... 98
Figure 4.34- Scanning electron microscopy of the PDOe patch over the final four time-points 99
Figure 4.35- Week 4 electrospun component of PDOE.........ccceeeiiiiemeiiiienniinnennisneeeenesnenenes 100
Figure 4.36- An SEM image of the electrospun side of the PDOe construct at 12 weeks........ 101
Figure 4.37- Silk tensile testing over time....c..ccccciieiiiiiiiiiiiinirr e reae e e sennans 102
Figure 4.38- PGLA (Vicryl) strength to failure at different time points post-implantation...... 103
Figure 5.1- One explanation for the Langhans FBGC'’s in the responses to biomateriails........ 111

9



Abbreviations:

advanced glycation end-products (AGE’s),
anterior cruciate ligament (ACL)

antigen presenting cell (APC)
deoxyribonucleic acid (DNA)

electrospun polydioxanone patch (PDOe)
extra cellular matrix (ECM)

fatty infiltration (FI)

fibroblast growth factor (FGF)
foreign-body giant cells (FBGC)

foreign body response (FBR)

general practitioner (GP)
haematoxylin-eosin (H&E)
immunoglobulin (Ig)

interferon gamma IFNy )

interleukin (IL)

macrophage (m®)
macrophage/granulocyte colony stimulating factor (MG-CSF)
magnetic resonance (MR)

magnetic resonance imaging (MRI)
matrix metalloproteinases (MMPs)

Osteoarthritis Research Societies’ histopathology initiative (OARSI)

10



natural killer (NK)

range of motion (ROM)

rotator cuff (RC)

Two-way analysis of variance (ANOVA)
platelet derived growth factor (PDGF)
polycaprolactone (PCL)

polydioxanone (PDO)

polylactic-coglycolic acid (PGLA)

poly-L-lactic acid (PLA),

poly(lactic-co-glycolic acid) (PGLA)
polymicrobial associated molecular patterns (PAMPs)
reactive oxygen species (ROS)

scanning electron microscopic (SEM)

t-cell (Tc)

t-helper cell (TH)

tissue inhibitors of metalloproteinases (TIMPs)
toll-like receptor (TLR)

transforming growth factor beta (TGF-B)
tumor necrosis factor (TNF)

vascular epidermal growth factor (VEGF)

11



Chapter One

1. Introduction and Background

Epidemiology and Economic Costs to Society
Complaints of shoulder pain account for nearly 4.5 million visits to physicians annually in the

United States’. The rotator cuff is a group of muscles which originate on the scapula to insert
onto the bony prominences, or tuberosities, of the humerus via tendinous attachments. These
muscles are responsible for dynamically holding the humeral head against its articulation on the

scapula, the glenoid (Figure 1.0).

—
)

L3

k

Rotator cuff muscles

, Posterior
Supraspinatous muscle

Teres minor
muscle

Infraspinatous
muscle

FTADAM.

Figure 1.0 The muscles and tendon attachments of the rotator cuff. Rotator cuff muscles include the subscapularis
inserting on the lesser tuberosity of the humerus and the supraspinatus, infraspinatus and teres minor muscles
which insert onto the greater tuberosity. Image from http://www.adamimages.com/

Rotator cuff (RC) disease represents a substantial proportion of these visits and is the third

most prevalent musculoskeletal disorder in the U.S. after low back and neck pain with tears
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affecting nearly 50% of the population of those over the age of 50**. From these complaints
nearly 300,000 surgical procedures are performed for RC pathology (tendinopathy, often

referred to as impingement, and tears) of which 75,000 represent repairs of the RC annually >®.

Problems related to the RC are certainly not unique to the U.S. In the United Kingdom, visits to
the general practitioner (GP) for shoulder pain is estimated to be 14%, with an incidence of 1-
2% per year representing 2.4% of all GP visits annually”®. RC tears and tendinopathy account for
nearly 70% of these complaints®. In Japan, RC tears are also common, with a prevalence of 25%
in those older than 50 in one study™ and nearly 20% in those over 20 years of age in

another™*,

The economic impact of managing the worldwide burden of RC pathology is substantial. In the
U.S. alone it is estimated to be around $3 billion dollars annuaIIyG. Most of this economic drain
comes from an impaired ability to work*?, however shoulder pain also prevents individuals from

performing routine household tasks', recreational and competitive athletics®.

Although the initial management of shoulder pain due to tendinopathy is conservative,
approximately 40% will have continued pain, some of which will require surgery. Furthermore,

1617 RC repairs can be accomplished via

traumatic ruptures virtually all lead to surgical repair
open, mini-open surgeries in which a small incision is made and the repair is completed with
special bone anchors or transosseous sutures which go through the tendon and then the bone.
Alternatively, the procedure can be performed arthroscopically, a ‘key-hole’ surgery, in which a

camera and surgical instruments are inserted into the shoulder through very small incisions. If

this technique is chosen, bone anchors are utilised to repair the tendon to the bone. Figure 1.1
13



shows the different repair techniques. It is debatable whether one technique offers an
advantage over the other. Furthermore, different repair strategies, anchor systems,
postoperative immobilisation and rehabilitation protocols have been developed to prevent

failures with mixed results*®??.

Figure 1.1 Different ways of performing RC repair. (A) A transosseous repair in which suture is passed through the
tendon stump then through the bone and tied. (B) An single row anchor repair. Suture from the anchor that is placed
in the bone are passed through the tendon and tied. (C) A double row repair. The medial row of anchors are used to
pass suture through the tendon and are then tied down. A second laterally based anchor is used to reinforce the
repair. (Image adapted from http://www.nottinghamshoulders.com/

Rotator Cuff Repair Failures
Even though the surgical management of RC tears continues to evolve and new anchors, sutures

and techniques to increase repair strength have inundated orthopaedic practices, achieving a

structural repair, with a demonstrably healed tendon, remains a significant problem. Despite
14



increasing awareness of the need to improve RC healing, the efficacy of RC repairs remains a

challenge as between 20% to 94% are reported to fail**.

In fact, the longer the time from
operative intervention, the greater the likelihood that failure will occur. In the longest follow-up

study of RC repairs to date, with a mean of 20 years follow-up, 94% had failed™.

Reasons for Failed Cuff Repair
The reasons for failure are likely multifactorial, but several studies have shown correlations with

certain parameters including tear size, patient age, tendon retraction, muscle atrophy and fatty
infiltration (FI), synovial fluid infiltration at the bone tendon junction, and tissue quality both
grossly and ultimately at the molecular level*®°. The roles of each of these in RC pathology are
examined further below and highlight a very real need for increased focus on tendon biology to
improve healing and reduce reruptures. Figure 1.1 gives an overview of the interactions

between these factors and their relationship to the complex issue of failed RC repairs.
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Figure 1.2 Some of the factors affecting RC re-tears. The final common pathway leads to decreased tissue quality
leading to high re-tear rates or an inability to heal repairs.

Rotator Cuff Tear Size and Failed Repairs
Although often attempted, cuff tear size is sometimes difficult to quantify and compare

between studies of RC repairs. Despite study heterogeneity, cuff tear size has been correlated

24,27-29,37-49

with repair failures in numerous studies . In contrast to large tears, good to excellent

anatomic and functional results have been reported after repairing small and medium-sized full-

24253051 Eyrthermore, the re-tear rate is substantially lower for small and

thickness RC tears
medium-sized tears when compared to large and massive tears ******>* Finally, Nho et a/*®

were able to correlate increasing tear size with re-tear risk. These investigators found that for
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every one-centimetre increase in original tear size, patients were 2.3 times more likely to re-
tear. If multiple tendons were involved the odds ratio was even more dismal as re-tear risk

increased 8.9 times.

Age and Rotator Cuff Tears and Repair Failures
Patient age has been positively correlated to RC tears in almost all investigations of primary

tears, failures after repair and progression of tear size. It is well described that both
symptomatic and asymptomatic RC tears increase with age ***%. In a study by Yamaguchi et a/*’,
the average age for patients with a painful unilateral partial- or full-thickness tear was 58.7
years, and it was 68.7 years for those with bilateral tears. This study also showed that patients
with a painful unilateral full-thickness tear had a 35.5% prevalence of an asymptomatic tear on
the contralateral side. This is significant as a proportion of individuals with asymptomatic tears
do become symptomatic. Furthermore, this has been correlated to tear size progression after
only short-term follow-up ®. Finally, and significantly, higher rates of re-rupture occur with
increased patient age *. Nho et al*® also found that for every increased year of the patient’s age
there was an odds ratio of 1.08 for tendon defect after repair. This correlation is likely due to
the underlying decrease in tendon quality as people age. As discussed below, age is positively

correlated with increased advanced glycation end-products (AGE’s), fatty infiltration (FI) and

muscle atrophy, all of which have been independently associated with RC repair failure.

Fatty Infiltration, Muscle Atrophy and Rotator Cuff Healing
Fatty infiltration (FI), muscle atrophy and subsequent tendon retraction have also been

associated with higher failure rates of RC repairs. In the first study to detail this association,

Goutallier et al®* found that failures were observed when muscle advancement had been
17



performed for atrophied muscles and retracted tendons. These authors developed a staging

system for the severity of fatty change in the muscles of the RC based on CT scans which was

later modified for MRI by Fuchs et a/®* and has become the standard means by which to assess

the cuff musculature for Fl (Table 1.1 and Figure 1.3).

Table 1.1

Original stages of Fl by Goutallier as determined by CT scan

Goutallier Fatty Degeneration Staging

Stage 0 = completely normal muscle, without any
fatty streak

Stage 1 =the muscle contains some fatty streaks

Stage 2 = the fatty infiltration is important, but there
is still more muscle than fat

Stage 3 = as much fat as muscle

Stage 4 = more fat than muscle

(Goutallier D, CORR 1994;304:78)
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Stage 1 Stage 3
Fat < muscle Fat = muscle

Stage 2 Stage 4
Fat < muscle Fat > muscle

(b) (d)

Figure 1.3 Fuchs MRI modification to stages of Fl with descriptions below each stage. Shown is the supraspinatus

muscle on a sagittal oblique MRI used for staging. Stage 0 which is not shown is completely normal muscle. From
63

reference

Significantly, the stage of Fl was correlated with patients’ function (as measured by ROM and
strength). External rotation was the most significantly affected with fatty atrophy of the
posterior portion of the supraspinatus and leading edge of the infraspinatus- a common tear
pattern. The authors of this study concluded that if there was difficulty closing the defect due
to significant retraction and atrophy, undue tension was placed on the repair site and it was at
greater risk of failure. Because Fl and retraction happen over time, authors recommended
repairs of RC tendons prior to the presence of irreversible changes in the muscle. Melis et al®
examined the rate of progression of Fl of the infraspinatus and found that it was related to the

number of tendons torn, a delay in the onset of symptoms and imaging studies and age of the
19



patients. Significant Fl occurred 2.5 years after symptom onset and progressed to severe Fl at
4 years post symptom onset. These authors also concluded that surgical repair should be
done within 2.5 years after symptom onset if it is to be undertaken. Playing a significant role
in the decision to operate is whether or not Fl is reversible. Several studies suggest that Fl is

irreversible, however, operative intervention may prevent progression * .

Ultimately, Fl is a complex process in which the underlying biological mechanisms responsible
for its etiology are unknown. Underscoring this fact is the recent finding that Fl includes even

6970 Barry et al”® showed that atrophy of the muscle and fatty degeneration

untorn tendons
were separate entities with different risk factors and prevalence. They showed that FI was
related to increasing age, muscle tear severity, and sex, whereas muscle atrophy was only
related to increasing age but not tear severity. Furthermore, even in patients without tears, Fl
and muscle atrophy increased independently with increasing age. It is safe to say that there is

a lack of understanding of the biologic etiology of this process and more work is needed to

uncover the relationship between age and the sarcopenic and fatty changes seen in RC tears.

Synovial Fluid Infiltration and Rotator Cuff Healing
In multiple preclinical studies, it has been demonstrated that synovial fluid infiltration affects

the ability of the tendon to heal®®. In anterior cruciate ligament (ACL) reconstructions of the

knee, which rely on tendon to bone healing, the cytokines present and constituents of the

71,72

synovial fluid, have been shown to be detrimental for tendon-to-bone healing’>’“. It is for this

reason that one of the goals of RC repair has been to create a watertight seal of the tendon to

the footprint so that no synovial fluid penetrates this interface’)
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Tissue Quality and the Underlying Molecular Changes in Rotator Cuff Pathology
Several studies have alluded to the quality of the tissue and its insufficient ability to heal

55,74,75 I55

quickly or normally as reasons for increased failures . Nho et al> grossly described
tendon tissue quality with arthroscopic or key-hole surgery. In their prospective study they
were able to show that patients with thinned and difficult to mobilise tendons were 3.3 times

more likely to have a defect on follow-up ultrasound with 2 year follow-up.

In the molecular realm, aberrant crosslinking with advanced glycation end-products (AGEs)
has been associated with increased fibrillar stiffness, decreased tendon toughness and
impaired matrix remodeling, leading to an overall decreased ability for tendons to heal and
remodel’”®. It makes intuitive sense that AGEs may be partially responsible for an inferior
tissue quality which predisposes patients to failure after repair. These AGEs form as collagen
reacts with sugars in the process of glycation and ultimately lead to the formation of covalent
bonds. The covalently bonded AGEs impair the ability for the normal enzymatic cross-links
involved in fibrillogenesis®. Finally, AGEs can affect extra cellular matrix (ECM) interactions,

77,78

which can lead to increased inflammation and poor tissue repair . The onset of AGE cross-

links is well characterised in aging and diabetes, both of which have been correlated to poor

healing, increased re-tear rates and worse results after RC surgery "%,

Underlying molecular differences may predispose patients to tears from prior tendinopathy
and weakened tissue. Although controversial, the typical proposed order of events is a
tendonitis followed by tendinopathy and finally tendon failure. A lot of investigation has been
done to describe the histologic changes including collagen disruption, increased ground
substance, altered fibroblast (tenocyte) morphology and neovascularisation that occur in

81-84

tendinopathy Fibrocartilaginous changes including an increased quantity of type llI
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collagen and glycosaminoglycan deposition further characterise the poor tendon quality in RC
tears.? Collagen turnover is altered in these tendons, which is fueled by a disruption in the
anabolic and catabolic balance between matrix metalloproteinases (MMPs), which promote

collagen degradation, and tissue inhibitors of metalloproteinases (TIMPs) that inhibit it.*

Whether there is a ‘tendonitis’ or inflammatory disorder which leads to a tendinopathy and
ultimate failure of the RC tendons is still highly controversial®’. Certainly, several cytokines
considered to be ‘inflammatory’ such as members of the interleukin family are increased in
disease, but this is in contradistinction to histologic descriptions in tendinopathy in which
there are reportedly a paucity of traditional inflammatory cells. Nevertheless, it has been
postulated that inflammation may play a role in the evolution of tendinopathy and ultimately
tendon failure ®. Work done by Molloy et a/* on a running rat supraspinatus tendinopathy
model revealed upregulation of inflammatory cell receptors and immunoglobulins on
microarray. In humans, Millar et al °*°* examined matched intact subscapularis tendons from
patients with full-thickness RC tears. Based on histologic appearance, and significantly
increased levels of cytokines and apoptotic markers in these tissues, these researchers
suggested it might serve as an early model for tendinopathy. Finally, human tissue biopsy
samples from small RC tears, presumably tears at an earlier stage of degeneration than larger

tears, showed significant inflammation with macrophages and mast cells®.

Genetics, Host Variation and Tendon Pathology
There is little question that there is significant variation in the pathology of RC tears due to

genetics. This ‘host variation’ was examined for the Achilles tendon by Abrahams et al ** who

found polymorphisms in the gene for collagen V which were independently associated with
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chronic tendinopathy. Recent work by El Khoury et al ** corroborated this link by showing an
additional association between tendinopathy and tissue inhibitor of metalloproteinase 2
(TIMP2), which helps to regulate extracellular matrix remodeling within the tendon.
Interestingly, an additional gene variant of A Disintegrin And Metalloproteinase with
Thrombospondin Motifs 14 (ADAMTS14), which functions as a tendon homeostatic gene,

appeared to be protective from tendinopathy.

Such links to genetics have long been suspected, particularly for tendinopathic individuals
with multiple tendinopathies or ruptures. Clinicians have long since recognised the frequency
with which patients with RC tendinopathy and tears also have concomitant tennis elbow or
Achilles tendinopathy. Jarvinen et al **> found that there was a 41% chance of developing a
contralateral Achilles tendinopathy within an 8-year period if one side was affected. As
genome wide association and epigenetic studies become increasingly available, it is possible
that structural changes in the tendon may be due to changes in gene expression or cellular
phenotype, caused by mechanisms in the underlying DNA sequence or in DNA methylation
and histone modification. A number of recent studies have highlighted a link between
epigenetics and wound healing *°. Because failed RC repairs are an expression of failed wound
healing, it is entirely reasonable to suggest that an epigenetic mechanism may at least

partially be the cause of these failures.

Rotator Cuff Failures and Clinical Outcomes- Is There a Link?
There is some debate as to whether or not RC re-tears are associated with worse clinical

results.  While Knudsen et al”’ found no correlation between tendon integrity on

postoperative MR images and functional outcome, other evidence favors improved function
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with intact repairs. Harryman et al*® and Thomazeau et al>> showed that the clinical results of
shoulders with a structurally successful repair were superior to those with RC re-tears.
However these authors and Galatz*® also found that pain was improved whether the repair
remained intact or was associated with a re-tear. Gerber et al*® reported improved shoulder
function after surgery as compared with preoperative function, but importantly there was less
improvement in patients with re-tear compared with those who had successful repair. Finally,
in the longest follow up studies in the literature, and contrary to earlier reports on pain
improvement, re-tears have been shown to correlate with decreased function in measures of

strength and ROM*%,

Biologic Solutions to Rotator Cuff Repair
With such high failure rates, and the possibility that these failures are associated with

increased morbidity, it is imperative that solutions to this complex disorder are sought. As
alluded to earlier, one avenue that may offer, not only insight into the disorder, but novel
solutions, is the study of the biology associated with normal tendon, tendon healing and the
regenerative potential of damaged tissue. As the burden of evidence reveals poor quality scar
tissue is laid down in an attempt at tendon repair, it seems intuitive that instead of a failure of

technology, the reason most RC repairs break down is a failure of biology. Surgeons can tie

tendons down with any of the ‘latest and greatest’ tools and techniques, but these will not
ensure the tendon will heal to the bone. This situation is analogous to planting a garden. The
gardener can have the newest rakes, tillers, spades and even automated seed planters, but
without the right seeds, soil and time-of-year, the plants will not grow. It may not matter how
many sutures, or in what configuration the surgeon places them in the tendon, if the tendon

biology is not restored, the repair will fail.
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As discussed earlier, disordered healing occurs after ruptures. Abnormal cells, which are

morphologically distinct from normal tenocytes, display chondroid metaplasia with round cells

resembling chondrocytes rather than the long thin tenocytes of normal tendon (Figure 1.4).

Figure 1.4 Comparison of normal tenocyte morphology to damaged rat tendon displaying chondroid metaplasia.
(A) 2.5x magnification of damaged and repaired tendon. Note the suture hole and orientation for (B) and (C)
which reveals cells with chondrocyte morphology (<) compared to normal cartilage cells ({) in (D) and tenocytes
(red <) in (E). Cells with chondroid metaplasia occur in areas without mechanical tension or architectural cues
for differentiation toward a tenocytic phenotype.

Why should this be the case? One possibility is that these changes may be the result of cells
lacking normal mechanical or architectural cues from the surrounding environment- they lack
the right soil. Cells therefore do not display tenocytic phenotype, and instead of assuming the
characteristic elongated shape and function, change as a result of the altered environment.
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Several investigators have demonstrated the role of mechanical loading in this environment,
which activates mechanotransduction and stimulates tenocyte/fibroblast density and

99-103

differentiation In addition to load, micro-environmental cues, such as shape, size and

orientation have also been shown to play a role in differentiation of cells around implants, as

100 |f failed biology is the critical factor

well as the acceptance of the implant by the host
behind failed repairs, regenerative strategies must capitalise upon, optimise and be able to

deliver enhanced biology to healing tendons.

Engineered tissue scaffolds have the potential to not only provide the correct micro-
environment, but can also be vehicles of delivery for critical factors needed to restore the
natural biology and promote healing of RC tendons. The next section will examine the
development and biocompatibility of biomaterials, and specifically tendon scaffolds, to aid

tendon healing.
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Chapter 2

2. Tendon Scaffolds and Biocompatibility

The Development of Tissue Engineered Tendon Scaffolds
As basic science research has informed our understanding of the changes in diseased tissue,

an effort to develop scaffolds to supply these cues to fibroblasts has progressed. Biomaterials
have been sought which not only strengthen tendon repair but also, importantly, give the
correct signals to the healing tendon; they offer the right soil. It is hoped that these cues will
improve the biology and help cells to assume a more tenocyte-like phenotype and
consequently develop into a competent scar tissue, which more faithfully recapitulates
normal tendon. Recently there has been an explosion in the use of biosynthetic devices to
augment tendon repair. In fact, tissue engineering and polymer scaffold research publications
have increased over 800% in the last 10 years (PubMed search ‘tissue engineering’ and
‘polymer’ and ‘scaffolds’ Figure 2.1).
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Figure 2.1 Number of publications on tissue engineering and scaffolds from 1992 through 2012.
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Scaffolds play an essential role in tissue engineering, by providing a substrate for cells to

migrate into, attach, differentiate and proliferate (Figure 2.2).

*~ cells

architeBlure e £

Figure 2.2 Scaffold architecture allows for cell ingrowth, differentiation and proliferation depending on the type
of tissue to be engineered (Image adapted from http://www.quora.com/Bioengineering/What-is-the-scope-of-
bioengineering).

To improve tendon healing, scaffolds must have the right architecture and chemistry that
preferentially attracts the purported repair cells, fibroblasts, and allows them to assume the
correct morphology of normal tenocytes. Furthermore, scaffolds must have the strength to

14" For

withstand the mechanical stresses that the tendon undergoes during healing
degradable implants this means that the scaffold degradation rate should complement the

wound repair rate and the regenerate tissue which is left behind assumes the proper

orientation and morphology of normal tendon *® (Figure 2.3).
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Figure 2.3 A schematic representation of scaffold degradation and repair. Cells migrate into the scaffold,
attracted by the orientation and chemical composition of the fibres. Cells progressively and preferentially
differentiate toward the desired phenotype while the scaffold degrades leaving behind only regenerated tissue

in the correct orientation and morphology of a normal tendon.
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Electrospinning of Scaffolds
There are multiple methods of fabricating scaffolds including bioprinting, template synthesis,

phase separation, drawing, self-assembly, and electrospinning among others %1%,

Electrospinning utilises a voltage gradient between a polymer solution and collector to create

a variety of micro- and nano-scaled fibres from natural or synthetic polymers'®**(Figure 2.4).

Syringe pump
A W

_ Polymer solution
capillary

Electrospinning
|"_ jet

High wvoltage
power supply

Figure 2.4 Electrospinning diagram. (A) A melted or liquid solution of natural or synthetic polymers is placed in a
syringe and forced through a capillary nozzle where the micro or nano-scaled fibres are gathered on a charged
collector plate. (B) Representative example of the scale and orientation of fibres that can be assembled with
electrospinning. Scale bar in the bottom left hand corner is 10um. (Electrospinning diagram and image courtesy
of Pierre-Alexis Mouthuy)

The ability to control fibre size, morphology, and alignment pattern makes electrospinning an

115,116

attractive method for the fabrication of scaffolds Because of these properties,

electrospinning has been utilised in a wide range of tissue engineering applications for the

117,118 112 121

musculoskeletal system including skin . nerve', muscle™?, bone'®, ligament®' and

115,116,122
tendon "
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For tendon regeneration, these implants are commonly referred to as patches and provide for
the possibility of augmentation of the repair while imparting strength and directing the course

of healing of the damaged tissues (Figure 2.5).

Traditicnal ranscsseous
subure repair of the Patch supplemneantation of
supraspinabus bendon tha ransossaous rapair

Figure 2.5 Engineered tendon patch repair diagram. (A) Traditional transosseous suture repair of the
supraspinatus. (B) The same repair augmented with a tendon patch (Image adapted from
http://www.atlasklinik.de/stuttztg_061011.html).

Natural and synthetic, degradable and non-degradable polymers have all been proposed as
patches to repair tendons. All natural polymers, such as collagen, alginate, and chitosan
eventually degrade and have been investigated for use in tendon repair with varying
success’*'®. However, greater interest in synthetics has developed due to their superior
mechanical properties, consistency and availability. Unfortunately, because they are non-
degradable, synthetics, such as polypropylene mesh, polytetrafluoroethylene (PTFE) or
poly(ethylene terephthalate), can harbor infection and elicit an ongoing foreign body response

(FBR) which may diminish their effectiveness in the long-term"***

. Degradable synthetic
polymers such as poly-L-lactic acid (PLA), poly(lactic-co-glycolic acid) (PGLA), polycaprolactone

(PCL) and polydioxanone (PDO) among others, may offer a better solution by combining sound

mechanical properties while minimising the risk of infection or tissue reaction by resorbing
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over time. For these reasons, synthetic degradable polymers are often considered favorable

scaffolds for tendon repair.

Biocompatibility of Implants
Despite the promise that degradable scaffolds can minimise potential risks to humans, the

critical issue that remains is safety, or biocompatibility. Biocompatibility is defined as the
following:

“the ability of a biomaterial to perform its desired function with respect to a medical therapy,
without eliciting any undesirable local or systemic effects in the recipient or beneficiary of that

therapy, but generating the most appropriate beneficial cellular or tissue response in that

specific situation, and optimising the clinically relevant performance of that therapy”*%.

Several factors have been shown to affect an implant’s biocompatibility. These include size,
shape, porosity, chemical composition and its constituent degradation products, and all of

these factors may affect implant integration or rejection.

Polymer Size
The size of the fibres of the scaffold affects both performance and biocompatibility.

Nanofibres, such as those produced from electrospinning, are of particular interest, as they

115,130

can be used for directing cell adhesion, proliferation and differentiation . Recently, Saino

et al ™

showed that the size of the fibre was correlated to one important aspect of
biocompatibility- the inflammatory foreign body response (FBR). They found that smaller
diameter fibres in electrospun scaffolds resulted in a fewer number of activated macrophages
and foreign body giant cells (FBGCs). This corroborated earlier work on fibre size being an

important factor in the FBR **"**2,
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Implant Shape
Implant topography can also affect the integration or rejection by the host. Nanofibres

created by electrospinning or bioprinting are able to mimic the structure and biology of the
extracellular matrix (ECM) and they have been shown to exhibit excellent cellular response

107

and biocompatibility™ . In vitro evaluation has demonstrated that electrospun materials are

likely to cause a lower immune response than sheets or films of the same materials ***.

Scaffold Porosity
Biocompatibility and cell ingrowth can also be greatly affected by the porosity of the material

107133 \Work by multiple researchers utilising porous scaffolds has shown that micro-porous
structures in the 30-40 micron range have excellent biocompatibility. Furthermore, these
researchers suggest that perhaps the pore size may be a definitive factor driving a

‘regenerative’ macrophage subtype. They were consistently able to show that at the 30-40

micron range there was rich macrophage infiltration followed by normal and robust healing'”’.

Chemical Composition
Finally, chemical constituents and more importantly their degradation products can have an

effect on biocompatibility. Hakimi et a™** showed that there was differential growth on
sutures of various chemical compositions. These investigators hypothesised that the acidic
nature of some rapidly absorbable sutures are toxic to cells in vitro. Furthermore, one
commonly used agent, polylactic-coglycide acid (PGLA) has also been shown to have
significant inflammatory responses and FBRs to the breakdown products of bioabsorbable

screws, anchors and other fracture fixation implants **>**°.
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Reactions to Implanted Biologic Materials
It is well known that biologic implants can elicit a FBR that involves inflammatory cells which

has a characteristic pattern over time™’

. This FBR can cause problems with wound healing and
wound contracture to varying degrees depending on the material used and the host’s immune
response to non-host constituents of the implanted material. For example, clinical studies
utilising porcine intestinal submucosal collagen scaffolds have reported reactions resembling

138,139

infection . Clinically these implants have resulted in hallmarks of inflammation including

swelling, pain and even fistula formation**.

Vroman Effect
The ability for inflammatory cells, whether neutrophils or macrophages, to adhere to and

interact with the surface of an implanted material and to elicit an inflammatory or healing
response is dependent on which proteins have adsorbed to an implant. Protein adsorption is
dependent on the ‘Vroman effect’, or local proteins’ mobility and affinity for the implant.
Certain proteins have a high mobility and concentrations and low affinity to the implant and
will attach quickly at the outset of implantation. Later the higher affinity proteins will replace
the initial higher mobility proteins. The types of proteins that adsorb to the material affect
which cells will be attracted, and have the ability to bind, and survive, which consequently

affects the biocompatibility of the implant (Figure 2.6)*****,
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Figure 2.6 Graphical representation of the Vroman effect. Lines A, B and C represent different proteins which
adsorb to a biomaterials surface. While protein A has the highest mobility for the material and adsorbs quickly,
protein B is in the middle and protein C has the highest affinity and ultimately replaces A and B on the surface. A

proteins’ mobility and concentration determine the overall adsorption kinetics (Image created from sources
141,142,144)

An example of this occurs with orthopaedic implants that require osteoblastic spreading. This
phenomenon is dependent upon macrophages binding to vitronectin and fibronectin at the
interfaces between the implant and the host. If conditions aren’t right, and the requisite
proteins are not bound to the surface of the implant, an inflammatory FBR ensues,

highlighting the importance of the local environment to implant biocompatibility**®

Macrophages in the FBR

As discussed above, the immune response to biomaterials is based upon the interaction of the
cells with adsorbed proteins on its surface. Both innate and acquired immune responses can
be activated with concomitant production of cytokines and chemokines from effector cells,

which determine how the organism responds to the biomaterial *******’. While neutrophils
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predominate early, and may result in reactions resembling acute infection and rejection of
implants, macrophages are increasingly recognised as key effector cells mediating the

response to biomaterials occurring weeks, months and years after implantation**®.

The FBR to biomaterials plays a major role in wound healing and tissue regeneration.
Clearance of wound debris, release of matrix metalloproteinases (MMP’s-important for tissue
remodeling), cytokines, chemokines and growth factors (which induce migration and
proliferation of fibroblasts and other cells) are signaled by macrophages which are the crucial
directors of tissue regeneration'*. These different functions are governed by different
subpopulations, referred to as M1 (classically activated) and M2 (alternatively activated)

130 Although it is likely more complex than these simple designations, based on

macrophages
their principal functions, these subpopulations have been further subdivided into classically

activated, regulatory, and wound-healing macrophages based upon their roles in host

defense, immunoregulation and tissue repair respectively (Figure 2.7)"".
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Figure 2.7 Macrophage subpopulations. Macrophage heterogeneity and plasticity allows them to exert a number
of effects and functions based on environmental cues which drives differentiation into different subpopulations.
(ROS= reactive oxygen species; VEGF=vascular epidermal growth factor; FGF=fibroblast growth factor;
PDGF=platelet derived growth factor; TGF-B= transforming growth factor beta; TNF=tumor necrosis
factor; IFNy=interferon gamma; APC = antigen presenting cell; PAMPs= polymicrobial associated
molecular patterns; TH= t-helper cell; Tc=t-cell; NK=natural Killer; IL=interleukin;
Ig=immunoglobulin; TLR= toll-like receptor; m®=macrophage) (Image from reference' Franz et al.)

In general, M1 cells have decreased phagocytic capability and secrete pro-inflammatory
cytokines, such as IL-1, IL-6, IL-12, IL-23 and TNF™3, They also have anti-proliferative

4

functions, and induce the T-helper subpopulation TH1 responses ***. M2 macrophages, by

> Macrophages can be

contrast, are important in tissue remodeling after inflammation
stimulated to release a host of cytokines, including interleukins (IL), interferons (IFN), and

tumor necrosis factor alpha (TNF-a), which in turn mediate other processes, including

chemotaxis and cell activation, tissue repair, and angiogenesis™®.

It has been demonstrated that when monocytes bind to, and interact with, different
biomaterial surface architectures their differentiation into the various macrophage

subpopulations is affected. Ultimately, the type of macrophage subpopulation that
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predominates determines whether a material will be accepted or rejected by the host. **>*>>.

This phenotypic heterogeneity in macrophage subpopulations explains, in part, the varying
responses to biomaterials. In other words, the macrophage has been implicated as the
director of the FBR and a critical determinant of implant acceptance or rejection (Figure

2.8)"2
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Figure 2.8 Characteristic response to a biomaterial adapted from references™****>**’, On day 0, tissue injury allows blood products including platelets, blood proteins and white

blood cells to enter the area of injury. The first protein to adhere is fibrin after cleavage from its blood protein form fibrinogen. Fibrin activates platelets which release products for
chemotaxis and cleavage of complement. One complement product binds to the surface of the implant and the others recruit cells including PMN’s and monocytes to the site.
PMN'’s bind to the proteins which have already been adsorbed to the surface of the biomaterial and release cytokines MCP-1 and MIP-B which recruit monocytes, and ROS, which
start a non-specific degradation of surface proteins, biomaterial, and ECM. The ECM degradation leads to release of other proteins which adsorb to the surface of the biomaterial
and are chemotactic for monocytes. Monocytes entering the injury zone from days 1-6, adhere and differentiate into macrophages which release a host of cytokines and direct the
response to the biomaterial. As time goes on the macrophages and other cells signal the fusion of macrophages into FBGC’s via IL-4, IL-13 and MG-CSF. FBGC’s also release
degradative enzymes and a host of other cytokines including IL-10, IL-1B which feedback to other macrophages to inactivate and suppress the response and MMP-9, TGF-B which
signal fibroblasts to activate and differentiate into myofibroblasts, both of which can contribute to excessive fibrosis, scarring and implant failure or rejection.
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Foreign Body Giant Cells and the Foreign Body Response
One of the possible consequences of macrophage interaction with biomaterials is fusion to

form foreign body giant cells (FBGC). Formation of these cells is the hallmark of the FBR. The

number or density of these cells within and around implants is typically used to determine the

146
I .

severity of the reaction to the biomateria The fusion of macrophages into FBGC's is

stimulated by cytokines such as IL-4 and IL-13 released from TH2-cells and mast cells and INF-
gamma plus IL-3 or macrophage/granulocyte colony stimulating factor (MG-CSF) released

8

from antigen presenting cells (APCs), macrophages, mast cells and TH1 cells **%. Interestingly

specific FBGC subtypes are formed based on the predominant stimulus (Figure 2.9).
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Figure 2.9 The development of different foreign body giant cell (FBGC) types is based on different growth factors
and cytokines released from different cell types which have responded to the biomaterial in different ways. The
significance of the differences is not yet appreciated but the surface topography of the implanted material likely
plays a role. Image modified and adapted from reference 158
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Similar to the different macrophage subtype activation based on surface type, topography and
constituents, recent studies have suggested that FBGC fusion and formation may also differ

according to surface roughness, geometry and size. Particularly interesting are two studies by

9 115

Sanders et al. ®*** and studies by Garg *°, and Saino which have demonstrated a
dependence of the macrophage response to the diameter and pore size of fibrous implants.
Therefore, the surface of the biomaterial in question plays a role in whether or not fusion to

FBGC’s occurs and the subsequent intensity of the FBR.

Animal Models for Biocompatibility

To determine the biocompatibility of implants in humans necessarily requires an intermediate

study in lower species for safety reasons. Recent articles by Seok et al **°

and van der Worp et
al *** highlight the unique problem of applying findings in animal models to human clinical
pathologies. It is well known that commonly used animal models heal more robustly than

%2 The time scale of

humans, making one-to-one correlations of treatment efficacy difficult
healing, for instance may be altered in different mammalian species as Ni et al '** have
pointed out in their recent review of stem cell viability over time in a rat patellar tendon injury
model. Nevertheless, prior to using these treatments in humans it is prudent to test the

safety and perhaps limited elements of efficacy and mechanisms of repair to help inform the

human condition.

Unfortunately, the current guidelines on biocompatibility studies are vague and offer little
concrete guidance. The ISO or International Organisation for Standardisation is a worldwide
federation of national standards who have attempted to develop standards for such testing

called the 1SO 10993 **. The work of preparing Standards is normally carried out through 1SO
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technical committees, of which, part six is the most applicable to the testing of local reactions
to implantable materials. 1SO10993-6 covers the majority of orthopaedic implants including
tendon augmentation scaffolds or patches. This standard outlines the species to be tested,
appropriate controls and the types of biocompatibility testing that may be performed. For
example, studies must have an inert negative control implant such as polypropylene,
polyethylene or stainless steel for comparison. In addition, in some cases where a class of
materials is expected to show a reaction, such as a polyester graft or patch that may cause
significant FBR, it is advisable to implant an additional reference material to serve as another
control. Unfortunately, most current biocompatibility studies fail to use such controls when

reporting biocompatibility data.

Despite the best intentions of the standards, there are limitations with regards to the
protocols designed for local implantation. In the case of tendon patches, implants are placed
in a juxta-articular position that may have potential ramifications for the joint. Unfortunately,
the current standards do not take this into account and instead recommend that devices be
placed in the paravertebral muscles rather than the anatomic location in which they will be

used.

For the practicing orthopaedic surgeon, this translates into the question of whether or not

such devices affect the joint surfaces when implants are placed near the articular surface as in

RC tears. This question is of utmost importance when determining safety of the implant, as

adjuvant induced arthritis models have been shown to have innate and humoral responses to
165

foreign materials™. Therefore, biocompatibility studies evaluating juxta-articular implants

should be placed in their intended anatomic locations to test whether or not any adverse
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reactions to the articular cartilage occur. This necessity has been highlighted by recent
failures in metal on metal hip implants where a proportion of patients have exhibited

exuberant immune and tumor-like responses®®®.

Another significant problem with the standards is that the animals that are recommended for
this testing are White New Zealand Rabbits, which are genetically heterogeneous. The choice
of this species allows too much variability when trying to draw firm conclusions on whether an
implant is biocompatible. As Festing '*” has pointed out, effective animal models, “should be
sensitive to the experimental treatments by responding well, with minimal variation among
subjects treated alike. Uncontrolled variation, whether caused by infection, genetics, or
environmental or age heterogeneity, reduces the power of an experiment to detect treatment
effects.” In other words, isogenic strains should be utilised for biocompatibility testing
because they are more uniform than outbred stocks. A recent review of animal testing reveals
that this has not been the case and many studies purporting to be testing biocompatibility
have actually used Sprague Dawley or Wistar rats'®.  The genetic differences between

individual animals within these groups are considerable and are inappropriate for

biocompatibility testing *’.

Finally, many studies that claim to be studies of biocompatibility, have used only a limited
number of histological evaluation parameters or purely in vitro tests to determine whether or

not an implant is biocompatible. Aurora et al**® used only one animal at each time-point for

170 118
l. /

their biocompatibility studies. Zhou et a and Zhou et a used in vitro designs to test
biocompatibility of electrospun polymers on the differentiation of bladder endothelium and

wound healing dressings respectively with cytotoxicity studies. While some aspects of the
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response can be measured, the full reaction can only be done in an in vivo system such as an
animal model due to the vast interconnections with multiple components of the innate and

acquired immune systemsm.

One Approach to Biocompatibility and Efficacy

We have recently designed a novel polydioxanone (PDO) monofilament patch *°. The patch
consists of an electrospun and a woven component laminated in a proprietary way to one

another creating a scaffold with an electrospun component on one side (PDOe) (Figure 2.10).

Figure 2.10 Woven and electrospun components of the PDOe patch are laminated (A) to create a single patch
construct (B).

This patch has shown very favorable design qualities in that it has the ability to support
tenocyte and stem cell proliferation on the electrospun component and recapitulate the crimp

of normal tendon in in vitro experiments (Figure 2.11).
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Figure 2.11 Left panel shows electrospun components in the characteristic crimp and aligned orientation of
normal tendon fibrils while the right panel shows the cell ingrowth (red fluorescence) (Image courtesy of
Clarence Yapp and Osnat Hakimi).

Importantly, tests have indicated that it is non-toxic to cells even after long periods in vitro **°.
Furthermore, the woven component of the patch has shown excellent ex-vivo degradation
and strength characteristics, which should provide sufficient tensile strength to the repair
while the tendon regenerates. The patch is flexible and has the ability to hold sutures. Finally
as a degradable implant, any FBR is finite and as long as there is no large-scale acute

inflammatory reaction, the patch should be relatively biocompatible.

Questions, purpose and hypotheses
Key questions remain prior to implantation in humans. One is whether or not this novel PDOe

patch elicits any immune FBR which would preclude its use in humans. Secondly, are there
other adverse effects to the joint or surrounding tissue which would make implantation
unsafe? Thirdly, does the patch provide for, and maintain, adequate strength in vivo while the
tissue heals before degradation? Such work, as discussed above, necessarily involves an
intermediary such as an animal model in order to carry out in vivo biocompatibility testing.

Therefore, the purpose of this thesis was to test the biocompatibility and biomechanical
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characteristics of the PDOe patch in an in vivo model. As such, the hypotheses tested in this
thesis were threefold:
1) That the novel woven and electrospun laminated PDO patch (PDOe) would be
biocompatible and show little FBR.
2) The patch would not induce a systemic or local inflammatory arthropathy and
3) The patch would maintain tensile strength in the critical first 6 weeks of healing, in

order to mechanically support neo-tissue formation prior to complete degradation.
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Chapter Three

3. Experimental Design, Materials and Methods

In Vivo experimental design
The ethics review, animal care committee, and the UK Home Office approved the animal

experiments. A randomised, block, factorial design was used to determine the biologic
response to an infraspinatus tendon transection repaired with three different materials (PDO,
PGLA and Silk patches) and a control repair with polypropylene (Prolene® Ethicon USA) suture
at 5 different time points (1, 2, 4, 6 and 12 weeks post injury- Table 3.1). Time-points were

chosen based on a typical inflammatory, regenerative and remodeling response to traumatic

injury in addition to the adverse reactions to prior rotator cuff implants*****%.
Table 3.1

In Vivo design- Randomised, block, and factorial design.

Time-points represent separate blocks and repair patch constructs different experimental
treatment conditions. The proposed number of animals sacrificed in each patch group and
time-point is depicted in each cell. Two animals in the 12-week group were sacrificed early
during at the outset of the project due to surgical complications, leaving only two animals in
the PGLA and Silk groups after randomisation.

Repair Constructs

Control

Polypropylene PDOe Silk PGLA

Time points n=15 n=15 n=15 n=15
1 week =] 3 3 3
2 week 3 3 3 3
4 week 3 3 3 3
6 week = 2 2% 3
12 week 3 A = =

This design structure was chosen to increase the precision of the experiment while reducing

167,168,171-177

the number of animals utilised in this experiment . The negative control was chosen
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because of its previously documented and relatively inert foreign body biological response to

8173 " The positive controls of silk and PGLA were also chosen for their

polypropylene suture
known inflammatory reactions. We assumed there would be a difference in the degree of

inflammatory cell response based on this prior work™*.

Blocking was employed as the logistics of operating on sixty animals in the same session was
unreasonable, and this technique would help to reduce unwanted variation due to time and
operational conditions when performing the procedure on different days'®. Therefore,
twelve animals per session were allocated for the surgery. Animals were physically
randomised by blindly drawing numbers out of a box at the time of the surgery to receive one

of three implants or control surgery without an implant.

A factorial component to the design was used to test the two independent variables of
implants and time of termination to the dependent variable, or biologic response, to the
implants. Factorial design was utilised as this experiment consists of two factors (implant
material and time), each with discrete possible values (histologic response in number of
foreign body and inflammatory cells), and because these experimental units take on all
possible combinations of these levels across all factors. This experiment allowed us to study
the effect of each factor on the response variable, as well as the effects of interactions
between factors on the response variable allowing statistical comparisons. Therefore, this
design allows for a much more powerful assessment of the interaction of these factors and

175,180

reduces the number of animals without decreasing the power. The biologic response

was measured as described below and consisted of quantitative counts of foreign body giant
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cells (FBGC's) and macrophage subpopulation ratios treated as continuous rather than

discrete variables.

Finally a sample size calculation was completed using the resource equation of Mead which
revealed 3 animals per group would be a sufficient number to allow analysis with a two-way

ANOVA'® (Equation 1).
E=N-T-B

Equation 1: The resource equation. E is the error degrees of freedom, N is the number of animals-1, T is the
number of treatment combinations-1 and B is the number of blocks-1 (In our experiment N=59, T=19 and B=4
which gives 59-19-4=36).

Normally, this calculation would have allowed for further reduction of animals to 2 per group.
However, because the treatment effect size was unknown, this was the first time this protocol
was used and the study complex, with analysis of both treatment and time on biologic
response, an additional animal per group was chosen to ensure data analysis would be

possible.

It could be argued that when studying the effects of an implant on biologic response,
implantation of the material itself without injury to the tendon may be enough to measure a
response with less pain to the animals. This was considered in the design of the experiment.
However, for several reasons, the transection model was selected over implantation alone.
First, the clinical situation in which these implants are placed necessarily involves disruption
and debridement of the tendon in order to effect a repair. Therefore, we felt the original
model would provide a more representative picture of the processes involved in the FBGC
response as the role of inflammation due to surgical insult would be minimal in a purely

subcutaneous location. Finally, these implants are placed on RC tendons that have direct
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communication with the joint. To allow exposure of the underlying joint to the material, the
tendon must be cut. This gives the most faithful representation of the clinical situation

encountered in humans.

Animals
Sixty white female LEW/SsNHsd strain isogenic rats aged 10 weeks and weighing between 170

and 180 grams were used for the in vivo animal studies (weights taken immediately before
surgery). Female animals were chosen for practical reasons given their lower cost and
docility. Animals were obtained from Harlan UK and were kept four rats to a cage in isolation
cages (as opposed to open to air) to avoid any contamination from others, which might

increase variation and confound results (Figure 3.1).

Figure 3.1 Typical animal housing in an isolation cage with ad libitum food and water and sterile bedding.

Bedding was Eco-pure chips 1-2.8 mm premium wood granules and was changed daily by a

single technician who was also responsible for feeding the animals. Animals were given sterile
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feed (SDS rm3 cubed diet with 22% protein irradiated at 25 kGy) and water ad libitum at all
times prior to and after surgical procedures. The animals were housed with a 12-hour
alternating light and dark cycle in a temperature and humidity controlled room (19-23°c and
humidity 55% plus or minus 10%) throughout the experiment. Animals were certified to be
free from infection upon arrival according to FELASA guidelines and showed no signs of
infection locally or systemically throughout the in vivo experimentation. The animals were

acclimated for one week prior to any surgical intervention.

The LEW/SsNHsd animals were specifically chosen for several reasons. First, the rat is thought
to have an immune system that is highly responsive to antigens and is used for many

181-183

immunologic studies . Furthermore, this strain of rat is a commonly used animal to study

185,186

RC healing™* and tissue response to biomaterials Importantly, the LEW rat has been

used in models of inflammatory arthropathy as it has a predisposition to developing joint

changes after injections of adjuvants™’

. It was felt this unique property of the LEW rat would
provide a high level of confidence that there would not be an unwanted response in humans if
there were NO joint reactions to the materials implanted juxtaposed to the joint in rats.
Finally, while other studies of biocompatibility have used Sprague-Dawley or Wistar rats, the
genetic differences between individual animals within these groups introduce significant
variability and the use of these animals requires greater numbers of animals to be utilised,
may miss smaller treatment effects, and is inappropriate for biocompatibility testing'®’. In

contrast, the isogenic strain of this LEW animal allows for more control of the variation and

indirectly allows for a reduction in the number of animals.

51



Surgery
The surgical procedure was completed on greater than 30 cadaveric animals prior to

operations on live animals to minimise the learning curve and any suffering to the animals.
Both rats and mice were utilised in the training to provide an even greater degree of facility
with the size of the tissues prior to any live surgeries. One complete surgery was performed
on a cadaver and live animal in the presence of a veterinarian to further ensure proficiency
with the surgical procedure and ensure animal safety. All surgical procedures were

performed by one fully trained orthopaedic surgeon (MEM).

Animals were premedicated with .05mg/Kg Buprenorphine subcutaneously for analgesia both
pre- and post-operatively which was re-dosed every 6-12 hours as needed for pain. Non-
steroidal anti-inflammatory drugs (NSAIDs) were not used, as inflammatory markers were key
endpoints in this experiment. Animals were monitored for temperature, pain and respiration

rate throughout the procedure.

Surgical Procedure and postoperative protocol.
Animals were induced with 5% Isoflurane in an anesthetic box with a 5L/minute flow rate of

oxygen. The animal was immediately weighed and a pre-surgical dose of the long-acting
analgesic Buprenorphine (.01mg/Kg) was given subcutaneously in the scruff of the neck
[Buprenorphine/Vetergesic .3mg/ml diluted 1:30 in sterile saline to give .01 mg/ml of solution.
Formula Calculation = .01mg/kg * (x kg) divided by the concentration of the drug (mg/ml)].
The fur overlying the right shoulder surgical site was then shaved and the animal given 8
mg/Kg subcutaneous injection of 0.25% Bupivacaine for local analgesia in the area of the
planned incision [Formula calculation = (8 mg/Kg x wght of animal in Kg)/2.5 mg/ml)]. The
animal was then immediately placed on a nose cone in the left lateral decubitus position for
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operation on the right shoulder, lacrilube placed in the eyes to prevent drying, temperature

probe inserted rectally and the animal secured with flexible Coban©(3M United Kingdom) for

the procedure (Figure 3.2).

Figure 3.2 Animal prepped for surgery. Right shoulder is shaved and animal secured with Coban to the operating
table to allow exposure to the shoulder.

Anaesthesia was maintained at 1.5%-2% Isoflurane with an oxygen flow rate of 1L/minute for
the duration of the procedure. For skin preparation, the right shoulder was cleansed with
80% alcohol followed by Betadine and then completed with a second alcohol wash. The right
forepaw was covered with sterile Coban wrap and the animal draped sterilely. A 1-2 cm
incision was centered over the spine of the scapula and carried from the medial border of the

scapula out to the acromion laterally (Figure 3.3).
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Figure 3.3 Incision centered over the spine of the scapula exposing the underlying musculature. The raphe
between the posterior deltoid and trapezius is just visible.

After blunt dissection, the underlying shoulder musculature was exposed. This dissection
exposed the spine of the scapula and the fascial raphe between the scapular portion of the

deltoid and the trapezius (Figure 3.4).

Figure 3.4 Cadaver dissection of the incision made in the spinal raphe between the trapezius and the posterior
part of the deltoid.
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This raphe was incised along the length of scapular spine to the acromion taking care to stay
below the spine and above the infraspinatus tendon. The infraspinatus tendon was then
exposed out to its insertion to the humerus by releasing the posterior deltoid from the
acromion, which allowed visualisation of the entire infraspinatus tendon. Patches were then
sutured to the distal insertion of the tendon with 5-0 polypropylene (Prolene™ Ethicon Blue
Ash OH, USA) sutures. After control of the distal portion of the tendon was achieved, the
tendon was then transected 3 mm from the insertion over the glenohumeral joint exposing
the joint (Figure 3.5).

Tendon section 3 mm from
insertion

e

AR T
; Winsarﬂon
[l

ERPOSe infraspin tus tendon
( roﬁgh tendon' 3 mm from its

Figure 3.5 Exposure of the infraspinatus tendon and transection of the tendon. Approximate location of the
transection overlying the joint is marked with a rectangular box and shown to the right in the illustration. Key
anatomic relationships and tendon dimensions are labeled.

The proximal end of the tendon was then repaired with repair patches with a modified Mason
Allen stitch with 5-0 polypropylene sutures maintaining a 3 mm gap between tendon ends

(Figure 3.6).
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PDO patch in
place with repair

in vivePDOe patch |

Figure 3.6 Surgical procedure for patch placement. After the tendon was transected 3 mm from its insertion into
the humerus over the joint, the repair patches (in this case the PDOe patch) were placed over the defects and
sutured in place with polypropylene sutures. Insets in the bottom of the photo illustrate the PDOe patch and
show its in vivo position once the repair has been completed.

The remainder of the PDOe or other patches were placed overlying the muscular portion of
the infraspinatus. The deltoid was closed over the patch and sewed back to the upper
trapezius with 5-0 Prolene sutures completely covering the patch. The skin was closed with 5-
0 Prolene and the animal was taken off anesthesia and placed on 2 L of oxygen per minute
until recovery. The animal was then transferred to a warming box and then a housing cage
when fully recovered and allowed to feed ad libitum. Sutures were removed on postoperative

day 10.

Assessment of the Biocompatibility of PDOe
For the in vivo biocompatibility experiment, the PDOe patch was compared to a non-dyed silk

and multifilament Vicryl® (polygalactin 910, a particular formulation of PGLA; made by
Ethicon a subsidiary of Johnson & Johnson) suture (positive controls) hand woven with a plain

weave configuration in the same way as the PDOe patch, but without electrospun
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components (Figure 3.7). The patch design of the PDOe is proprietary but utilises a 7-0 plain

weave configuration that is then laminated with an aligned electrospun component.

Figure 3.7 Control suture and the three patches utilised in the thesis. Patches were woven to dimensions of
2mm wide x 2cm long in a plain weave configuration.

Patches were 2 mm wide by 2 cm long. Simple suture repairs with non-absorbable
monofilament Prolene sutures and modified Mason-Allen stitches served as negative controls.

178,179

This suture material has been shown to be biologically inert . The number of animals and

time-points for sacrifice for each patch material and controls are depicted in Table 3.1 above.

Sterilisation of the patch material
Sterilisation procedures were carried out in a sterile hood. Sterile molecular grade ethanol

(Sigma-Aldrich Co. LLC.) was filtered through a 20-micron filter. This sterile wash was then
used to aliquot 10 ml into sterile test tubes with the patches. These were then agitated and
ethanol washes changed every 10 minutes. This was repeated six times over one hour, after
which patches were placed in sterile 5-mL tubes in a drying chamber for 24 hours until

completely dry and prepared for implantation.
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Animal Sacrifice
Animals were sacrificed according to Home Office regulations with a rising concentration of

carbon dioxide in a clean euthanasia chamber. Animals’ hind limbs were photographed

immediately after sacrifice to determine hind paw inflammatory responses with a scoring

system188 as compared to 1-week suture removal pictures (Figure 3.8) and Table 3.2.

Camera

7

10 inches light
soUrce

Control at 1 week Control at 12 weeks

>

Figure 3.8 Animal photographs for hind paw indices. The camera is placed in the same orientation and same
distance with a consistent light source for photographic comparison between one and 12-week time points.

Table 3.2

. . 188
Inflammatory index scoring system from .

Score Severity of induced arthritis

No arthritis
Swelling and/or redness of one to two interphalangeal (IP) joints
Involvement of three to four IP joints or 1larger joint

More than four joints are red/swollen

Bowor o= o

Severe arthritis of an entire paw

Animal photographs were taken in a standardised manner (Figure 3.8). The light source was
placed 18 inches behind and 18 inches above the animals and photography source was 12
inches above the animals to allow for comparisons. After sacrifice the rats were immediately

taken to a clean work surface for dissection of the shoulder tendons and bone (Figure 3.9).
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Figure 3.9 Dissection area, instruments and arrangement. Tissue was immediately placed in labeled cassettes
and then 10% buffered formalin for fixation and tissue processing.

Photographs and videos of the gross dissections were also obtained for gross descriptive

purposes.

Tissue preparation, processing and sectioning
The entire patch, infraspinatus muscle and tendon were removed in their entirety from the

infraspinatus fossa immediately after sacrifice and sectioned into two pieces just proximal to
the repair sutures. A 1.5-cm portion of the patch was then dissected free of any surrounding
tissue and sent for immediate biomechanical testing and electron microscopy as outlined
below. The distal portion, encompassing the injury site, was placed into a labeled processing
cassette and then into 10% buffered formalin. The tissue from the shoulder tendons was
placed between two sponges to orient the tendon lengthwise for proximal distal superior and

inferior landmarks of the tendon for later sectioning (Figure 3.10).

59



Figure 3.10 Tendon is placed into the cassette with a specific orientation. The proximal end of the tendon, which
was cut just proximal to the suture repair site (sutures just visible), was oriented toward the back of the cassette
while the distal end was oriented toward the front labeled part of the cassette. A second sponge was added on
the top to maintain orientation prior to immersion in 10% buffered formalin.

The tendon tissue remained in the formalin for 2 weeks and then was removed and processed
using a Leica™(Wetzlar, Germany) tissue processor and embedded in paraffin wax (Figure

3.11).

Figure 3.11 Paraffin embedded section of a patch. Blue, repair suture is seen to the left of the image and the
patch material is seen as a wavy line within the bulk of the tan colored tissue.

During the embedding procedure, it was important to align the tissue for sectioning in order
to obtain uniform sections. The tissue was placed into the molds after a longitudinal cut was
made through the centre of the patch in this longitudinal orientation. This was done to
ensure visualisation of the patch material and the tissue implant interface during longitudinal

sectioning with the microtome (Figure 3.12).
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Figure 3.12 Orientation of patch tendon tissue in mold well for subsequent tissue sectioning.

The bone of the bilateral humeri and glenoids were also removed en bloc and also placed into
a tissue cassette and 10% formalin for 3-10 days. This was followed by decalcification in 5%
formic acid for 11-12 days. This method of decalcification is the preferred method for rat

cartilage examination recommended by the Osteoarthritis Research Societies’ histopathology

initiative (OARSI) '®°. Prior to paraffin embedding, bone was also sectioned transversely to
obtain a cross section through the centre of the glenoid or humeral head for later visualisation

with H&E staining. The bone was then embedded in paraffin with the cancellous portion of

the bone toward the bottom of the wax mold for proper orientation and sectioning (Figure

3.13).
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Figure 3.13 Protocol for paraffin embedding of the bone after tissue processing. (A) The bone is sectioned in the
coronal plane through the greater tuberosity and book-ended open. (B) The cut surfaces placed face down in the
mold for H&E staining. (C) After removal and sectioning, the orientation is clear and allows easy visualisation of
the, enthesis (=) and cartilage surface (*).

Tissue blocks for both tendon and bone were placed on ice for 15 minutes and sectioned to
4um using a Leica RM-2135 (Wetzlar, Germany) microtome. They were placed onto labeled
Leica extra sticky glass slides. The specimen was then heat melted onto the slide using heat
platforms of 60°C for thirty minutes followed by 37°C for one hour. The slides were stored at

room temperature before staining.

Histology and Immunohistochemistry

General histological examination for cartilage surfaces and FBGC counts were performed using
haematoxylin-eosin (H&E) staining. Cartilage surfaces were then examined and graded

according to the OASRI grading scale as seen in table 3.3'%°,
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Table 3.3

Cartilage Degeneration Scoring

Parameter Grade Description
Cartilage 0 Mo degeneration
degeneration 1 Minimal degeneration; 5—10% of the total projected

cartilage area affected by matrix or chondrocyte loss
Mild degeneration; 11—-25% affected

Moderate degeneration; 26—50% affected

Marked degeneration; 51—75% affected

Severe degeneration; greater than 75% affected

[ I =S Iy (8

Specific cell markers for macrophages (iNOS for M1 and mannose receptor for M2) were
stained for immunohistochemistry. Prior to staining for IHC, all slides were baked at 60°C for
an additional hour. The automated Dako PT Link machine performed de-paraffinisation and
target retrieval. All immunostaining was performed on the Dako Autostainer Link 48 machine.
The Autostainer slide racks were transferred from the wash buffer to the Autostainer Link 48
and further wash buffer applied to the slides in the machine prior to staining. The
immunostaining protocols and dilution preparation varied according to the antibody used.
The details of the antibodies are described in Table 3.4 which delineates the dilutions used for

each particular antibody.
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Table 3.4

Stains and dilutions used for IHC.

Subject Stain Method/Dilution
M1 macrophage

(activated M) iNOS 1:5000 no linker
M2 MO mannose receptor 1:1000 ¢/ linker

Microscopic Assessment and Image Analysis
The assessment of the microscopic appearance of the slides stained for Haematoxylin/Eosin

was performed by one blinded investigator. Images were also sent to a trained
histopathologist, who was also blinded, for confirmation of the findings. Images were taken
with a systematic approach. After identifying the area of the patch material, or suture holes
for controls, on 2.5x magnification the tissue was photographed at 10x and 20x magnification
to get the overall area next to the patch material. Patch material and sutures were frequently
cut out of the tissue, in which case residual imprints were left in the tissue allowing
orientation to the patch materials. Then the microscope was refocused to 100x power under
oil immersion. From the distal extent of each patch/tissue interface images were taken
sequentially of different fields next to the interface. A minimum of 5 images and a maximum

of 20 per slide, depending on the size of the tissue section were taken (Figure 3.14).
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Figure 3.14 Slide examination method. (A) shows the overview of the tissue section with the patch material
outlined. (B) shows an example of where patch/tissue interface images might be taken from after zooming to
100x power with oil immersion as shown in (C). The (*) represent areas of sutures which have been cut out of
the slide block.

The images were then analyzed using Imagel® in order to quantify the total number of cells
and the amount of DAB stained cells present in each image in addition to manual counts for
every image. A second investigator confirmed the results by repeating selected image counts.

The details of the image analysis are described in Appendix 1.

H&E staining

After baking as described above, specimens were stained on a Bayer Tissue-Tec DRS 2000
autostainer with the following procedure. Slides were washed in distilled water and then
stained for 5 minutes in Mayer’s hematoxylin. Slides were then washed in tap water and

blued in 2% sodium hydrogen carbonate for a few seconds followed by another wash in tap
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water. Slides were then stained in 1% eosin for 5 minutes, rinsed with tap water and
dehydrated using alcohol, cleared in xylene and mounted in D.P.X. Finally, coverslips were
placed over the sections and imaged according to the microscope protocol as described

above.

Biomechanical Tests
For each type of patch, 3 separate specimens were used, measuring 15 mm in length and 2
mm in width. The testing protocol was based on a modified version of previously published

studies of the mechanical properties of other tendon patches %',

Modified clamps were
used to grip the ends of the patches, leaving a nominal grip-to-grip gauge length of 10 mm.
Specimens were tested to failure in tension using Deben machine at a rate of 0.3 mm/min
until failure (150 N load cell). We assessed load to failure (N), which was defined as a decrease

in load of more than 20% during tensile testing. Scanning electron microscopic (SEM) images

were taken during the test using SEM Carl Zeiss™ (Oberkochen, Germany) microscope.

Statistics

Data were analyzed with Prism© (GraphPad Software, Inc. USA) statistical software. Values
were expressed as means and standard deviations with 95% confidence intervals. Two-way
analysis of variance (ANOVA) was conducted to test the significance of differences between
the different patch materials, controls and time-points (independent variables) with respect to
counts of FBGCs, inflammatory macrophages (M1) and regenerative macrophages (M2)
(dependent variables). Two-way ANOVA was utilised after discussion with statisticians. This

test examines the influence of the different independent variables utilised of patch material
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and time on the dependent variable of biologic response (inflammatory cell counts). The two-
way ANOVA assesses the main effect of each independent variable and also if there are
interactions between them. These results were plotted as cell number over time with 95%
confidence intervals for each time-point. Significant differences between biomaterials at the
different time-points were those without overlapping confidence intervals corresponding to a

p value of <.05).
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Chapter 4

4. In Vivo Biocompatibility Results
Systemic Reactions to Implants
There were no systemic reactions to any of the implants at any time-point as measured by

hind paw inflammatory indices (Figure 4.1).

Control at 1 week FDOe at 1 week Silk at 1 week A PGLA at 1 week

el Ty —

ontrol at 12 weeks B PDOe at 12 weeks Silk at 12 weeks PGLAat 12
weeks

=
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Figure 4.1 Hind paw inflammatory indices. (A) Representative hind paws show no swelling or erythema at 1 and
12 weeks or any intervening time-point (data not pictured) for any of the biomaterials. (B) A representative
figure displaying (B1) normal and (B2) hind paw swelling and erythema from Lewis rats with adjuvant induced
arthritis with collagen (Image taken reference %) The loss of normal bony landmarks in B2 signifies significant
swelling.

68



The wounds themselves remained benign and there were no cases of wound dehiscence,
draining seroma, fistula formation or infection. Animals did not aggressively attempt to
scratch or eat out their sutures for any of the materials used. There were 2 cases of scratches
next to shoulders with PGLA and one case of scratching next to silk and none for the PDOe or

control materials, although these seemed to be isolated or incidental and not due to undue

irritation to the sutures or patch material (Figure 4.2).

Figure 4.2 Cutaneous reactions at 1 week. (A) Silk and (B) PGLA. Note the abrasion and superficial scratch near
the wounds. There were no other cases of injury around incisions and all superficial scratches had healed by
postoperative day 10.

Local Responses

On gross dissection, control animals had mild adhesions to the subcutaneous skin. These
adhesions became less prominent at 4 weeks and were virtually nonexistent at 6 and 12
weeks. The control transections were grossly bridged with robust scar tissue at one-week

even in the single case where the suture had pulled through the proximal tendon and the
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repair failed (Figure 4.3). Over each time-point the scar matured and was less bulky at 12

week time-points, but visibly more amorphous and grey in contrast to the bright white and

aligned striations of normal tendon.

Figure 4.3 Scar tissue formation in a control failed repair after one week. (A) The tendon (*) is in continuity with
scar tissue (bracket) area even with suture pullout and failure. The suture knot and loop (=) are seen to the
right of the area of scarring (bracket). (B) Close up of the same tendon. The forceps denotes the distal portion of
the tendon, which is lighter in color. The longitudinal area of suture pullout can be seen immediately below the
forceps to the right of the (*) on the image.

There was a large transudate at the one- and two-week time points for the PGLA implanted

animals (Figure 4.4).
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Figure 4.4 PGLA transudate encountered at (A) 1-week (=) and (B) a seroma (}) at 2-week time-point. This
fulminant serous fluid was not present at 4, 6 and 12 weeks.

The PGLA capsules contained serous fluid and the patch material degraded visibly over time
and was not grossly identifiable at 12 weeks. Scar tissue was soupy and amorphous at 1 and
2-week time-points and congealed at later time-points with a more robust thicker scar tissue

at 6 and 12-week time-points.

Silk implanted animals had a large capsule surrounding the implant which increased in size

over time. This capsule was readily identifiable after initial subcutaneous dissection as a

bulging mass beneath the muscle (Figure 4.5).
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Figure 4.5 Fibrous capsule of Silk after subcutaneous dissection. (A) outlines area of capsular thickening bulging
below muscular repair (0). (B) is an enlargement of the same image.

The fibrous capsule extended the length of the patch and although very thick was easily

peeled away from the patch showing little incorporation (Figure 4.6).

Figure 4.6 Ex vivo dissection of the silk patch. Large fibrous encapsulation of the silk patch (in forceps) with little
incorporation at 1-week time-point.

Although encapsulation was present in PDOe and PGLA patches, grossly it was not as robust as
that seen with the silk patches.
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PDOe and control repairs had fibrous capsules around repaired tendons which seemed to
increase in size up to 2-weeks and then gradually decrease in size up to 12-weeks (Figures 4.7
and 4.8). Animals implanted with PDOe showed a similar response when compared to

controls.

A

Figure 4.7 In situ dissection of PDOe patch at 1 week. (A) Small adhesions (x) to the skin were most prominent at
the 1-week time-point and diminished over time. (B) and (C) show patch dissection out of the infraspinatus
fossa. (D) shows the patch being removed along with underlying muscle (*). The fibrous capsule around the
implant is clearly visible (=).
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1 week 2 weeks 4 weeks 6 weeks 12 weeks

Figure 4.8 PDOe patch dissection over time. There was an initial increase in fibrous capsule thickness between 1
and 2 weeks followed by gradual decreasing size from 4 to 12 weeks.

Electron Microscopy

Electron microscopy was undertaken in order to visualise the interface between the patch and
host during tensile testing. Images revealed a coating of homogenous material within 2 weeks
of implantation. This layer appeared to become thicker over time with all implants. However,
even though this layer was not measured directly, because the fibers of the PDOe implants
remain visible below this layer this suggests this layer may be thinner around this implant

compared to other patches (Figure 4.9).
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Figure 4.9 Scanning electron microscopy (SEM) of the 3 patches (A) Silk, (B) PGLA and (C) PDOe at 2-week time-
points. The layer of fibrous tissue surrounding the Silk and PGLA patches appears thicker compared to the PDOe
where the fibres are identifiable below the tissue encapsulation (lines identify weave). The fiber weave of the
other pathc materials are not identifiable until disruption of the patch material with tensile testing as seen in (A)
suggesting a thinner layer of fibrous tissue in the PDOe group.
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Figure 4.10 Scanning electron microscopy (SEM) of the 3 patches (A) Silk, (B) PGLA and (C) PDOe at 4-week time-
points. The layer of fibrous tissue surrounding the Silk and PGLA patches is even thicker at the 4-week time-
point than the 2-week time-points. Again, the PDOe fibres remain visible below the tissue encapsulation

(outlines).

Articular Cartilage Response

There was no difference in the articular cartilage between the groups at any time-point

(Figure 4.11).
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Figure 4.11- 12-week cartilage examination. Normal cartilage architecture and density with homogenously
distributed, normal appearing chondrocytes and a smooth articular surface without erosions or pitting for each
of the constructs tested.

The articular cartilage was smooth and devoid of any thinning, pitting or other defects for all
constructs tested. Chondrocytes were characteristically round and normal in appearance and

there was no evidence of synovial thickening or lymphocytic infiltrate.

Foreign Body Giant Cell Response
1-Week Time-Point
At the 1-week time-point there was a mixed infiltrate of inflammatory neutrophils,

macrophages, fibroblasts and eosinophils and few FBGC’s (Figure 4.12).
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Figure 4.12 Inflammatory infiltrate at 1 week post implantation at 100x magnification. (A) Control, (B) PDOe, (C)
Silk, (D) PGLA patches. There are mixed cell types including eosinophils (<) identified by their eosinophilic
cytoplasm and horseshoe shaped nuclei, macrophages (=) identified by their large nuclei and prominent
nucleoli, neutrophils ({) identified by their multilobed nuclei and fibroblasts (-) identified by their elongated
linear and sometimes wavy nuclei with cytoplasm that diffusely blends with background. Fibroblasts within the
electrospun component of the PDOe patch (B) were elongated and phenotypically similar to tenocytes.

These cells were present in all constructs and again were confirmed by a blinded independent
histopathologist. The fibroblast cells next to the electrospun component of the PDOe patch
took on a more elongated, fibroblast and/or tenocyte-like appearance, whereas cells not in
contact with the electrospun component seemed to be predominantly rounded macrophages

(Figure 4.13).
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Figure 4.13 PDOe patch at 1-week time-point with four different magnifications. (A) is a 2.5x magnification and
shows the overall appearance of the patch in reference to the surrounding tissue. (B) is a 10x magnification. The
woven structure becomes clearer. The electrospun side is labeled with a (~) and the woven side with a (0). (C) is
a 20x maghnification where the electrospun fibres are becoming more evident. The elongated fibroblasts (-) can
be seen on the electrospun component (~) and rounded macrophages at the periphery (=). (D) 100x
maghnification reveals the electrospun fibres and the fibroblast cells (-)with a more elongated tenoctye-like
appearance of cells within the electrospun component (~), whereas cells not in contact with the electrospun
component are more round and phenotypically more similar to macrophages (=).

2-Week Time-Point
Foreign body giant cells (FBGC’s) were again observed independently by (MEM) and a blinded

independent histopathologist for all constructs first becoming prominent at the two-week
time-point (Figures 4.14-4.19). These cells are clearly identified even on low power by their
characteristic multinucleated structure on H&E staining. For all patch constructs these FBGC
were of the Langhans-type with peripherally arrange nuclei within the cytoplasm resembling a
horseshoe and for controls were foreign-body-type with jumbled nuclei which do not assume
a characteristic pattern within the nuclei (See figure 2.9 for structural differences)*>. The
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PDOe constructs again showed areas of organisation in the electrospun region of the patch
with elongation and orientation of cells expressing tenocytic phenotype outside the area of
cellular infiltrate. This region was thicker and appeared to have thicker, more pronounced

orientation of what are possibly collagen bundles along the axis of the cells in this region.
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Figure 4.14 Control at 2 weeks. (A) 2.5x magnification for overview. (B) and (C) show suture holes (*) and
surrounding cellular stroma. (D) There was a dense population of cells consisting of mostly macrophages (=)
and fibroblasts (-) within the area of repair. A FBGC (@) of the foreign-body-type can be seen in (D) at 100x
magnification.

80



Figure 4.15 PDOe at 2 weeks post-implantation in different regions next to the construct. (A) Shows overview of
patch at 2.5x magnification. The rectangle regions correspond to 10X magnification in (B )and 20x’s
magnification in (C) and (D). (E) and (F) are 100x’s magnification of the outlined rectangular areas and show
dense areas of cellular infiltrate populated by Langhans-type FBGC’s (@) and macrophages (=)
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Figure 4.16 Electrospun side of the PDOe scaffold at 2 weeks. (A) is a 20x magnification and shows the region of
interest. (B) and (C) show fibroblasts (-) which are elongated and oriented in the same direction similar to
tenocytes outside the area of cellular infiltrate and within the electrospun scaffold. Bundles, possible collagen
(7), are oriented along the axis of the cells and are more pronounced than at the 1-week time-point.
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Figure 4.17 2-week silk photomicrographs at different powers. (A) 2.5x magnification for overview. (B) 10x
magnification of the rectangular area in (A). (C) At 20X power the silk fibre orientation becomes more noticeable
and the weave pattern apparent. Longitudinal silk fibres (~) and axially arranged fibres marked with (o)
juxtaposed with cells interspersed within the silk fibres. (D) 100x magnification shows numerous Langhans-type
FBGC’s (@) and scattered macrophages (=) which have not yet fused and are surrounding the silk fibres (o).
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Figure 4.18 2-week PGLA scaffolds. (A) 2.5x magnification for overview. (B) 10x magnification of the rectangular
area in (A). (C) At 20X power the PGLA fibres are seen in axial orientation (0) and 2 in a longitudinal orientation
(~) (D) 100x magnification and close up of the rectangular area in (C) shows numerous Langhans-type FBGC's (@)
coalescing together around the fibres along with dense macrophages (=) also surrounding the PGLA fibres (o).
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Figure 4.19 2-week comparisons at 100x’s magnification. (A) control, (B) PDOe, (C) silk, (D) PGLA constructs.
Note the fibroblastic stroma [outlined in red and fibroblasts marked with (-)] near the electrospun component of
the PDOe and the adjacent macrophage (=) infiltrate. For silk and PGLA macrophages (=) and FBGC’s (@)
predominate.

4-Week Time-Point
The distribution and number of FBGC’s was different between other constructs across all

time-points with the exception of the 4-week time-point. FBGC’s were sparse and remained
consistent for the control repairs. For the PDOe constructs FBGC response seemed to peak at
4 weeks and then rapidly return to control levels. Again noted by blinded observers, (MEM
and the independent histopathologist) was the aligned tendon-like regenerate near the patch

(Figure 4.20).
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Figure 4.20 PDOe scaffold at 4-weeks post implantation. (A) 20x’s magnification shows clustering of FBGC’s in
the small rectangle next to aligned fibroblastic regions in the long rectangular area resembling tendon-like tissue
which is shown again at 100x’s magnification in (B) and (D). FGBC’s in (C) are marked with (@). (B) and (D) show
areas of more tendon-like fibroblastic cells (-). Also visible are areas of vascularisation (*) within the regenerate
tissue.

The 4-week time-point was the only time-point where there was no statistically significant
difference between the constructs and the number of FBGC’s (Figure 4.24). The FBGC's could
be seen surrounding the foreign material of the polypropylene controls, PGLA and silk repairs
as well (Figure 4.21-4.23). The FBGC'’s surrounding the silk fibres appeared to have more

nuclei than other constructs. This remained the case at later time-points as well.
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Figure 4.21 4-week polypropylene control repairs. There are macrophages (=), fibroblasts (red outline) and
FBGC (@) of the foreign body type near the suture hole.
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Figure 4.22 PGLA constructs at 4-weeks. (A) 20x magnification shows FBGC’s (=) throughout the construct. (B)
and (C) are viewed at 100x’s magnification and show a large number of Langhans-type FBGC’s (@)surrounding,
attached to and interspersed between the PGLA fibres (~).

Figure 4.23 Silk FBGC’s at 4-weeks. (A) 20x maghnification. Similar to PGLA constructs, there is a large number of
Langhans-type FBGC’s. There are more FBGC’s which are larger and appear to have more nuclei within the
FBGC’s compared to other constructs (=). (B) 100x’s magnification similar to PGLA constructs shows FBGC’s
(@)surrounding, attached to and interspersed between the silk fibres (o).
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The PDOe FBGC’s seemed to take on a more peripheral role at 4-weeks (Figure 4.20). similar
to earlier time points, there are long tenocytic-like cells in contact with the electrospun side of
the material. The region of organisation was thicker and more pronounced at the 4 week time
point and the electrospun component is harder to identify. While the numbers of FBGC on
the PDOe implants peaked at 4-weeks, the silk FBGC response peaked at week 2, and although
remaining high at 4, 6 and 12 weeks had a clear trend to reducing in number across these time
points. The PGLA on the other hand peaked and remained elevated from 4 to 12 weeks.
After statistical analysis significant differences between the constructs were seen at 1, 2, 6 and

12 weeks (Figure 4.24).
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Figure 4.24 The number of FBGC around the repair area over 12 weeks. Significant differences were seen
between all constructs at all time-points with the exception of 4-weeks. PDOe had a spike of FBGC’s at this time
period but was not significantly different to controls at every other time-point. Error bars depict 95% confidence
interval. Non-overlapping bars are statistically significant.

The FBGC's surrounding each of the materials seemed to occur in a characteristic way. At 4-
weeks when FBGC's were at their peak in the PDOe, they appeared in a characteristic ring at

the periphery of the material followed by a layer of fibroblast-like cells at the patch-tissue
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interface, in contrast to silk and PGLA where FBGC’s were interwoven and appeared to be

engulfing the fibre material.

The PDOe patch was not fixed to the slides, but the impression of the woven structure was
clear with interdigitating cells. On the woven side of the PDOe patch, giant cells seem to
prefer the valleys and crevices between two of the suture strands on the woven side of the

construct.

At 6 and 12 weeks the FBGC response in the PDOe patch was negligible and similar to controls

(Figure 4.25).
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Figure 4.25 PDOe at 6-weeks. (A) shows overview of patch at 2.5x’s magnification with electrospun sides and
woven sides labeled. The woven patch is marked with (0). (B) shows 20x’s magnification of the rectangular area
and (C) shows 100x’s magnification of the rectangular area in (B). (B) and (C) show the alignment of the cells in
reference to the patch and regenerate fibroblast cells (-) on the electrospun side of the patch. The electrospun
component is not visible and was possibly resorbed at this time-point.
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A comparison between the slides and normal tendon at 6-and 12-weeks shows the stark
contrast of the nature of the regenerate tissue and the cellular response to each construct and
in comparison to normal tendon (Figure 4.26 and 4.27). Cells were aligned and elongated on

the PDOe patches and disorganised and haphazard on other constructs. Control repairs at 12

weeks showed large areas of chondroid metaplasia (Figure 4.28).

Figure 4.26 Constructs of the patch at 6-weeks. (A) PDOe, (B) Control repair, (C) Normal tendon, (D) Silk, and (E)
PGLA. The blue = denotes FBGC’s and the (O) denotes where the woven structure of the PDOe patch has been
cut out. Note the fibrous tissue with elongated cells (blue outline) remains on the electrospun part of the PDOe
patch. Chondroid metaplasia (red outline) with round cells (yellow = )and abundant chondroid matrix (>) are
evident on control repairs.
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Figure 4.27 Constructs of the patch at 12-weeks at 20x’s magnification. (A) PDOe, (B) Control repair, (C) Silk, (D)
PGLA patches. The (*) denotes FBGC’s, the (O) denotes where the woven structure of the PDOe patch has been
cut out, (>) depicts chondroid metaplasia of the control repairs with rounding of the cells in a chondroid matrix
and (yellow <) denotes visible silk fibres. Note the fibrous tissue with elongated cells remains on the
electrospun part of the PDOe patch at the inferior portion of slide (A). The superior side reveals chondroid
metaplasia. No giant cells are demonstrated on the PDOe image and very few were encountered at this time-
point for all animals with PDOe implantations.
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Figure 4.28 Control repairs with chondroid metaplasia. (A) 2.5x’s magnification (B) and (C) show areas at 20x and 100x’s magnification. Chondroid metaplasia with round
cells in doublets similar to cartilage cells (Blue =)and abundant chondroid matrix (>) is evident on control repairs.
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Macrophage Subtypes
To examine the macrophage subtypes, IHC was employed to stain for the inflammatory (M1)

using iNOS or regenerative (M2) using mannose receptor (MR) stains. Representative
histology images are shown in figure 4.29 for M1 macrophages, and in figure 4.30 for M2
macrophages at 6 weeks. The most heavily stained M1 macrophages were very prominent
next to their respective patch constructs. M2 cells seemed to increase with time, however

even FBGC's took up the MR stain as can be seen in figure 4.30 and which were also confirmed

by a blinded independent histopathologist.

Figure 4.29 IHC for M1 (inflammatory) macrophages at 6-weeks appears as dark brown blots. While PDOe and
controls have limited staining, the PGLA (with inset) and Silk show heavy staining for this type of macrophage
subset. These macrophages were clustered and very prominent directly adjacent to their patch fibres.
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Figure 4.30 M2 or regenerative macrophages at 6-weeks stained with... and appearing light brown. All
constructs were heavily stained and increased numbers were found at later time-points. Even FBGC’s appeared
to take up the MR stain as shown for silk and PGLA constructs.

The number of M1 or M2 macrophages over all time points are shown in figures 4.31 and
4.32. Ratios of M1 to total cells were significantly different for the PGLA and silk patch
materials compared to controls and PDOe at all time-points again with the exception at 4

weeks. M2 cells to total cell ratios were similar between constructs at all of the time-points.
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Figure 4.31 Ratio of M1 cells to total cells at each time-point. Significant differences are noted at all-time points
between silk and PGLA patch constructs compared to PDOe and controls with the exception of 4 weeks. ***
FBGC's precluded the count for PGLA at 12 weeks.

2 15m ,
o =+ Silk
I -+ PGLA
'2 1.0- - PDOe
ﬁ -e—- Control
©
N 0.5-
o™ .
=
‘S
0
&“ o'c NI n || n ||

& o@‘*‘m e@““b‘ e@“:o o

Q Q Q Q @0"’

Weeks

Figure 4.32 M2 or tissue healing/regenerative macrophage ratio to total cells present with 95% confidence
intervals. Massive amounts of M2+ cells were stained at 12 weeks. Note: There was no difference between
constructs over time as evidenced by the overlapping 95% confidence intervals.
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Biomechanical tensile testing and electron microscopy
Tensile testing revealed that the PDOe patch maintained its original strength in vivo up to the

6-week time frame at around 20N (Figure 4.32).
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Figure 4.33 PDOe strength to failure at different time points post implantation. The strength of the PDOe
remained consistent until week 6. At 12 weeks there was a significant drop in tensile strength. Control was a dry
patch which was not implanted.

Although not statistically significant, the strength of the construct actually increased in the 1*
6-weeks slightly. Electron microscopy revealed a very adherent fibrous layer attached to all
constructs over time. The woven component of the PDOe construct could be readily seen at
2- and 4-weeks, however it was less distinct as this fibrous layer thickened at weeks 6 and 12.

(Figure 4.33).
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Figure 4.34 Scanning electron microscopy images of the PDOe patch over the final four time-points as labeled.
Note the matrix which has encased the material by 2 weeks and is even thicker by week 12. The week 6 image
shows the depth of the encapsulating material most clearly on the left hand side of the photomicrograph as the
right hand side shows how the material fails in tension. The micrograph was taken just at the point of failure.

The electrospun side of the construct remained aligned and the fibrous material present
coated it and remained intact even as the PDOe has appeared to be resorbed. Very little of
the PDOe electrospun component was evident in 4-week H&E samples (Figure 4.34) and none
was identifiable at the 6-week time-point. Nevertheless the cells remained aligned along the
axis of the electrospun component and fibrous material likewise remained aligned over time

in SEM images (Figure 4.35).
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Figure 4.35 Week 4 electrospun component (yellow €) is barely visible as thin bluish lines within the fibroblastic
stroma. Binding agent (Blue ) is visible along the interface between the woven (*) component and the
electrospun component. Muscle is identified on the electrospun side of the patch deep to the regenerate
tendon. Several FBGC’s can be seen in the 20x mag micrograph, particularly on the woven side of the implant.
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Figure 4.36 An SEM image of the electrospun side of the construct at 12 weeks. Note the fibrous and aligned
appearance of the encapsulating tissue.

The other constructs tensile strength testing results are shown in figures 4.36 and 4.37.
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Figure 4.37 Silk tensile testing over time. Again seen is a slight, but non-significant increase in strength between
1- and 2-weeks and a gradual reduction in tensile strength thereafter becoming significantly weaker at 12 weeks.

The silk as a non-degradable polymer had the highest tensile strength with around 35N for the
1°** 4 weeks and then decreasing to 20N at 12 weeks. PGLA, a more rapidly absorbable suture
became weak in tension very quickly with significant differences noted between 2 and 4
weeks and across all time-points when compared to week-1 values (Figure 4.38). None of the

PGLA material remained grossly identifiable by week-12 to perform tensile testing.
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Figure 4.38 PGLA (Vicryl) strength to failure at different time points post-implantation. A rapid and significant
reduction in strength occurred over time. At 12 weeks there was no identifiable material present at the site of

surgery in order to perform the tensile test.
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Chapter 5

5. Discussion

The ability to reliably heal RC lesions is of great importance to both orthopedists and their
patients. Surgical management of RC tears continues to evolve and, although repair

2330 Because of

techniques have improved, failures or re-tears remain a substantial problem
the high failure rates, biologic solutions are increasingly sought to improve upon these results.

Multiple strategies have been investigated including platelet rich plasma (PRP)'*****, stem

184,196 7 1104

cells and growth factors®®” and tendon ‘patches or a combination thereof in an

attempt to stimulate RC healing.

PRP has been used to try and encourage healing on the basis of increased growth factors
present in the various formulations available. On the basis of promising case studies and case
series, several randomised controlled trials have been instituted ***°. Unfortunately, the

most recent randomised controlled trials were equivocal in terms of healing with one showing

193 194,195

a benefit to PRP™° and the others no difference . Furthermore, the most recent trial with
plasma rich in growth factors also failed to show a difference in healing rates'® and these

trials investigating PRP or growth factors to date have shown no functional improvement.

Bone marrow mononuclear cells have also been injected around the tendon after repair'®.
These investigators found that 14/14 patients demonstrated healing of the tendon at 1 year
and 13/14 at two years. While this pilot case series seems to show promise, there was the
potential for a significant bias with unblinded participants and surgeons. The authors rightly

point out the need for more rigorous trials but were encouraged by the improvement in the
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healing rates seen in their study.

While the concept of these therapies is appealing, based on the rationale that more growth
factors should increase tendon healing, this has not born out in practice. Despite the
increased interest and awareness of the need for biologic solutions for RC healing, the efficacy

13 In fact, the

of RC repairs remains a challenge as between 20% to 94% are reported to fai
longer the time from operative intervention, the greater the likelihood that failure will occur.

In the longest follow-up study of RC repairs to date, with a mean of 20 years follow-up, 94%

had failed™.

Tissue engineering strategies utilising scaffolds to influence the microenvironment of the
healing tissue are one potential way of introducing biologic support to repairs. In previous
studies, we developed and tested a novel polydioxanone (PDO) tendon patch in vitro and
found that it had excellent biomimetic properties. Cellular ingrowth and degradation kinetics
supported its role as a potential synthetic solution to increase the healing rates of torn
tendons. The requisite final step to human trials is an in vivo safety and biocompatibility
study. Despite the widespread use of PDO in sutures, the novel construction of the patch
requires that it has extensive safety testing prior to its use in humans. Unfortunately, with
previous commercial patches, incomplete or lack of biocompatibility testing has led to
problems with inflammatory reactions and early failure for RC repairs. Walton reported a case
series of 15 patients (16 shoulders) with large to massive RC tears who were treated by
surgical repair with an intestinal submucosal implant (SIS) (Restore® De Puy) in Australia™.
This implant primarily consists of a xenograft collagen scaffold obtained from porcine donors

and processed for human implantation. Patients in Walton’s study were originally enrolled in
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a randomised controlled trial that was subsequently halted due to safety concerns about the
inflammatory reactions in this group. The 16 patients who were treated by conventional
surgical repair without the submucosal graft were used as a comparison group. Results from
this study showed that, not only did a significant proportion of patients have inflammatory
reactions (25%), they also had higher activity related pain scores at 3 months and less

participation in sport.

Malcarney **® similarly reported 4 cases of early inflammatory reaction after RC repair with the
same implant among 25 patients. These reactions occurred at a mean of 13 days after surgery
and were characterised by a response similar to infection with erythema and fluctuance. Two
of the patients even had active drainage. All four patients underwent subsequent surgical
debridement and irrigation of the RC and surrounding soft tissues. At the time of surgery a
large amount of yellowish mucinous debris was found in the region of the repair. Infection
was ruled out in all cases with negative cultures, yet histopathology revealed an acute
inflammatory reaction to the implant. Importantly, there were no eosinophils to suggest an
allergy or giant cells to suggest a typical foreign body reaction.

1.1 examined the

Corroborating an immune mediated reaction to the implant, Zheng et a
Restore patch and specifically analyzed it for cell and deoxyribonucleic acid (DNA)
constituents. These researchers found that the SIS graft contained multiple layers of porcine
cells including mast cells and PCR confirmed the presence of porcine DNA material. After
implantation in both mice and rabbits, they showed that a massive inflammatory reaction

ensued which was comprised of a lymphocytic infiltration. This study calls to question

whether any allograft material is truly without biologic constituents that could react with the
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hosts’ immune system.

Furthermore, even synthetic mesh materials illicit a biologic response. Similar to some of the
RC patches, synthetic mesh materials used in hernia and gynecologic surgery have had to be
recalled due to high complications with erosion, rejection and infection’®. These devices
were approved through the FDA’s 510K process. What this process entails is an approval of a
device based on equivalence to an existing implant in terms of use, efficacy and safety. In the
case of meshes used in hernia and gynecologic surgery, a specific device was recalled for the
above safety concerns. Incredibly, prior to and after the recall 40 additional implants were
approved based on the faulty implant’s initial approval. This process has led to widespread
criticism of the FDA, but more importantly a heightened awareness of the risks of all types of
implantable devices whether they are biologic or synthetic. Because it has been shown that
merely altering the size, porosity or architecture of scaffolds can have profound biologic
consequences, it is necessary to test for biocompatibility with any change in the architecture

of patch materials*®"**.

This thesis provides a potentially novel method for testing the biocompatibility of future
implants. While efficacy of rotator cuff repairs in animal studies are often difficult to translate
in animal models because of their ability to heal more robustly than humans '*?, elements of
biocompatibility can, and should be, tested given the similarities of the immune systems even

between higher and lower species ****®.

By examining both the responses of inflammatory
cells in addition to the location of the implantation, as in this thesis, we believe a more

comprehensive safety assessment can be achieved. Finally, in addition to traditionally

studied response of neutrophils, macrophages and foreign body giant cells, others have begun
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to analyze the lymphocytic response to biocompatibility**®

. Thus, future tissue scaffolds may
also incorporate lymphocyte responses to biomaterial implantation as well. Certainly, it has
been shown that T-lymphocytes cells in particular influence the formation of FBGC'’s by their
release of interferon gamma™®. By utilizing measures of immune response we believe that a

higher margin of safety can be achieved prior to implantation, hopefully reducing the adverse

reactions that have been seen with implants lacking such analysis.

While PDO sutures have a proven track record, by altering the physical topography,
architecture, quantity of polymer in the joint and the manufacturing process (which includes
electrospinning, which involves a harsh solvent), biocompatibility must be thoroughly tested.
One of the goals of this thesis was therefore to characterise the biocompatibility of a novel
laminated woven and electrospun PDO patch (PDOe). Our hypothesis was that the PDOe
patch would be biocompatible and thus safe for implantation. Biocompatibility was measured
through the foreign body response (FBR) including direct count and comparison of FBGC and
macrophage subtypes with several different implantable biomaterials; a strategy often
employed in other mesh studies®®. We have shown in our in vivo experimentation that PDOe
with its nanoscale electrospun component elicits very little FBR. Our model revealed that
although a FBGC response is seen in all constructs, the PDOe construct FBGC response peaked
at 4 weeks and returned to control levels at 6 and 12 weeks without rejection or infection of
the implant. The Silk patch FBGC response peaked at 2 weeks and also decreased from this
time point although remained significant up to 12 weeks. Silk patches had very thick fibrous
tissue surrounding the implants rather than desired incorporation. Finally, PGLA FBGC’s

continued to increase even up to 12 weeks after surgery. Furthermore, although there was no

108



drainage from the wounds, the massive transudative reaction at one and two weeks to the

PGLA was very concerning.

Our data supports a macrophage-mediated response to each of the constructs. With the
PDOe the peak in FBGC'’s at four weeks may be due to the particulate debris as the implant
degrades. In fact, because the implant degrades by hydrolysis which is dependent on surface
area, the 4-week peak may occur more quickly for the electrospun component of the implant
due to its higher surface area and near complete degradation at this time-point.
Nevertheless, this response had completely resolved at the later time-points as evidenced by
the absence of any FBGC's. Moreover, regenerate tissue, that is, organised scar tissue
containing cells with a tenocytic appearance in a background of organised collagen appearing
bundles, was present adjacent to the implant. It is possible that by creating the proper micro-
environmental cues, such as shape, size and orientation of the electrospun component of the
PDOe patch, the acceptance of the implant is facilitated'®.  Furthermore this orientation
allows for a more tenocytic morphology of regenerate tissue as has been shown in our

laboratory’s in vitro studies.

In terms of tensile properties, there was no significant reduction in strength in the first six-
weeks after implantation with the PDOe patch. The fact that no tensile differences were seen
at 6 weeks suggests that, as predicted, the electrospun component has little contribution to

the tensile strength of the implant, but rather acts merely as a scaffold to direct cell behavior.

Despite efforts to dissect off all tissue from the patch constructs, we noticed that all
constructs had a fibrous material which was adhered tightly to the implants. Although, no

specific assays were performed to identify the nature of this adherent tissue, this layer was
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likely made up of fibrin in the early stages and of other adsorbed proteins later.

Our results revealed a statistically higher M1, or inflammatory, macrophage and FBGC
response to the PGLA and silk patch materials compared to the PDOe patch and controls. The
findings of macrophage counts are similar to those found in bone fixation devices for PDO %,
These investigators found that macrophages increased at 3-weeks post-implantation and

decreased steadily and were almost nonexistent at 12-weeks. This corresponds to the

number of FBGC's seen in our experiment.

Interestingly, the peak for the M1 macrophages corresponded to the peak in the FBGC’s also
seen at the 4-week time-point for PDOe. The significance of this finding is unknown and
requires more experimentation, but several possibilities may exist. One explanation would
seem to be that the M1 macrophages directly or indirectly are producing a cytokine profile
that is driving the fusion of macrophages into Langhans-type FBGC’s. The cytokine profile
recognised as responsible for fusion to Langhans-type FBGC’s in most instances are INF-
gamma in the presence of either IL-3, or macrophage colony stimulating factor (M-CSF)
released from antigen presenting cells (APCs), mast cells and TH1 cells or even other

146,158

macrophages . Itis interesting to note that M1 cells are TH1 mediated which may explain

this characteristic FBGC response (Figure 5.1).
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INF-y + IL-3 or GM-CSF # Langhans type

Figure 5.1 One possible explanation for the large number of Langhans FBGC’s seen in the responses to all
biomaterials and the corresponding increase in M1 (inflammatory type) macrophages. M1 macrophages may
signal TH1 cells which then release cytokines characteristic for fusion to the Langhans-type FBGC. Other
possibilities for release of this type of cytokine profile includes mast cells, APC’s and even other macrophages.
Image modified and adapted from reference™®.

As discussed previously, the interaction of the immune system with the implants, possibly
driving the fusion of these cells may have important implications for future designs of

biocompatible implants.

Although previous work showed cell necrosis to PGLA implants in vitro, cell death could not be
quantified in this in vivo experiment. However, with such a large transudate and gross
necrotic debris, this finding seems to, at least in part, corroborate the in vitro findings of

I"**. Both this fact and the massive FBGC response seen to PGLA seems to be in

Hakimi et a
contrast to Aurora et al*®® who have published excellent biocompatibility to patches with

components of PGLA. While their study examined a hybrid PLLA/PGLA patch (in a 66/34 ratio
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by percent weight) (construct with fascia lata, only one representative histologic sample and
no quantification of the responses were made. Using purely descriptive techniques may be
appropriate in some instances, but when implantation into humans is the ultimate goal, a
more robust examination of the response should be undertaken. Nevertheless there were
other differences to our experiment including fibre diameter, which, as we have seen, plays a
key role in inflammation as well as the ratio of PGLA to other polymers within constructs used

in the Aurora study.

In addition to the FBR, equally important is whether or not juxta-articular implants cause any
harm to the articular cartilage. This potential effect of patch materials, to our knowledge, has
never been examined. This may be a critical oversight if, in fact, there is an inflammatory
reaction that could be destructive in nature. There are many models of adjuvant-induced
arthritis and a link between systemic inflammatory arthropathies and foreign antigens have
been proposed®®”. Fortunately, in our experiment none of the materials produced any
untoward effects not only to the local articular cartilage, but also systemically as judged by the
lack of response in hind paw swelling and the normal articular cartilage seen in all animals
implanted with biomaterials, which also confirmed our hypothesis. This is particularly
encouraging as this animal was specifically chosen because of its propensity to develop

adjuvant induced arthropathies®.

Finally, it bears mentioning that even with the best biocompatibility testing, when a response

87 Thus, clinical trials are

is found in the animal, its true relevance to humans is still unknown
paramount to discover the true effects of this material in humans. Nevertheless, in pre-

clinical biocompatibility tests, it is normally assumed that humans will respond in a similar way
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to animals, although this assumption can rarely be tested®’.

Limitations
There are several limitations to the experiments conducted. Despite our best efforts, there is

always a question of adequate tissue sampling when conducting histologic studies. Sampling
error and the fact that patch material was so difficult to cut, should result in caution when
interpreting the results. Multiple slides needed to be examined to locate the electrospun
component’s orientation to the patch and any suggestion of efficacy should bear this in mind.
In future studies, frozen section or resin embedded tissue sections may be attempted to
alleviate this problem. However, this limitation was relevant to all the tested materials, and
as biocompatibility was the main aim of the thesis, histological methods are considered the

best estimate of this response.

Additionally, the response of the immune system is complex involving both innate and
adaptive immunity. The foreign body response is largely an innate response. While FBGC
response was used as a surrogate for the extent of tissue reaction, some doubt exists as to
whether FBGC response is overall a negative component of tissue reaction to implants. For
example several disease states including respiratory syncytial virus (RSV) infections require
FBGC's in order to heal normally. The PGLA had a massive response due to its rapid and early
degradation. This response may have totally abated at a later time-point when the phagocytic
cells had cleared the foreign material similar to the resolution of RSV. Nevertheless, it has
been accepted that for the most part when biomaterials are involved, a FBGC response is an
attempt to wall off a foreign material. This response often causes excessive fibrosis, and

contracture and ultimately poor performance of the implant. Therefore, as a surrogate to a

113



negative response to a biomaterial, this is an appropriate measure. Indeed, we found fewer
FBGC'’s in the PDOe construct which would seem to support incorporation and acceptance

rather than rejection of the material.

It has also been suggested that there is an additional peak of inflammatory cell action at the
time of final degradation. For rapidly degrading implants this may appear to occur along a
continuum, but for more slowly degrading implants there may be a bimodal peak- one at the
time of implantation due to the inflammatory reaction to the surgery and one when the
material ultimately degrades. This has been shown for silk, which can have adverse tissue
reactions years after implantation®”. To truly see whether or not the PDO remains benign,
this portion of the experiment needs longer time-points after implantation to observe its
effects at final degradation. Since PDO degrades slowly (180-190 days is the typical
degradation profile for suture) it might be more appropriate to examine the tissue at this
time-point. Interestingly however, 4-months have been shown to be a reliable degradation
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time-point in other PDO implants of larger bul Regardless, studies following these

materials out to longer time-points are currently underway.

One criticism of our thesis design may have been the controls utilised. While both PGLA and
silk proved to be good positive controls for the FBR, another test which may have examined
the effects of fibre size in addition to the chemical structures of the patches, on the immune
response would have been to use electrospun silk and PGLA. This is something to consider for
future studies, but does not diminish the positive biocompatibility of the PDOe patch, but
rather highlights the fact that in the case of synthetic patches, structural topography may be

of importance as well.
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Another potential limitation is the fact that the sterilisation procedures utilised in these in vivo
experiments were not ethylene oxide. Since ethylene oxide is the standard of sterilisation for
these types of implants, there may have been some potential for contaminants to enter the
system. Despite this, no contaminants or bacteria were seen on microscopy and ethanol is
bactericidal. Nevertheless, prior to implantation into humans a validation of the relevant

sterilisation procedures is requisite.

Finally, we did not stain for other inflammatory mediators or cells that may be important in
the FBR. As helper T-cells (TH) TH1 are known to signal macrophages and be important for
macrophage fusion to FBGC’s by their elution of IL-3 with INF-Y to form Langhans-type
FBGC’s and TH2 cells elute IL-4 to promote fusion of traditional FBGC’s, this may be an
important connection. Certainly, the types of FBGC’s seen were of the Langhans-type, which
would suggest that the response to these materials is a TH2 mediated process. Nevertheless,
this examination would be hypothesis generating and delving into the mechanisms of FBGC's
formation in the response to these materials was not the intent of this body of work.
Furthermore, with such a minimal response the biocompatibility of the PDOe implant, which

was the main goal of the in vivo experimentation, was confirmed.
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Chapter 6

6. Future Direction

In this thesis we demonstrated that the novel PDOe patch was biocompatible in the rat model
of tendon repair. What remains, is to test not only the FBR response, but ultimately the
efficacy and biocompatibility of the PDOe patch in humans. Initially, a small safety pilot study
can and should be undertaken. If there are no adverse reactions, then a larger scale human
trial to determine the efficacy of the patch material can be considered. Traditional patient
reported outcome measures (PROMs) such as the Oxford Shoulder Score, which has been
shown to have high sensitivity to change after shoulder surgery and been tested to provide

206
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reliable and valid measurements of shoulder symptoms and function should be utilize In

addition to the PROMs obijective strength testing should be entertained, as an intact cuff has

been shown to have better functional outcomes in the long term?*3%°3%,

MRI healing rates
and ultimately biopsy of the reconstructed area should provide more objective criteria of

healing rates.

On a mechanistic and molecular level, the macrophage subtype and FBGC response and the
interaction of the adaptive immunity to biomaterials warrants further study. As discussed
above, the fact that there was a characteristic Langhans-type FBGC suggests a signaling
interaction between the adaptive and innate cell types and in particular the TH1 cells. The
nature and significance of this interaction is unknown, however this possibility merits further

exploration.
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With regards to biomechanical testing prior to human implantation, further suture retention
studies are warranted. While this experiment showed no decrease in tensile strength up to six
weeks, failure mechanisms suggest that suture pullout may be more important than overall
tensile strength of the implant. If the ultimate reason for scaffold failure is its attachment via
sutures, this can and should be focused on prior to human implantation. This work is

currently underway.

The ability of the body to recognise the microenvironmental cues seems to be supported by
the different macrophage subpopulations seen in response to the different materials. If a
characteristic response is seen, this can be used to assess the biocompatibility of implants. If
this response is reproducible in humans, it gives validity to the model and will allow for other
materials to be tested in a similar way. It is intriguing that by merely altering the shape or size
of the implanted materials changes the host’s response to the materials. A new paradigm is
emerging in which biocompatibility testing should be done not only for alteration in the
chemical makeup of the biomaterial, but also for topographical alterations in a material. This
has been neglected in the past, but may have massive repercussions if implanted materials
physical alteration leads to very different responses. Examples of this include metal on metal
hip prosthesis and the “pre-coat” in total elbow arthroplasty implants. Both of these implants
were approved without testing and both have had significant detrimental effects; the metal
on metal inducing ALVAL and tumor-like responses and the pre-coat implants leading to

massive osteolysis and implant loosening and failure?’ %,

We can now capitalise on the
ability of implants to have different responses to implant architecture. Further study is being

done on different prototypes with different woven and electrospun components of the PDOe

implant and comparing these to other materials which have been implanted, but for which
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biocompatibility data is unknown or has not been published by the manufacturers of these

implants.

In conclusion, we have shown that this PDOe tendon scaffold is biocompatible and maintains

its strength during the early, and probably critical, phase of healing. These findings should be

corroborated in human clinical trials in the near future so that efficacy studies may ensue.
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Appendix 1

Imagel) macro used for automated cell counts

The first cell count counts the entire number of cells and the second counts only those with
immune staining. Thresholds were changed to ensure accuracy of counting by validating with

hand counts. All slides were independently hand counted to ensure accuracy.

Cell count (blue nuclei-colour 1)
imgName=getTitle();

run("Colour Deconvolution", "vectors=[H DAB]");
selectWindow(imgName+"-(Colour_1)");
setAutoThreshold("Default");
//run("Threshold...");

setThreshold(0, 190);

run("Convert to Mask");

run("Fill Holes");

run("Despeckle");

run("Remove Outliers...", "radius=10 threshold=50 which=Dark");

run("Analyze Particles...", "size=10-Infinity circularity=0.00-1.00 show=Nothing display
summarise");

HDAB stained cells (brown-colour 2)
imgName=getTitle();
run("Colour Deconvolution", "vectors=[H DAB]");

selectWindow(imgName+"-(Colour_2)");
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setAutoThreshold("Default");

//run("Threshold...");

setThreshold(0, 80);

run("Convert to Mask");

run("Remove Outliers...", "radius=10 threshold=50 which=Dark");

run("Analyze Particles...", "size=10-Infinity circularity=0.00-1.00 show=Nothing

display summarise");
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