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Abstract

Plastic compression of collagen is based on uratimeal expulsion of fluid
from hydrated collagen gel. The process resultdeimse collagen sheet, with higher
density of collagen at the fluid leaving surfacé %l than non-FLS. Compression
process is completely cell-independent and at #imeestime cell-friendly. However,
engineered tissues should replicate not only compisn of tissuesin vivo
(extracellular matrix and cells) but also their gex micro-architecture. Therefore
the aim of this work was to develop collagen-baseaffolds with controllable micro-
architecture for biomedical and tissue engineerigplications using plastic
compression (PC) of collagen. The objectives of thibject were: i. to test formation
of progressively opening channels in the PC collage to investigate stable and
predictable PC collagen patterning, iii. to ada@tmethod in a upward-flow system
as a route to process automation, iv. to invesidgatmation of channels using in
layered PC collagen constructs. Two approaches ugsé in this work.

Firstly, internal channels were introduced usiogt Ifibre approach, where
soluble glass fibres are incorporated in the st@fiod leave channel when dissolved.
Shape and potentially progression of the chanmgshing is controlled by the shape
of the template. The shape of the fibres was atén@m cylindrical to conical in a
controlled manner and incorporated into the PC trooss, resulting in conically-
shaped channels, giving predictable internal 3Dcstires.

The second approach relied on formation of denfiagem zone at the fluid
leaving surface of the compressed collagen coristrdermation of the densely
packed collagen zone at the fluid leaving surfacessential for stable and faithful
pattern formation in the process of micro-mouldiffgis finding has been applied in a
novel upward-flow compression system to create wlisn using a ‘roofing’
technique. ‘Roof’ is formed by a compression of ewvncollagen gel on top of a
patterned one; process results in open lumen clanfgs appears to be due to a
combination of the small dimension of the grooveshie base layer and viscosity of
the collagen in the upper layer.

This work demonstrates a new, previously unknowellef subtlety by which
collagen fibrils can be packed and aggregated dudirectional fluid flow. The
outcome of this work is important for understandgagtern formation in PC collagen
in vitro and potentially tissue morphogenesis vivo. It also introduces new
generation of implantable living tissue equivalewith complex micro-architecture.
The multi-well compression technique has alreadgnbénplemented in semi-
automative working station for biomedical applicas.
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Chapter 1.

Fig. 1 a-b SEM images of the micro-patterned collaan membranes, laminated
onto collagen-GAG sponge. Scale bar a-1mm, b-50 pfRrom Pins et al., 2000);
c-d SEM images of the micropatterned collagen lattes. Scale bar — 25 um
(From Vernon et al, 2005).

Fig.2 Schematic illustration of the collagen type Istructure, showing collagen
fibres, fibrils and molecules. Lower image shows dagen molecules in
characteristic staggered arrangement. (From http:Mww.sigmaaldrich.com/life-
science/metabolomics/enzyme-explorer/learning-cemtstructural-
proteins/collagen.html and Hulmes, 2008)

Fig.3 Schematic illustration of the plastic compresion process (Brown et al.,
2005) Load is applied to the hydrated collagen gaind cause unidirectional fluid
flow from the gel, which results in formation of dexse collagen layer with
anisotropic distribution of collagen in the constrict with denser area at the fluid
leaving surface.



Chapter 3

Fig 1. Schematic illustration of the dissolution dgamics of the conically shaped
fibre. Patterned surface indicates diameter of thdibre at time O, clear field is the
diameter of the fibre at time n. As fibre dissolvesthinner end will disappear
faster relative to the thicker end. That will potenially provide direction of cell
ingrowth in the channel.

Fig 2. Schematic illustration of conical fibres falication process. Fibres, fixed
onto a carrier ring, were immersed into PBS. The beel of buffer was decreased
stepwise over 6 hours to create a tapering crosscsen towards the base of the
fibre.

Fig. 3 Construct assembly. (a)Schematic diagram stuing assembly of the plastic
compressed collagen construct with incorporated fikes. Neutralized collagen is
set on top of the preformed fibres for 30 min andhen compressed under load to
produce dense construct with fibres, incorporatedn the matrix. Plastic fibre-
bearing ring (b) is inserted into a stainless-s& mould and filled with collagen
solution(c). Set collagen gel is transferred ontoltitting elements and compressed
(d, loading not shown). Process results in a thintissue-like construct with
incorporated conical glass fibres (e). (f) — histogical image of the construct
sectioned in transverse plane showing channel ldfy the fibre.

Fig. 4 Graph illustrating loss in fibre diameter albng the fibre length(mm).

Primary vertical axis - mean diameter loss over thdength of phosphate based
glass fibres after treatment in percent * standard deviation (n=20).

Measurements were taken at each mm over the lengtbf the fibre, 3 mm

correspond to 1 hr exposure to PBS. Note the line&all in diameter of 25% over

~ 20mm of cumulative fibre length. *p<0.001, start and end point of treatment.
Absolute diameter measurements for one specimen fi are plotted on the
secondary vertical axis and confirm diameter loss\er the fibre length.

Fig. 5 (a) Reconstructed SEM image of conically spad phosphate fibres. Fibres
were fixed on a plastic ring and submersed in to P8 Level of buffer was
gradually reduced over 6 hours giving conical shapmk fibres. Arrow heads

indicate individual fibres, arrow shows the directon of diameter reduction. (b)
SEM image of plastic compressed collagen construetith incorporated conical

glass fibre. Collagen gel was set with preformed oaal fibores and compressed
under load. Shape of the channel is dictated by thghape of the fibre.

Chapter 4

Fig. 1 SEM image of the PC collagen surface with éhimpression of the nylon
mesh which was used as the part of the compressignocess. Clear negative
image of the interwoven fibres is visible (doubleraow).

Fig. 2 Schematic illustration of the four experimetal designs used. Simultaneous
patterning of the FLS (a), the template (strip of ¢ass fibres) is placed between
the gel and absorbent prior to compression, and ndt.S (b), where glass fibres
are placed on top of the gel prior to compressiorConsecutive patterning, where
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the gel is pre-compressed for 2.5 min and patternsieither pressed into the
formed FLS (partFLS) (c), or non FLS (part nonFLS)(d) for further 2.5 min.

Fig. 3 Graphs of (a) average dimensions (width andepth) of the grooves on the
surface of PC collagen constructs introduced into he FLS throughout

compression, into the FLS following partial compresion, into the nonFLS
throughout compression and into the nonFLS followig partial compression. (b)
— plotted patterning coefficients (width:depth ratio) for the same experimental
treatments as in (a). * - p<0.05 compared to FLS ahpart FLS, ** - p<0.05

compared to FLS, part FLS and nonFLS.

Fig. 4 Representative SEM images of the PC collageonstructs. (a) — surface of
the construct (left) and profile of the grooves (ght) on the FLS; (b) same on the
nonFLS (nFLS); (c) — FLS of the partially compressé gel (partFLS); (d) —
nonFLS of the partially compressed collagen (partnES).

Fig. 5 Representative histological images of the PCollagen constructs with
patterns pressed into the FLS (a), non FLS (b), FL®f the partially compressed
gel (part FLS, c) and non FLS of the partially compessed gel (part nFLS, d).
Sections were stained with Sirius Red. Arrows indate grooves, arrow heads
indicate the fluid leaving surface. Insert — higher magnification of the
highlighted region.

Fig. 6. Patterning coefficient of the topologicaleatures (grooves) imprinted into
the FLS of acellular and cell-seeded PC constructas an indicator of groove
stability after long-term (14 days) culture. Measuements were taken at days 0, 7
and 14in vitro. Topological features introduced onto the FLS werg@ermanent
and stable under culture conditions with and withou resident cell remodelling of
the matrix.

Fig. 7. Representative microphotographs of the PCollagen, seeded with human
limbal fibroblasts, with grooves, introduced onto he fluid leaving surface (FLS),
taken after 1(a) and 14 (b) days of culture. Insert higher magnification of the
highlighted region.

Fig.8 Diagram, showing proposed mechanism of pattarformation on the non-
FLS. Template glass fibres placed on the gel anddd applied initiating fluid
flow in the direction of FLS. Fibres are initially fully immersed in the non-FLS,
causing stretching of outer collagen film under thegemplate. After template is
removed, non-deformed, elastic collagen film betweethe pattern is released and
cause pattern deformation, resulting in shallow groves.

Fig.9 Diagram, showing proposed mechanism of pattarformation on the FLS.

Template fibres are placed at the FLS of the gelohd applied and fluid flow

initiated. Accumulation of collagen fibres at the ES causes moulding of collagen
around the template. Accumulation of dense collagelayer around the template

cause permanent deformation of the patterned FLS e@n after template is

removed.
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Chapter 5

Fig. 1 Original method of plastic compression (PC)(a) Gels (pink), set in the
double-pocket rectangular moulds (mould is seen inhe background), were
transferred onto the blotting elements (filter pape, stainless steel mesh) between
two layers of nylon mesh. (b) Gels were then coveateby the glass slide and
loaded with weight for 5 minutes. (c) Process resi@ld in formation of the dense
collagen sheet (dashed outline, construct is resgnon a supportive nylon mesh)
that could be cultured as a sheet or spiralled alanits long axis to give a rolled
construct

Fig. 2 Modified method — multi-well plastic compresion (M-PC). (a) Standard
tissue-culture grade 12 well-plate base served asmould for the collagen gel
casting. To ensure uniform compression, 12 holes Y& been made in the cover of
the plate (arrows) to guide the absorbing plungersThis was replaced with
purpose-made guiding plate indicated by an arrowhed (insert). (b) Spirally
wound rolls (arrows) of absorbent paper were used sablotting elements and
made using custom-build paper rolling machine. Assebled plungers are shown
on the insert (arrows). (c) Gels (arrows) were seh the wells of the 12 well-plate
and plungers (arrowheads) placed on the gels usimguiding plate. (d) Depending
on the number of simultaneously compressed gels, priate weight was
applied. (e) After compression is completed, liquids contained in the paper rolls
(arrows), which are removed. (f) Process resultedniuniform dense collagen
sheets in the respective wells (arrows) that can bmultured if required without
further manipulations.

Fig. 3 Dynamics of fluid loss from the gels of 5.@&), 7.9 (b), 10.6 (c) and 13 (d)
mm initial height during the first 5 minutes of the of plastic compression process.
Fluid loss from the gels at each minute of the prass is presented in percent of
initial weight. *-statistically significant differe nce compared to the previous time
point (p<0.05). Arrows indicate characteristic ‘jumps’ in values noted for 7.9 and
10.6 mm gels.

Fig.4 Effect of the initial height of the gel (5.37.9, 10.6 and 13 mm) on fluid loss
(in % of initial weight) during the first 5 minutes of plastic compression process.
*-significant difference between gel heights at eadime point (p<0.05).

Fig. 5 Change in the rate of fluid loss from the de of 5.3 (a), 7.9 (b), 10.6 (c) and
13 (d) mm initial height during the first 5 minutes of the of plastic compression
process. Rate of fluid loss from the gels at eachimute of the process is presented
in millilitre per minute. *-statistically significa nt difference compared to the

previous time point (p<0.05).

Fig. 6 Effect of the height of the gel (5.3, 7.9016 and 13 mm) on the rate of fluid
loss (in ml/min) during the first 5 minutes of plasic compression process. *-
significant difference between gel heights at eadhme point (p<0.05).

Fig. 7 Change in the hydraulic resistance of thedid leaving surface (R.s) of the
gels of 5.3 (a), 7.9 (b), 10.6 (c) and 13 (d) mmitial height during the first 5
minutes of the of plastic compression process. Hydulic resistance of the fluid
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leaving surface of the gels at each minute of theqress is presented in cih *-
statistically significant difference compared to tle previous time point (p<0.05).
Arrows indicate ‘jumps’ in value characteristic for 7.9 and 10.6 mm gels.

Fig. 8 Effect of the height of the gel (5.3, 7.9016 and 13 mm) on the hydraulic
resistance of the fluid leaving surface (Rs) (in cm™) during the first 5 minutes
of plastic compression process. *-significant diffence between gel heights at
each time point (p<0.05).

Fig. 9 Representative histological images of the wstructs (in triplicate, indicated
by arrows), fabricated using multi-well plastic conpression process from the gels
of 5.3 (a), 7.9 (b), 10.6 (c) and 13 (d) mm initiddeight. Constructs were fixed
immediately after compression. Staining-Sirius Red

Fig. 10 (a) Histogram showing percentage of viableells in the constructs
prepared using multi-well plastic compression immethtely after assembly (day
0) and after 14 days in culture. (b) Representativaistological image of the cell-
seeded construct after 14 daysn vitro. Areas of cell matrix remodelling are
outlined in black.

Fig.11 Diagram, illustrating the proposed mechanismof the secondary FLS
formation during the multi-well compression process

Chapter 6

Fig. 1 Schematic illustration of the multi-layeredcollagen construct assembly.
(@) Collagen gels are set and compressed in the ill-format, leaving
compressed collagen sheet at the bottom of the welhich will act as a first layer.
(b) Second volume of neutralized collagen is set dap of the first (compressed)
layer. When second gel is set, process of compressis repeated, resulting in the
double layered construct. Process is repeated inglrsame manner for fabrication
of collagen constructs, consisting of more than twiayers.

Fig. 2 Results of the layer separation assay. Doublayered constructs were
prepared either by separately compressing two coliggen gels and manually
pressing them together afterwards (insert on the uper left corner) or by
compressing the first layer and setting next gel otop of it prior to compression
(insert on the lower right corner). The resulting ©nstructs were subjected to
mechanical agitation on a shaker plate for up to 2@ninutes. Constructs, made
using the first protocol separated after 2 minutesof agitation; two separate
layers are shown floating in the Petri dish on théeft. Constructs, prepared using
second protocol remained intact after 20 minutes agation and shown in the
Petri dish on the right as a single construct. Corgicts are indicated on the
image by arrows.

Fig. 3 Representative SEM images of the interfacaea between two layers of the
double-layered construct, made from 5.3 mm gels. @structs were fabricated by
compressing the first collagen gel and subsequergting and compression of the
next layer on top of the first (compressed) layer(a) Transverse view of the
construct. Top layer on the image is the second {p layer of the construct. The
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fluid leaving surface of the top layer is indicatedby the downward arrows, the
area of interface between the layers is indicatedybthe upward arrows. (b) Top

view of the exposed interface area. For that, topayer was lifted to expose
underlying surface. Arrows indicate collagen fibrils torn in the process, which
gives the interface characteristic ‘wispy’ appearane. (c) Internal view of the
interface between two layers. Layers were gentlyeparated without total

detachment prior to expose the interface. Dashed ww indicates area of
interest, solid arrows point at collagen fibrils, sretched between two layers.

Fig. 4 (a) Graph showing change in the thicknesd the compressed constructs,
made in the 12 well-format, with the incubation tire; initial height of the gel — 13
mm. * - significant difference compared to time 0 [§<0.05). (b) Bar chart,

showing relative change in the height of the compssed collagen immediately
after compression and after 30 minutes incubationni PBS compared to the
initial height of the gel (13 mm) in percent to cofirm plastic nature of the

process. Initial height of the gel is taken as a 06.

Fig. 5 (a) Bar chart showing the thickness of theriple-layered constructs,
assembled from the 13 mm gels per layer. Constructsvere either fixed
immediately (time 0) or incubated for 24 hours (tine 24 hrs) in PBS prior to
fixation. (b) Representative histological imagesfdhe constructs, fixed at time 0
and time 24 hrs. Dashed lines indicate interlayer dundaries. Dashed arrows
indicate primary fluid leaving surface of the third (uppermost) layer. Solid
arrows point at the secondary FLS of the first (bas) layer.

Fig. 6 Graphs, showing the dynamics of fluid lossrém the double-layered
collagen constructs made of the 5.3 mm gels per kyduring the first 5 minutes
of the of plastic compression process; (a) - laydr, (b) — layer 2. Fluid loss from
the gels at each minute of the process is presentedpercent of initial weight. *-
significant difference between % fluid loss from tle gels at each time-point
(p<0.05).

Fig. 7 Bar chart showing the effect of the layeringpf two 5.3 mm gels on fluid
loss (in % of initial weight) during the first 5 minutes of plastic compression
process.

Fig. 8 Graphs, showing the dynamics of fluid lossrém the double-layered
collagen constructs made of the 10.6 mm gels pewkx during the first 5 minutes

of the of plastic compression process; (a) - laydr, (b) — layer 2. Fluid loss from
the gels at each minute of the process is presentedpercent of initial weight. *-

statistically significant difference compared to tle preceding time-point (p<0.05).
Arrow points at the characteristic ‘jumps’ in the curve.

Fig. 9 Bar chart showing the effect of the layeringf two 10.6 mm gels on fluid
loss (in % of initial weight) during the first 5 minutes of plastic compression
process. *-significant difference between % fluiddss from the gels at each time-
point (p<0.05).

Fig. 10 Graphs, showing the dynamics of fluid losfrom the double-layered
collagen constructs made of the 13 mm gels per layduring the first 5 minutes
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of the of plastic compression process; (a) - laydr, (b) — layer 2. Fluid loss from
the gels at each minute of the process is presentedpercent of initial weight. *-
statistically significant difference compared to tle preceding time-point (p<0.05).

Fig. 11 Bar chart showing the effect of the layeng of two 13 mm gels on fluid
loss (in % of initial weight) during the first 5 minutes of plastic compression
process. *-significant difference between % fluidoss from the gels at each
time-point (p<0.05).

Fig. 12 Graphs, showing the dynamics of fluid lossom the first and tenth layers
in the 10-layered constructs, made of (a) 5.3 mm Igeper layer and (b) 13 mm
gels per layer during the first 5 minutes of the bplastic compression process.
Fluid loss from the gels at each minute of the prass is presented in millilitres. *-
statistically significant difference compared to tle value at preceding time-point
(p<0.05).

Fig. 13 Images, showing morphology of the 10-layetteconstructs, made of the
5.3 (left panel) and 13 (right panel) mm gels perajer. (a) — top view of the
constructs, (b) — transverse view of the constructs (c) — representative
histological images of the constructs. Inserts shownages of the sections at a
higher magnification. Arrows show the direction ofthe construct assembly.

Fig. 14 Representative histological images of thewstructs made of 1, 2, 3, 4 and
5 layers of the cell-seeded plastic compressed agién. Constructs were made in
the 12-well format as described in the text. Eactajer was made of 10.6 mm gels.
Constructs were cultured for 3 weeks and fixed athte end of the culture period.
Panel on the left shows low magnification images dahe constructs; arrows
indicate approximately position of the individual layers. Panel on the right shows
images at higher magnification; dashed ovals inditca areas of cellular
remodelling of the matrix. Note that interlayer boundaries are not
distinguishable on the images, as well as fluid leag surfaces in the upper or
base layers.

Fig. 15 Diagramm, showing schematically formation fothe interlayer bond in the
double-layered PC construct. At time 0, when neutrdéssed collagen solution
(second layer) is poured on top of the compressedst layer, reswelling of the
FLS area of the first (precompressed) construct leds to formation of shared
interface between layers at time 30 minutes (setintime for the second gel),
providing physical bond.

Chapter 7.

Fig. 1 Schematic illustration of the constructs assnbly. Templates were placed
on top of the collagen gels prior to compression. fler compression process
completion, patterned constructs were incubated fo’5 min with PBS prior to
template removal. Double layered construct were maglby setting fresh collagen
gel on top of the patterned one and compressing the standard manner. Triple
layered constructs were assembled in the same mamnéut all three gels were
micro-moulded. As a result, grooves were formed inthe single-layered
constructs; channels in the double-layered constrac in the triple-layered
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constructs, channels were formed between layers oa@d two and two and three
with the additional grooves in the upper-most layer

Fig. 2 Schematic illustration of the template usedor micro-moulding of the
collagen gels in the 12 well-plate format. Image orthe left shows gross
appearance of the template. Image on the right shaacross-sections of the rungs
in the templates of three sizes, used for patterngnof the constructs.

Fig. 3 Schematic illustration of the direct cell dévery technique. Template was
placed at the bottom of the well in the 12 well pke and incubated with the cell
suspension for 2 hrs, to allow cells to settle ome template. At the end of the
incubation period, the template was lifted and plaed (cells down) on top of the
collagen gel, set in the well of the 12 well platé&fter gel was compressed and
pattern formed template was left on the constructdr 2 hrs to allow cells to
attach to the surface of the collagen. The expectedsult was cells, confined to
the bottom of the groove, after template was lifted

Fig. 4 Graph, showing the dynamics of fluid loss tm the micro-moulded

constructs made of the 10.6 mm gels during the firS minutes of the of plastic
compression process; Fluid loss from the gels at & minute of the process is
presented in percent of initial weight. *-statisti@lly significant difference

compared to the previous time point (p<0.05). Cure for the non-moulded
compressed 10.6 mm gel was added for comparison. tddhe disappearance of
the characteristic ‘kink’ from the curves of the maulded gels.

Fig. 5 Bar chart showing the effect of the micro-molding on fluid loss (in % of
initial weight) from the 10.6 mm gels during the fist 5 minutes of plastic
compression process compared to the non-moulded gebf the same height. *-
significant difference between gels at each time pu (p<0.05).

Fig. 6 Representative SEM images of the patternednstructs made of 10.6 mm
gels. Constructs were micro-moulded using 25x75 ptemplate (left-hand panel),
and 100x75 um template Right-hand panel). Upper m of images shows surface
of the patterned constructs with parallel groovesjndicated by arrows. Middle
panel shows images of the individual grooves in treverse view, indicated by
arrows. Bottom row of images shows surface of theapterned constructs, with
the branching of the templating rungs from the midde and upper supportive
bars on the template (shown in the inserts)

Fig. 7 Bar chart showing depth of the grooves ingrcentage of expected value
(thickness of the template, 75 um, taken as a 100%}5rooves were micro-

moulded into the 10.6 mm gels using templates wittungs of 25, 50 and 100 pm
width. *-statistically significant difference (p<0.05).

Fig. 8 (a) Bar chart, showing average depth and wtt of the grooves, made using
50x75 um template in the 5.3, 10.6 and 13 mm ge{b) The respective fidelity of

the pattern, based on the depth to width ratio, tothe moulding template. * -

statistically significant difference (p<0.05).
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Fig. 9 Representative histological images (SiriusRestaining) of the grooves

(transverse view) made using 50x75 pum template ilé (a) 5.3 mm gels, (b) 10.6
mm gels and (c) 13 mm gels. Inserts show grooveshagh magnification. Dashed

areas outline grooves, dashed arrows point at theesondary FLS, solid arrows

indicate collagen fibrils accumulation in the vicinty of the groove.

Fig. 10 Bar charts showing the dimensions of thehannels (depth and width),
made by micro-moulding 10.6 mm gels (base layer) drcasting and compressing
fresh gel of the same height on top (upper layer,oof of the channel). The
dimensions of the grooves in the single layer arelgited for comparison. (a)
25x75 pm template, (b) 50x75 um template, (c) 10&pm template.

Fig. 11 Representative histological images (low antigh magnification, inserts)
of the open channels (transverse view, SiriusRed ashing) made by micro-
moulding 10.6 mm gels (base layer) and casting ammpressing fresh gel of the
same height on top (upper layer, roof of the chanme (a) 25x75 um template, (b)
50x75 pm template, (c) 100x75 um template. Solidraws indicate the open area
of the channel, arrow heads point at the collagenilfrils, protruding into the
channels from the upper layer (the ‘roof’).

Fig.12 (a) Bar chart showing the dimensions (deptlnd width) of the grooves,
made in the single-layered constructs using 100x78utemplate. Dimensions of
the grooves in the cell-seeded constructs, culturgdr 1 week and 2 weeks are
compared with the dimensions of the grooves in thacellular constructs at time

0. (b) Representative histological images (H&E staing) of the patterned

cellular constructs at week 1 and 2. Dashed ovalsdicate areas of cellular
matrix remodelling, arrows point at the grooves inthe constructs surface.

Fig. 13 (a) Images of the live HaCat cells (greenktained using live-dead
protocol. Left — cells on the rungs of the templatefollowing 2 hrs incubation
with the cell suspension. Middle and right are imags of the cells in the grooves,
taken at time 0 and 24 hrs of culture period. Daskd lines indicate the rung of
the template (left image), and grooves (centre anight images). (b) SEM images
of the cells, delivered in the grooves following dect cell delivery protocol at time
0. Insert — higher magnification of the cell in thegroove showing cell, attached to
the collagen surface. Arrows on the image on theight point at the groove
borders. Open arrows show cell filopodia attacheda the collagen fibres.

Fig. 14 Histological image of the channel in the ddle-layered collagen
construct, with the cells (HaCat), delivered usinghe direct cell delivery protocol,

and cultured for 1 week. Layer 1 (patterned layer)was made of 10.6 mm gel,
layer 2 (roof of the channel) was made of 5.3 mm QeDashed line indicates
interface between layers, arrows point at the charel lumen.

Fig. 15 Diagram, showing proposed mechanism of pattn formation in the
multi-well format. Immediately after contact with absorbent and loading, fluid
starts to flow out of the gel towards the absorben{primary flow). However,
presence of the impermeable template results in fas blockage of the primary
FLS due to the process of ultrafiltration. Following that event, fluid starts to
leave the gel through the bottom part (secondary éw), creating secondary FLS.
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This is blocked as well due to the same ultrafiltraon process. Fluid, still left in
the gel by this point can leave through the only umocked surface — bottom of
the grooves (tertiary flow). This potentially leadsto slight lift off of the template
and possibly collapse of the walls of the groovesesulting in shallower than
expected features.
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Chapter 1.

Introduction.

Tissue engineering — general overview

Tissue engineering, as defined by Langer and Vacféfi93) is ‘an
interdisciplinary field that applies the principled engineering and life sciences
toward the development of biological substitutest trestore, maintain, or improve
tissue function or a whole organ’. Since then #ssugineering principles have been
applied to provide basic knowledge and better wtdading and control of
fundamental functions and principles of biologitiasues (Curtis and Riehle, 2001,
Freed et al., 2006, Keung et al., 2010) and to Ilyupiable alternatives to animal
research (Holmes et al., 2009). Currently tissugireeering applications include, but
are not limited to, bone, muscle (skeletal and ieajd blood vessels, skin, cartilage,
tendon, liver, kidney, intestines, nerve tissugflONS and PNS) and adipose tissue.
Clearly, these aspirations cross boundaries of, tisbkue and organ replacement
therapies.

The notion that cells behave differently in 3D eowment, which is an
appropriate mode of existence for the majority eflscin the vertebrate tissues,
brought with it great shift in scaffold design stgies and cell-seeding techniques
(Pampaloni, 2007). Currently, two main approachesten the field of TE, namely
scaffold free and scaffold based TE.

Scaffold free TE approach includes single cell tgpévery (either stem cells
or tissue specific differentiated cells), cell siseer microtissues (cell aggregates
created in vitro under specific conditions, usudllypreventing cell adhesion to the
tissue culture plastic) (Kelm and Fussenegger, R026ll sheet engineering, where

cells are delivered embedded in their own matsyased on use of thermoresponsive
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plastics which allow harvesting of the sheet offlgnt cells together with ECM.
These can be arranged in complex structures bwati@ari of patterning techniques
(Hannachi et al., 2009).

Scaffold based approaches are more common ingltedf tissue engineering.
Several design factors should be considered wheginegring 3D constructs:
substrate and extracellular matrix composition, position and rates of tissue
development, cell types, localisation and segregatitissue shape and
microarchitecture and local tissue functional regmients (Brown, 2000, Chan and
Leong, 2008).

Scaffold based TE can be divided into groups basetthe scaffold material —
natural, synthetic or combination of both. Scaffoldan be further modified to
controllably release drugs or growth factors, feamaple to attract host vasculature or
facilitate bone healing (Chunga and Park, 2007).

Scaffolds can vary greatly in shape (eg. microsphesheets or foams),
mechanical properties (from hydrogels to metals)fase topography (smooth or
structured, nano- or micrometer scale), porosityiciometers to hundreds of
micrometers, examples in Table 1) and rate and nobdiegradation (days to years,
examples in Table 2) (Leong et al., 2008).

Table 1. Examples of a range of pore sizes in thomaterials used for different
tissue engineering applications (adapted from Leongt al., 2008).

Preferred pore diameter

Tissue regeneration Cell sizeym
g eum) (um)
Hepatocytes 20-40 20
Fibroblast 20-50 90-360

Bone 20-30 100-350
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Table 2. Examples of degradation rates and mode faa variety of natural and
synthetic polymers used in tissue engineering (adtgd from Leong et al., 2008).

Biomaterials Degradation time Degradajuon
mechanism

Natural polymers

Collagen 0.5-3 months Enzymatic degradation
Chitosan 10days-1.5 months Enzymatic degradation
Synthetic polymers:

Poly(L-lactic acid) (PLLA) 2—-12 months Hydrolyticanhanism
Poly(glycolic acid) (PGA) 4—6 months Hydrolytic nemism
Poly(caprolactone) (PCL) 12-24 months Hydrolyticcimanism

Scaffold based TE can be further divided basedchemature of the material,
either synthetic or natural polymers, used forfedaffabrication.

Synthetic polymers as scaffold material.

The advantages of synthetic polymers for TE apfiioa include controllable
and reproducible structure and chemistry, elimitdatsk of transmitting disease and
lack of batch-to-batch variability. Additionally, it the variety of fabrication
techniques, synthetic scaffolds can be betterridldo end-users requirements with
the ultimate target to tailor degradation ratehe tate of tissue regeneration and to
provide appropriate mechanical properties (Yangndaj, 2006).

Currently, FDA approved hydrolytically degradablelymers, such as
polyglycolic acid (PGA), polylactic acid (PLA), qmlymers (PLGA),
polycaprolactone and polyethyleneglycol (PEG) anemagst the most widely used for
fabrication of TE scaffolds (Place et al., 2009).

However, these materials remain intrinsically ndoldgical and cannot
provide the cells with appropriate environmentstfair ‘correct’ function. As such,
currently synthetic polymer scaffolds can be regdrds a delivery vehicle rather than
a truly engineered piece of living tissue that £alan attach to and remodel. The

research into overcoming these drawbacks is cuyremtder way. Hydrophobicity
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can be overcome by plasma treatment, chemicalrgicperoxide or ozone oxidation
(Place et al., 2009). Cell-adhesion can be imprdwgdoating with natural ECM
proteins (collagen, vitronectin, laminin, fibronect hyaluronic acid), or by
incorporating the short peptide motifs, derivedvirbinding regions of ECM proteins,
usually well-studied Arg-Gly-Asp (RGD) integrin-llimg motif from various ECM
proteins including fibronectin, laminin and collageype | (Place et al., 2009).
However, currently naturally derived polymers resmr@t more attractive alternative
for tissue engineering applications.

Naturally derived polymers as scaffold material.

Naturally derived polymers are naturally non-cykato bio-compatible and
cell-adhesive. A growing body of evidence showd tltamplex extracellular matrix
(ECM)-cell interactionsin vivo provide not only essential structural support but
encompasses a multitude of other cues such asategulof cell differentiation,
adhesion, cell phenotype, cell motility and matproduction (Hynes, 2009). The
drawbacks of natural polymers as TE scaffolds ihela high degree of variability
and possibility of microorganism or antigen transsion from the source.

Currently, natural polymers of mammalian (collagegelatin, fibrin,
hyaluronan), invertebrate (chitosan, silk), algagifiate) and plant (starch) origin are
used for various TE applications (Yang and El H2Q06, Chunga and Park, 2007,
Malafaya et al.,, 2007). Several examples exist @fombinant human ECM
production, but technologies are in the early staigdevelopment (Ramshaw et al.,
2009). Commercially available Matrigel, often usasl a coating agent, contains a
mixture of several ECM molecules produced by mowseour cells, with greater
representation of laminin and collagen IV, and banregarded as a model of basal

lamina.



22

Decellularised tissues form a group of their owd are usually favoured for
retention of natural composition of ECM proteingd anicroarchitecture. However,
these must be extensively processed to removelaredomponents which could
trigger immune reactions. Despite this drawbac&eme successful face (Devauchelle
et al., 2006) and trachea (Macchiarini et al., 30@8nsplantation clearly show the
importance of correct 3D micro-architecture in saldffabrication.

Importance of controllable 3D micro-architecture folr E scaffold.

Several design factors should be considered whgmegring 3D constructs:
substrate and extracellular matrix composition, position and rates of tissue
development, cell types, localisation and segregatiand tissue functional
requirements, shape and micro-architecture (Br@®900, Chan and Leong, 2008).

The importance of controllable 3D micro-architeetun the 3D scaffold
design is based on the fact that native tissuestfie very thing that researchers are
striving to engineer) are not uniform blocks ofleeind matrix. Tissues of the human
body have complex internal (blood vessels and erpeesent in every tissue) and
surface (interfaces, invaginations and protrusminthe basement membrane as seen
for example in skin (rete ridges), cornea (limbag)d small intestines (villae)
architecture. Therefore, in order to engineer & thio-mimetic tissue, these micro-
structures should ideally be a part of the scaffMdreover, these structures should
be permanent and stable, as theyiraravo (Le Gros Clark, 1975).

It is increasingly appreciated that the topograpmtiya tissue engineered
construct at the micrometre scale is critical tatoalling many cell functions (Ingber,
2005), although there is still an opinion that aoef topography is not enough to elicit
control over function of the engineered tissue tékieet al., 2008). It is well

established, for example, that surface anisotroylyraicro-structure have a profound
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effect on cell alignment and differentiation (Clakal., 1987, 1990, Pins et al., 2000,
Teixeira et al., 2003 and 2004, Downing et al.,£200ernon et al., 2005). Bruder et
al. (2006) demonstrated alignment of neurites cettuon replicas of pre-aligned
Schwann cells. Cao et al (2010) showed that prirnargan vascular smooth muscle
cells, cultured on the surface of a biodegradajahehetic polymer with microgrooves
are aligning to the walls of the grooves and swvintghltowards contractile phenotype
upon reaching confluence; behaviour not exhibitedaoplanar control or by non-
confluent culture. These authors showed that sudnplnological changes were
accompanied by significant increases in contraptitgein expression. Similar results
were achieved by this group using immortalized aatta smooth muscle cells,
cultured in microgrooves (Shen et al., 2006, Feng.e2007). Isenberg et al. (2008)
demonstrated fabrication of cell-sheets with aldymv@scular smooth muscle cells.
Cells were cultured on a patterned thermo-respergdlyester substratum. Following
cell alignment, cell sheets were released by lavgetihe temperature to 20°C.

Indeed, some studies show that the effects of tgjchl features on cells
extend well beyond the single layer and affectscitiat are not in direct contact with
the surface (Ejim et al.,, 1993, Papenburg et @072 Sgrensen et al., 2007,
Guillemette et al., 2009, Then et al., 2011). Egimal. demonstrated alignment of
fibroblasts to pre-aligned fibronectin fibres. Calignment persisted over several cell
layers. Pappenburg et al. (2007) showed alignmdntmouse myoblasts and
osteoblasts to the microgrooves in the porous pdbgtic acid). These authors
showed that cell alignment persisted over 7 daysuhure and extended over
multiple cell layers. Guillemette et al. (2009) sl that topological features affect
multilayered cell sheets (human stromal corneabblasts, human dermal fibroblasts

and smooth muscle cells), such that alignment effitist layer directed morphology
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and deposition of extracellular matrix in subsequel layers. Similar results have
been reported by Sgrensen et al. (2007). Authmwesth that alignment of astrocytes
on the microgrooves was translated to alignmemenfrons cultured as a top layer.
Then et al. (2011) showed that alignment of kengtx; cultured on microgrooved
polycaprolactone films, caused cells in the sedagédr to align at 30-40° angle to the
cells in the first.

Consequently, accurate, predictable and stablegtapbic patterning is a pre-
requisite for next generation studies investigabmmmimetic 3D niches to control, for
example, stem cell function and fate (Chaubey et 20007, Vazin and Schaffer,
2010), as well as cell-cell/cell-matrix interactsoat interfaces (e.g. dermo-epidermal
junction). Indeed, Nelson and Tien (2006) pointatitbat simply by adding structure
it may be possible to improve almost any biomaldria creating extra cues that
influence cell behaviour, making this a favouradtiategy to expand the function of a
tissue engineered construct.

The importance of the micro-architecture, in patic surface topography,
can be easily seen from the profound effect thalitiath of such simple surface
features as grooves have on cell behaviour. TheHat surface anisotropy can affect
behaviour of cells has been known since the beggoi last century and in 1954
Paul Weiss suggested a term ‘contact guidance’etcribe his observation that
neurites can be guided by scratches on the subgtiaiss) (Weiss, 1954). Since then
the effects of the topology (most often groovesjrancell behaviour has been studied
extensively. These studies used a variety of cgtles (neurons, astrocytes,
fibroblasts, macrophages, keratinocytes) and dirneasof the grooves (microns to
nano) (Flemming et al., 1999, Martinez et al., 2088ffman-Kim et al., 2010). The

data collected up to date show that both cell igpe dimensions of the features are
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important factors to consider when designing agpa#td scaffold (Clark et al., 1987,

Clark et al., 1990, Curtis and Riehle, 2001 Kapstaal., 2010).

Currently, the following hypotheses are proposedxplain mechanisms of the
cellular alignment on the micro-grooved substrefast is that cells minimise
distortions to the cytoskeleton which would ocduthiey ignore, rather than follow
the groove (Hamilton et al., 2009), based on tre®m put forward by Dunn and
Heath (1976), that cytoskeleton microfilamentsnzarbend over angles more than
4°, Second theory proposes that attachment to tapbgal cues (for example ridge
of the groove) create mechanical stresses in thethad directly cause alignment
(Walboomers et al.,, 1998). Curtis and Clark (198990) showed that cells
(fibroblasts) react to discontinuities in the subistm (grooves and ridges) by actin
condensation at the boundaries between ridge 8odrgroove wall. These data were
confirmed by Wojciak-Stothard et al. (1995); authahowed that this effect of
topology on fibroblasts is observed within 30 mewiafter cell seeding. Similar
effect of the surface topology on the epithelidlscbas been shown by Brunette and
colleagues (Brunette, 1986, Chehroudi et al., 19880, Hamilton et al., 2009).
Dalby et al. (2003) showed that such distortiorih@ cytoskeleton and shape of the
cells on the grooved substrata cause change shtqee of the nuclei (elongation) and
hypothesised that this leads to changes in the gemession of the aligned cells due
to the change in the relative position of the chweames and their accessibility for

transcription (Dalby, 2005).

Thus, the effect of the micro-scale 3D architectofre¢he scaffolds on cells is
indeed profound and merits investigation as a foolincorporation into natural

materials, such as collagen. In addition to engingetissue micro-structure, these
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studies can be used to further our knowledge stiéslevelopment, both normal and
pathological and for testing systems in drug digcgvOn the other hand engineered
natural polymer scaffolds with predictable and coliable 3D micro-architecture can
represent next generation of tissue engineeredaimpland also serve as ‘lab on a
chip’ models for pharmaceutical or cosmetic indastras a substitute for animal

testing.

Currently, several well-described techniques haenbdeveloped to produce
scaffolds with predictable surface topography bmimicro- and nano-scale. These
include various lithographic techniques such adgilibography and soft lithography,
micro contact printing, hot embossing. Howeversthéechniques are largely only
applicable to synthetic materials; hence the migjoof our knowledge on cell
behaviour on the patterned surfaces is based @e thebstrata. Clearly these do not
reflect the surface chemistry or mechanical propexf native tissues. It is, therefore,
particularly important to develop appropriate tagoes of micro-fabrication to
introduce appropriate geometrical features onto sheace of naturally-derived
materials (Nelson and Tien, 2006). From the liteasearch it becomes obvious that
there are very few techniques available, develdpedtroduce predictable and stable
3D structures into the natural polymers, and nohehvallow survival of the cells,
embedded in the bulk of polymer or which do noturegysome form of cross-linking

to render structures permanent.

Soft lithography is probably most widely used methad patterning natural
polymers, usually in the form of hydrogels. In simplest form, hydrogel is set on a
negative template, and features on its surfacecargs-linked afterwards to make

them stable in culture conditions. Indeed, withdhis extra step in construct
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fabrication, pattern, made in collagen gel detiedain culture by day 14 (Ber et al.,
2005). Predictably, this changes the mechanicapeties of the scaffold and
prevents cell-seeding of the bulk material priotamplating. This technique has been
used to pattern flow-network onto the collagen-ggaminoglycan co-polymer
membranes (Janakiraman et al.,, 2007), defined ieavinto collagen hydrogels
(Nelson et al., 2008) and micro-grooves onto chmoand gelatine scaffolds (Wang
and Ho, 2004).

To avoid use of chemical cross-linking agents andtiempt to produce more
biologically appropriate patterned surfaces, folluyvtechniques have been proposed

independently by Pins (2000) and Vernon (2005).

Pins et al. reported in 2000 the fabrication ofagel and collagen type |
membranes with well-defined microgrooves by airkuigyhydrated gels on negative
templates and subsequent thermal dehydration &C10% vacuum. These micro-
patterned collagen membranes (as seen in Figurardda) have been used as an
analogue of skin and intestinal basal lamina (Riral., 2000, Downing et al., 2005,

Wang et al., 2010).

Similar method have been developed by Vernon atidagues (Vernon et al.,
2005), where fibrillar collagen gels were air-driddr 24-48 hours at room
temperature on the template to produce thin latti@s seen in Figure 1 ¢ and d)
which were peeled off after drying. These authasduthe micro-grooved collagen
membranes to assess alignment of human dermabf#sts and umbilical artery

smooth muscle cells.
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Fig. 1 a-b SEM images of the micro-patterneollras, laminated
onto collagen-GAG sponge. Scale bar a-1mm, b-50 pferom Pins et al., 2000);
c-d SEM images of the micropatterned collagen lattes. Scale bar — 25 um
(From Vernon et al, 2005).

It is obvious, that this method is based on con&diom of an extremely
dehydrated protein layer to the underlying patté&®.such, these constructs can be
used as patterned flat surfaces to study cell betabut hardly can be regarded as
engineered tissue. Indeed, in the study by Dowatral. (2005), these lattices needed
to be laminated onto a freeze-dried collagen spofigier seeded with dermal
fibroblasts) to be regarded as a skin model, akoasitshowed previously that
fibroblasts migration into air-dry collagen lattices severely compromised (Cornwell
et al., 2004).

The study by Downing et al. (2005) can serve asesample of indirect
approach to tissue engineering, where the resaahaseeffectively no control over
the end-product — the engineered tissue. In caaeskin model, described above, the

perfect scaffold was created first, with pattersedace and porous supportive bulk

material. However, to serve as skin model bothepa¢td surface and collagen sponge
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need to be populated by the appropriate cell typehis case keratinocytes and
dermal fibroblasts. Cells (fibroblasts) are addedat preformed matrix (collagen
sponge) and need to penetrate and populate thild¢cgrocess which cannot be
controlled.

It is easy to see that the results here are hamdiglictable and over time this
population of matrix cells can (and will) change timitial matrix structure beyond
control of the researcher, which in turn will didtdhe pattern on the surface.
Similarly fabrication of scaffold with pre-formedopes by gas foaming, phase
separation, freeze drying and particulate leackithggmacher, 2001, Hollister, 2005,
Madaghiele et al., 2008, Annabi et al., 2010) dditon of growth factors and/or
endothelial cells to the matrix to create tubuliucures can serve as examples of
indirect approach (Nakagami et al., 2005, Finkderedt al., 2009, Ghanaati et al.,
2010, He et al., 2011, Reckhenrich et al., 201liu@hal., 2011). Both are dome
expectatiorthat pores will not get blocked by cells’ ECM andl provide adequate
oxygen supply; that cells will not change mechdnicaperties of the scaffold or that
growth factors will attract host blood vessels amdiothelial cells will arrange into
tubes.

Indirect approach provides valuable information foaterial scientists and
biologists. However, direct tissue engineering pites more controllable and
predictable results. For example, as opposed thodstmentioned above, to create
channels (pores) in the material of controllablmehsions, geometry and spacing,
sacrificial structures can be used. The rationahkiridl this approach is that upon
removal of the structure from the bulk materialrgoor channel) is left behind, all
features of which were designed by the researcBelden and Tien (2007) used

micro-moulded gelatin mesh to create micro-chanimetollagen hydrogel. Collagen
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gel was set around pre-moulded gelatin templaterAllagen gel was set, template
was removed (melted) by raising temperature to 37€&ing channels of designed
dimensions in the gel. Vernon et al. (2005) usedffia as sacrificial structure in air-
dried collagen membranes for the same purposea@wil gels with incorporated
paraffin template were air-dried and template noelteaving channels in the collagen
construct. Li et al. (2009) used sucrose fibres,besded in poly (I-lactic
acid)/chloroform base to fabricate aligned poresign®d micro-channels were
fabricated in the compressed collagen construdaigsolution of soluble glass fibres
(Nazhat et al., 2007).

Another approach to create controllable micro-cletsnns to layer micro-
patterned sheets, so that pattern in the underlgiyey is covered by the next layer of
biomaterial, creating open channels. However, dpisroach has been generally used
for synthetic polymers, such as poly-(glycerol selb@) (Fidkowski C. et al., 2005),
polydimethylsiloxane (Shin M. et al., 2004, Mataatt 2009), poly(L-lactic acid)
(Pappenburg et al.,, 2009), poly (lactide-co-glyd®)i poly¢-caprolactone-co-
glicolide), poly(dioxanone) and Monocril® (Ryu dt,&2006). The two parts of the
channels (the patterned layer and the upper caer)held together by uncured
polymer (PMDS, Mata et al., 2009), treatment of ihierface by oxygen plasma
(Fidkowski C. et al., 2005, Shin M. et al., 200d9}vent vapour bonding (Ryu et al.,
2006) or by physically rolling patterned stacte@gets in a tube (Pappenburg et al.,
2009). Although, these methods successfully crepn channels, use of synthetic
materials and additional steps needed to hold aéfteqmed sheets together make these
methods less attractive for engineering livinguesgquivalents. Therefore, there is a
need for new generation of tissue engineered aststcomprising natural polymer

and cellular components of the native tissues added topological features. The
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addition of the surface topology must not interfevith the material or chemical
properties of the polymer or compromise viabilifytiee resident cells. This research
offers solution to the stated problem, using cdlatype | as a scaffold material.

Collagen type | in tissue engineering

Collagen type | is a perfect starting material fmsue engineering when
natural polymers are used, being basic structwastituent of a mammalian body.
Collagen molecules and fibres have evolved as tsires of high tensile strength,
equivalent to that of steel when compared on thesbaf the same cross-sectional
area, but three times lighter on a per-unit weigdis (Hulmes, 2008). To date 28
types of mammalian collagens and about the samédauof other members of the
collagen superfamily have been discovered; though function of some is still
obscure (Hulmes, 2008). Fibrillar collagens areapayunt to the viability of the
organism and are shared in some form by all mliitlee animals, from sponges to
mammals.

All collagens share the same basic characterisinck contain rigid, rod-like
molecules with three subunits (alpha-chains) woumd right-handed triple helix.
Collagens assemble into fibrils, arranged with vaelécribed periodicity, so called D-
banding, of 64-67 nm, resulting from the near-alyst stagger packing of collagen
molecules in to fibril as shown schematically iguiie 2 (Hulmes, 2008)..

Collagen fibril, composed of collagen molecules3@®® nm long and 1.5 nm

wide with fibril diameter ranging from 20 nm in c@a to 500 nm in tendon.



32

Collagen Fibers
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Fig.2 Schematic illustration of the collagen type Istructure, showing collagen
fibres, fibrils and molecules. Lower image shows dagen molecules in
characteristic staggered arrangement. (From http:Mww.sigmaaldrich.com/life-
science/metabolomics/enzyme-explorer/learning-cemtstructural-
proteins/collagen.html and Hulmes, 2008)

Collagen type | is the most abundant form in manmmnalissues such as skin,
bones, ligament, tendon, cornea, lungs and vasealdt has long been recognised as
an appropriate scaffold material for tissue engingeapplications. It is intrinsically
biocompatible and biodegradable, highly conservelivben species, minimising the
immune reactions. Collagen type | is found in hagimcentration in skin, bone and
tendon, providing abundant sources for isolatioth polymer.

As has been mentioned above, the majority of rekean collagen type |
usage for TE applications is based on mammaliatagehs from animal sources.
Recently, several alternative sources of collagemfmore primitive animal species
(fish scales (Chen et al., 2011), jumbo squid (teiontoya et al., 2010) as well as
use of recombinant human collagen produced by w@atigt modified

microorganisms, plants, silkworm and transgenicenfiave been reported (Ramshaw

et al., 2009). These developments can potentsllystantially reduce cost and



33

eliminate possible problems of immunogenesity. Hevesubstantial further work is
needed in this area before these sources areqalacti

Collagen scaffolds have been proposed for hardsafftdtissue engineering.
For hard TE applications, combination of collager anorganic component (e.qg.
hydroxylapatite, tricalcium phosphate), mimickingnle compositionin vivo, is
usually used (Habraken et al., 2007).

Acid-soluble collagen gels

The major fibrillar collagens are soluble at low,pltually in dilute acetic
acid. In commercially available acid soluble colag N- and C-telopeptides are
intact which helps to initiate fibril assemhly vitro and to produce long cylindrical
fiores (Hulmes, 2002). The phenomenon of collageibrilf reassembly
(fibrillogenesis) was first reported in the midd}¢ last century and proposed as a
model to study collagen assembly in vivo. Sincentlige phenomenon has been
extensively studied and exploited for TE and otqalications.

Self-assembly of collagen monomers from acidiutswhs depends purity of
initial solution, buffer composition, pH and tematrre (Gross and Kirk, 1958, Wood
and Keech, 1960). When pH is adjusted to arountraleand temperature is raised to
physiological level, fibrils form spontaneously aptesent D-periodicity of native
collagen fibrils. The process involves three phagafial lag phase, rapid growth
phase and plateau region. During the lag phasel simadber of collagen molecules
associate to form nuclei; during growth phase newlepules are recruited and
longitudinal and lateral interactions ensure growmtffibril length and width (Comper
and Veis, 1977). Growing fibrils form a network,tiin which water is trapped,

eventually forming a gel.
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Collagen gels have been extensively researchedcafolsls for bone,
cartilage, skin and adipose TE applications (Malafat al., 2007, Huang and Fu,
2010). One of the draw-backs of hydrated collagels ¢ their inherent mechanical
weakness. Several approaches have been develop@griove mechanical stability
of collagen scaffolds. These can probably be divishetwo groups: cell-compatible
and cell-incompatible. The latter involves chemicabss-linking (Chan and So,
2005), cross-linking by thermal dehydration (Pihalg 2000) and air-drying (Vernon
et al., 2005). The former includes cell-mediatetl gmtraction (Bell et al., 1979,
Grinnell and Lamke, 1984), photochemical croskitig (Chan and So, 2005), high
concentration collagen stock solution (Helary et aD10,2011) and plastic
compression (Brown et al., 2005).

Plastic compression of collagen

The method of plastic compression of collagen e originally reported by
Brown et al. in 2005. The method is based on ualasdmoval of unbound water
from hyperhydrated collagen gels, reconstitutednfracidic solution. As a result,
collagen sheets are produced which, dependent plicaion, can contain known
number of viable embedded cells. The process wislsachematically in Figure 3.

The word ‘plastic’ refers to irreversible nature tife process, i.e. that
thickness of collagen sheets does not changedigwell) significantly in fluid once
the load is removed. The main advantages of thithadeare: simplicity, speed and
reproducibility, calculable, predictable physicaldaconcentration parameters and
compatibility with viability of a resident cell pafation. Thus, in contrast to other
techniques, the improved mechanical propertiesjeaetd using this method, are
controlled by the researcher rather than cells, hast of all without loss of cell

viability.
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load or
hydrated collagen gel compressed collaged construct
water ou >
l i l Fluid leaving surface

Fig.3 Schematic illustration of the plastic compresion process (Brown et al.,
2005) Load is applied to the hydrated collagen geaind cause unidirectional fluid
flow from the gel, which results in formation of dexse collagen layer with
anisotropic distribution of collagen in the constrict with denser area at the fluid
leaving surface.

This technology has been proposed for a numberEo&fplications, such as
tendon (Brown et al., 2005), skin (Ananta et 802 Hu et al., 2010), cornea (Levis
et al., 2010) , bone (Bitar et al., 2007, Buxtonakt 2008, Pedraza et al., 2010),
bladder (Micol et al., 2011) and spinal cord refd&iast et al., 2010). In addition it
has been successfully applied to basic researtibsue interfaces and vascularisation
strategies (Hadjipanayi et al., 2009a, Cheema..e2@10), oxygen diffusion (Cheema
et al., 2008, 2009) and cell behaviour in denstageh matrices (Hadjipanayi et al.,
2009b, Serpooshan et al., 2011). These have fededtto successful development
of the first practical hypoxia-dependent angio-#pgr Use of this material as a
peripheral nerve repair conduit is currently undegestigation.

Aims and hypotheses

There is still lack of techniques to pattern ndtpymers and retain viability
of the embedded cells. Such new types of scaffoldpnovide valuable platform to
research tissue morphogenesis, cell-cell and edlem interactions as well as drug
discovery. Moreover, it can bring us closer touhianate goal of tissue engineering —

direct fabrication of an artificial tissue, compdsef native components and micro-

architecture which can substitute lost or disedssd tissue.
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This approach oflirect engineering of collagen matrix has been adopted in
current research. Here, our goal was to control fdllewing parameters of the
resulting constructs: distribution and viability die embedded cells, appropriate
mechanical properties compared to the starting mah{g&veak hydrogel), control over
geometry and dimensions of the internal (chanresis) external (grooves) features.
The target is to fabricate without cell actionesgineered tissue equivalent with cells
in situ with engineered internal and external 3D featutemposed of native natural
polymer, in this case collagen type |I.

The goal of this work was to further advance un@@ding of mechanisms of
PC process by creating a new generation of thesstrewts with predictable and
stable 3D features, both internal and externahgusiicro-moulding technique.

The overarching hypothesis was that dense collagestructs with a viable
cell population and engineered microarchitecture. (surface topology, internal
microchannels and defined interfaces) will be auable tool for clinical and
pharmacological applications as well as an easysto-nodel of basic biological
processes.

The working hypothesis was that fluid flow from tleellagen gel during
compression process controls pattern formationit®cting where and how collagen
fibrils finally accumulate. Therefore, if correatpntrolled deflection of the flow,
using impermeable templates of known dimensionsildcgpermanently remodel
collagen matrix, giving predictable 3D featuresha construct.

In order to introduce controllable 3D features fomtternal and external) in to
the PC collagen construct two approaches were &sextly, the ‘lost fibre’ technique
was used to create channels in the dense collagémxnirhe main principle of the

method has been reported on by Nazhat et al. (2007he original paper, soluble
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phosphate-based glass fibres were incorporatedhanconstruct and when fibres
dissolved, open channels of uniform diameter wereé&d in the collagen matrix. We
have hypothesised that progressively opening chaiwaé aid in controlled tissue

(such as axons) ingrowth into the implant. To aghithat goal, shape of the fibre
should be changed from a uniform cylinder to a covith steadily decreasing

diameter. When construct with such conical fibresmplanted, channels will start
opening faster at the thinner end than thickers lasrouring ingrowth of tissue from

one end of the channel and delaying from anoth&hese progressively opening
channels are predicted to be of particular usenfawve tissue engineering, where
correct direction and timing of axon regrowth iaaal.

To engineer surface features in the PC collagenstoacts we have
hypothesised that by controllably deflecting flunditflow from the gels during
compression around a designed templates. Thisfavith stable and faithful pattern
on the fluid leaving surface due to collagen fiomesumulation around the template.

It is known that plastic compression produces gmasetric layered structure
in the construct, different at the two oppositefates, the non fluid leaving surface
(non-FLS) and fluid leaving surface (FLS) respediv (Brown et al., 2005,
Hadjipanayi et al., 2010). It is known, that theotdiffer in mechanical properties, as
directional expulsion of liquid leads to the forioatof much denser layer closest to
the blotting elements than the opposite surfacegatorg a surface anisotropy which
could affect the outcome of patterning

To test this hypothesis several experimental dssigave been tested.
Additionally, stability of the pattern in the preme and absence of matrix remodeling

cells (fibroblasts) have been tested in tissuaioglitonditions.
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As has been mentioned before, our knowledge of lbelhavior on the
patterned surfaces is mainly based on synthetienma# with inadequate chemistry
and mechanics. Using these novel TE scaffolds westtady cell behavior on patterns
not only made of natural polymer but also in thespnce of matrix cells. Therefore,
this knowledge can be used to recreate morphogeimegitro as well as give rise to a
new generation of engineered living tissues egaisl

Automation of the process is necessary for thigwative methodology to be
used to its full advantage in drug testing and megjied tissue customisation. In
additions, automation will allow fabrication of tleenstructs with optimal speed and
reproducibility. We hypothesise that as a prelimnastep towards
automation/mechanisation of the PC process thaingeand compression of the
constructs in a multi-well format would significntdecrease variability whilst
enabling fabrication of multiple and multilayerednstructs with controllable
parameters. To test this idea, a process of malilastic compression (M-PC) was
developed, offering not only great control over ghrecess of PC but also valuable
knowledge of its underlying mechanisms (such asd flass and FLS formation). This
would bring the technique closer to fully contrbliea by the operator.

This novel methodology allows for fabrication of iayered constructs,
consisting of interconnected layers of dense @dbsd collagen, which was not
possible using the original method. As plastic possion effectively produces a
sheet of cell-seeded collagen it appears to represtirther advance for engineering
thick, multilayered constructs. Hadjipanayi et 20@9) demonstrated fabrication of
double-layered constructs (cellular and acellubgrseparately casting collagen gels,
with the first gel being set prior to addition dietsecond layer. The whole structure

was then compressed in a single stage as per ip@abrmethod. However, this
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technology has its limitation, mainly due to theodding of FLS (fluid leaving
surface) by collagen fibrils, carried with the uand accumulated at the boundary
level (Hadjipanayi et al., 2010). This results iaceease of fluid flow from the
compressed gels. Formation of dense FLS zone doegermit layering using
original method, as fluid from the next gel needspass through the underlying
compressed layer. It has been shown that restnicii FLS blockage when using the
original PC method can be partially overcome byasaig compression of the gel on
each side, so that two FLS are formed on the opposiurfaces of the gel,
(Hadjipanayi et al., 2010). However, this methodlgo limited by the initial height of
the gel and alters the final construct structureating greater top-bottom symmetry.

We hypothesised that as the multi-well PC systesatess FLS on the top of
the gel (upward fluid flow), there will be no pregsive restrictions of the FLS during
multilayering. Each new gel layer forms a new FLISew compressed. Theoretically,
the thickness of each single layer is the mairricdsin, not their total number, as
each layer is compressed individually through a flewd leaving surface. By using
this method, it would be possible to fabricate ctaxpmultilayered tissues with
different cell-types or densities in each layermiy also be possible to control cell
infiltration between the layers, as it is knownttivacreased stiffness of the matrix
enchances motility of some cell types (Hadjipana909).

Next, micro-moulding of the FLS has been evaluatetthe multi-well format,
using as a template laser-cut Kapton® masks. Keéptes a polyimide film,
developed by DuPont, and is known to be bio-corbpatnd support cell adhesion
(Prichard, Reichert and Klitzman, 2007). The migroulding technique was
combined with the multi-layering, in order to fal@ie two-part channels. The idea

was that a first layer, containing grooves, wasaively overlaid with a second layer
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of collagen, which after compression would creathannel ‘roof’. Our hypothesis
was that width of the grooves and viscosity of dodlagen solution will prevent
occlusion of the channel by the fresh, liquid agdla of subsequent (roof) layer.

Lastly, the possibility of direct delivery of theells into the channels was
evaluated with the view of creating an endothetiall lining of the channel to
potentially aid the vascularisation of the congtiymon implantation.

The outcome of this work can lead to new generatdnimplantable
constructs with complex micro-architecture compigstwo vital tissue components:
native, chemically or physically un-altered ECM andble cells. Additionally, the
knowledge gained in this work can help in substiytanimal use in drug and
cosmetics testing with 3 vitro tissue replicates made using multiple compression
technique as assays.

The hypotheses in this study can be investigatedebting the following
objectives:

- average reduction in diameter of the soluble gfdsgs along their length
with time of incubation in PBS and shape of thenctes in the compressed
collagen constructs made using fibres with tapecitogs-section

- dimensions (depth and width) of the grooves, forrdadng the process of
plastic compression on the FLS and non-FLS anditfjdef the pattern to the
template

- average fluid loss against time, rate of fluid lassl dynamics of fluid leaving
surface formation during compression of the rangeotiagen gel heights in

the multi-well format and weight and thicknesslué tesulting constructs
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gualitative assessment of layer separation of dolayered constructs
following agitation and change in thickness of tanstructs, brought in
contact with fluid immediately after PC

fluid loss from upper layer and progression of twmmpression process
compared to the compression of the single layeoumble-layered constructs
effect of layering more than two (up to ten) getstbe construct morphology
and fluid loss dynamics from the upper layer

width and depth of the channels, produced by micoadding in double -
layered collagen constructs

efficiency of the cell delivery into the groovesrithg the micro-moulding of

the gels.
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Chapter 2

Materials and Methods
Methods and materials reported in this chapter h&es used throughout the

project. Any derivations or additions will be debed in the Materials and Methods
section of each Chapter.

Cells

In this project two cell-types were used as exemympithelial (HaCat) and
matrix-embedded (corneal fibroblasts) cells respelst

Human limbal fibroblasts (HLF).
HLF were a generous gift from Dr. Hannah Levis fitage of Ophthalmology,

UCL). The cells were obtained from cadaveric corni@as with appropriate research
consent and ethical permission from the Researslt£Committee (UK) (Levis H.,
2010). Explants were cultured on a tissue cultulestig in DMEM-Glutamax
supplemented with 1% antibiotic-antimycotic (Inegen, UK) and 10% adult bovine
serum (Sigma, UK) for up to one month. Expanddts aeere cultured in DMEM
supplemented with 1% penicillin-streptomycin and4l@etal calf serum. Prior to
seeding in constructs cells were lifted from tissukure plastic with 0.05% Trypsin-
EDTA, counted using hemaetocytometer and suspendexsue culture medium.

HacCat cell line.

Spontaneously immortalized human keratinocyte lves been used for
development of highly reproducible skin model (Kehal., 1999), and has been used
in the present work to model epithelial cell effect the surface of the construct.
Cells, stored at -PC, were defrosted by rapidly bringing to the roemperature,
resuspended in warm DMEM (4000 glucose content)plsapented with 1%
penicillin-streptomycin and 10% FCS and plated §0 2nnf tissue culture flasks.

Prior to seeding onto the constructs, cells wdtedifrom the tissue culture plastic
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with 0.05% Trypsin-EDTA, counted using hemaetocydten and suspended in tissue
culture medium.

Collagen gel preparation

Collagen gels were neutralised using protocol ftbeoriginal report on the
method of plastic compression (Brown et al., 2005he original method was based
on uniaxial expulsion of fluid from hyperhydratedllagen gels under load. Gels
were originally set in the double-pocket custom-mastainless steel moulds
(3.2x2.3x0.9 cm) for 30 min at 37°C. After settirggls were transferred onto the
blotting elements (3 sheets of Whatman NolpaperafWan, UK), stainless steel
mesh and nylon mesh), covered with second nylonhneesd glass slide and
compressed under load (120g) for 5 minutes. Thegs® resulted in removal of
>90% of water content from the gel and increaseadfagen concentration in the
construct up to 11% (Brown et al., 2005).

Acellular collagen gels

Acellular collagen gels we prepared by mixing et-type | collagen (2.1
mg/ml protein in acetic acid (First Link, UK) withOXMEM (Gibco) and DMEM
(Sigma, UK) in proportion 80% (collagen):10% (10xME10%(DMEM) and
neutralized using 5M NaOH until change of colowligw to pink). This corresponds
to pH of 7.4-7.8. All solutions were kept on icegprto mixing. Neutralized collagen
solution was kept on ice for 30 min to remove aibles. To initiate gel formation,
the required volume of the neutralized solution wgsetted into each mould and
brought to 37C. Gels were left to set for 30 minutes prior tonpoession.

Cellular collagen gels
When cell-seeded collagen gels were prepared, 80f %cidic collagen

solution was mixed with 10% 10xMEM and neutralisedbefore with 5M NaOH.

Cells, suspended in DMEM (1% penicillin-streptonmyci0% FCS), were added after
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neutralization to prevent detrimental effect of I@M on the cells. All cell-seeded
collagen constructs were prepared with SX0F per gel.

Staining protocols
Live-dead staining

The effect of different treatments on cell populat(embedded and surface
cells) was assessed using fluorescent live/deahsst&ellular constructs were
incubated with 2um calcein acetoxymethyl ester (AM) and #m ethidium
homodimer 1 (calcein AM, Molecular Probes, UK) iterde phosphate buffer
solution (PBS) for 1 hour at 3Z. Prior to viewing under the fluorescent microsgop
samples were washed in dye-free PBS for 5 minuteder the microscope cells were
identified and counted as live (colour green) ardiécolour red). This effect is based
on the fact that cytoplasm of the live cells comsagsterases that cleave membrane-
permeable, non-fluorescent calcein AM and converttoi fluorescent calcein.
Ethidium homodimer is membrane-impermeable (i.earnot penetrate cells with the
intact membrane). If cell membrane is compromisedi¢ative of cell death) the dye
will bind to the nucleic acid of the dead cell puothg red fluorescence. The
percentage of live cells in the construct was dated as follows. Images were taken
of ten random fields of view and number of liveggn) and dead (red) cells was
counted. Percentage of the live cells in each fofldiew was calculated relative to
the total number of cells. Data is presented asgmer: standard deviation (SD).

Hematoxylin-Eosin staining

Effect of the different culture periods (up to tweeks) on the morphology of
the cellular constructs was assessed using hena@osin (H&E) staining
protocol. H&E is the most commonly used stainiaghiique in animal histology and
histopathology. The method is based on using twas dyith basic and acidic affinity.

Hematoxylin is a basic dye and stains structui@sin acids (nuclei) blue; eosin is an
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acidic dye and stains basic structures (cytoplasth BCM) pink. Routine protocol
was used in this study.

Sirius Red staining

Acellular constructs were stained with SiriusRedréBtRed 80, ClI number
3578, Sigma) to emphasise collagen fibres in tmstrocts especially with regards to
fluid leaving surface and for morphological anadysi Modification of original
technigue was used here (Francis, 1990). The dysoigtion was prepared as
follows. SiriusRed stock powder (0.5 mg) was digedlin 45 ml distilled water and
50 ml of absolute alcohol after which 1 ml of 1%Q¥ was added to the solution.
Whilst stirring 20% NaCl was added to the mixtunetilua fine precipitate was
observed. This solution was left overnight ancefdd before use. Staining protocol
included the following steps. Sections were dewaixeaylene and rehydrated to
water in descending alcohol series. After rinsing70% alcohol, sections were
incubated with SiriusRed for one hour, washed mwater, dehydrated and mounted
prior to viewing.

Microscopy
Light and Fluorescent microscopy

Histologically stained sections and fluorescerdlydlled live and dead cells
were visualized using Zeiss microscope and imagemntusing AxioCam digital
camera (Zeiss, Germany). Image analysis was cavtiedsing AxioVision image
program.

Scanning Electron microscopy

Scanning electron microscopy allowed for high resoh quality three
dimensional imaging of the surface of the sam@@snples were sputter-coated with
metal alloy (here gold palladium) to ensure condigt The electron gun emits a

beam of high energy electrons, in the range of BM&vhich are focused on the very
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small spot on the sample by a series of magneigeke The beam scans an area of the
sample and emits secondary electrons from the cnfehich are counted by a
detector, which send signals to amplifier. The imag based on the number of
electrons emitted from each spot on the samplevemule image is reconstructed
point-by-point by a scanning system. Samples nedxttthoroughly dehydrated prior
to imaging as process is carried out in the vactonmensure the direction of the
electron beam. In this study, samples, fixed in GMtaraldehyde in 0.1 M Sodium
Cacodylate buffer (pH 7.4) at 4 °C overnight, delayeld in ascending alcohol series
at room temperature to Hexamethyldisilazane ant ttefdry overnight at room
temperature. Dry samples were mounted on alumisitutns, sputter-coated with gold
palladium and viewed on a Joel scanning electrocraacope (JSM 5500 LV) at
voltage of 20 kV.

Statistical analysis

Appropriate statistical analysis for each study warried out using SPSS 17
program for Windows. When two sets of data wermmgaredt-test analysis was
performed. Comparison of more than two sets of data performed by first using
one-way Analysis of Variance (ANOVA) to determinkethere were statistically
significant differences within the groups of dat#. significant differences within
groups of data were found (p<0.05) post-hoc testewerformed to determine which
pairs of groups were significantly different. Leeé&ntest for homogeneity of variance
was conducted to access homogeneity of data distib If equal variances were
assumed (p>0.05), Turkey’'s Honestly Significantf@®iénce (HSD) post-hoc test was
conducted. Otherwise, Games-Howel post-hoc testamaducted. In all cases data
were considered significantly different at a coafide interval of 95% and probability

(p) value <0.05. All numerical data are reportedreean + SD.
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Chapter 3

Integration of channels with controlled geometry into the PC

collagen constructs

Introduction
Regeneration of biomimetic tissue structure fregyemvolves guided

directional ingrowth of cells and tissues in a gtedmined direction for optimal
spatial organisation. A key point of tissue engrimeg is the generation of 3D
biomimetic structure and composition for any givarget tissue and this can involve
the need to tailor the integration processes tadhipient site location. Essential parts
of functional integration are innervation and migascular ingrowth from the
surrounding tissue. For engineered constructsuty trecome part of the host tissue,
direction and guidance are important componentgidRadirectionless or even
counter-direction ingrowth of nerves or blood véssman cause actual damage in
some instances. It has previously been shown thigen constructs can be rapidly
micro-channelled using soluble phosphate glassedibria a lost fibre technique
(Nazhat et al., 2007). The follow-up research shibweat this modification of the
dense collagen lattices leads to better perfusiaxygen to the core of spirally rolled
constructs compared to non-channelled control (@laeet al., 2010). Cylindrical
fibres of uniform diameter have been used to crdadse channelled constructs, and
fibres dissolved at constant rate throughout thesttact matrix (Nazhat et al., 2007).
Therefore, in order to control the channel operamgl therefore giving it desired
direction, several techniques can be employed. i8sotlition time of the fibres is
controlled by chemical composition, one of the apphes could by to fabricate fires,
consisting of fast and slow dissolving parts. Whecorporated into the collagen

constructs, these will dissolve slower at one adbhwing the ingrowth of cells,
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whilst blocking the opening of the channel at thepasite end. However, it is
technically challenging to prepare this type ofnbled fibres and will require
thorough preliminary investigation. Another appioagould be to prepare highly
soluble fibres and give them conical shape as #Hreydrawn during the process of
fibre collection. The fibres are collected on a mmgwdrum. The rotation speed of the
drum is directly related to fibre diameter, wheréateral movement speed controls
spacing between the fibres. The whole processirs takcollecting a thread on the
spool. Knowing that, it is easy to appreciate thdh the current technology of fibre
collection it is not possible to fabricate a conbns strip of conically shaped fires.
The third approach is to fabricate a strip of fédood uniform diameter and cylindrical
shape and to fabricate a tapering cross-sectiar lat a controlled manner. The
resulting fibres, once incorporated into the cadlagconstruct will dissolve in a
specific direction, effectively creating dynamigemed channels. As phosphate base
glass fibres dissolve by surface hydrolysis, byngmag the shape of the fibres,
without changing their chemistry, the thinner enitl disappear faster than thicker

end, as shown schematically in Figure 1.

—»

Fig 1. Schematic illustration of the dissolution dgamics of the conically shaped
fibre. Patterned surface indicates diameter of thdibre at time O, clear field is the
diameter of the fibre at time n. As fibre dissolvesthinner end will disappear
faster relative to the thicker end. That will potertially provide direction of cell
ingrowth in the channel.
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Therefore, the hypothesis is that soluble phospblass fibres will generate
channels through constructs which open up in orextion to provide guidance over
a predictable time course according to their digsmh rate. We propose that the most
elegant way to achieve directional glass fibre aigson (and so directional channel
formation) is to fabricate conically shaped glagses. Gradual reduction of the
surface area/volume of such soluble fibres woulddpce fibre loss and so faster
channel formation in the chosen direction, by opgrthannel at one (thinner) end
while the thicker end physically blocks counterediion ingrowth. However, to
achieve that result preliminary work is need tovshibat fibres with gradually
changing diameter can be fabricated in a contraieshner. Another challenge is to
integrate the resulting fibres into the plastic poessed collagen construct. Both will
be explored in this chapter.

Phosphate based glass fibres have proved to bal fsefissue engineering as
their dissolution rate can be tailored to a ranfgeses from hours to weeks or months
(AbouNeel et al., 2005). Depending on the chemigthosphate glass can be pulled
into fibres from 10 to 50 um in diameter (Ahmedaét 2004). Biocompatibility of
these fibres has been shown for osteoblasts, mgmcyghondrocytes, and tendon
fibroblasts and these fibres have been also propaseeinforcing agents for cranial
reconstructive surgery (Bitar et al., 2004, Bitgral. 2005, Shah et al., 2005).

Collagen is probably the most widely used naturatgin as tissue engineered
scaffolds. However the mechanical properties ofnidgse form of collagen scaffolds,
i.e. hyperhydrated gels, are poor. Plastic compesss a novel method of
engineering tissue-like implants, in a matter ohutes, without dependence on cell
synthesis of the bulk matrix material, by rapid @spn of liquid from the collagen-

cell gel (Brown et al., 2005). Collagen scaffoldspgared by plastic compression are
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mechanically strong and ideal matrix templatesegi the idea of directional micro-
channel formation. These can be used to improemibnetic tissue engineering by
virtue of their cell guidance and ability to impeowdeep perfusion even before
vascularisation (Cheema et al., 2008, 2010).

In this chapter the method of the glass fibres shamdification will be
described as well as the morphology of the chanirelthe collagen constructs,
produced by incorporating conically shaped fibreglenusing this method. Following
parameters will be investigated: (i) average reducin diameter of the fibres along
their length with time of incubation in PBS (ii) e of the channels in the
compressed collagen constructs made using fibrebstapering cross-section.

Materials and methods
Fibre preparation and construct assembly

Unidirectional glass fibres of composition rati® @P.Os) : 0.25(CaO) : 0.25
(Na O), average diameter of 40n and spacing of 7Am were made using a fibre-
drawing method described previously (Ahmed et aD04). Briefly, glass of
composition 0.5 (}05):0.3(Ca0):0.18(N2&D): 0.3(Fe0s3) was melted in a furnace at
1050 °C over a custom made fibre-drawing rig. Rotaspeed of the drum allows
control over diameter, and lateral displacemerthefdrum with time controls spacing
between the fibres.

Fibres were fixed to a custom-made plastic ringrtdéter 22 mm) to prevent
them from adhering to each other after submersitmthe buffer. The ring-mounted
fibres were immersed into PBS, which acted as waest| to just cover the fibres as
they hung vertically in the liquid. After each haafrimmersion the level of PBS was
reduced so that the liquid surface fell at a rdtapproximately 3 mm/hr, with the

hourly level reductions repeated over 6 hours. fifoeess is shown schematically in
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Figure 2. Plastic ring with the attached fibresh®wn in Figure 3b. Resulting fibres
were washed with 100% ethanol and air-dried befoeging and measurement by
scanning electron microscopy (SEM) to calculater¢tte of diameter reduction.
Construct assembly

The same fibres (still attached to the carrierg)ngere used for incorporation
into the plastic compressed (PC) collagen. Proseshown schematically in Figure
3a. Plastic compression process was carried odessibed previously (Chapter 2).
Briefly, acid-soluble type | collagen (rat tail,riLink, UK) was diluted with equal
volumes of 10XMEM and DMEM and neutralised with MAOH. The mixture was
left on ice for 1 hour to remove air bubbles. Rimgth conical fibres were fitted into
the stainless-steel moulds and 3ml of collagentissluvas set for 30 min at 3z
(Figure 3c). The set collagen gels with fibres weamsferred to the blotting paper
sheets (Whatman, UK) and compressed for 5 min,hasvis in Figure 3d with

immediate fixation and dehydration for SEM analysis

Level of PBS solution

0-1 1-2 2-3 34 4-5 5-6
Time, hours

Fig 2. Schematic illustration of conical fibres falbication process. Fibres, fixed
onto a carrier ring, were immersed into PBS. The Ieel of buffer was decreased
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stepwise over 6 hours to create a tapering crosscsen towards the base of the
fibre.

load on

v v Vv 3

collagen gel

water out

~ Collagen gel with
- embedded fibres

Fig. 3 Construct assembly. (a)Schematic diagram stuing assembly of the plastic
compressed collagen construct with incorporated fites. Neutralized collagen is
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set on top of the preformed fibres for 30 min andhen compressed under load to
produce dense construct with fibres, incorporatedn the matrix. Plastic fibre-
bearing ring (b) is inserted into a stainless-s& mould and filled with collagen
solution(c). Set collagen gel is transferred ontolbiting elements and compressed
(d, loading not shown). Process results in a thintissue-like construct with
incorporated conical glass fibres (e). (f) — histogical image of the construct
sectioned in transverse plane showing channel ldfy the fibre.
Imaging and image analysis
Wax-embedded constructs were sectioned in a tresesydane at a thickness of
12 pm and mounted onto glass slides. Samples aireed with Sirius Red using
method described in Chapter 2. Sections were vielmetight microscope (Zeiss,
Germany) and digital images taken (AxioCam, Zegex;many).
For SEM imaging, constructs were treated as destiio Chapter 2.

Statistical analysis

Data are presented as mean percentage change tefiBticl analysis was
carried out as described in Chapter 2.

Results

In this study parallel positioned soluble glassdtwere fixed on a supportive
carrier and submerged in to the PBS as illustrateéig.1. The depth of liquid was
gradually reduced by 3 mm/hr over 6 hrs. We hypzitiesl that by gradually reducing
the length of fibre subjected in this way to thessdiution there will be a
corresponding step-wise reduction in fibre diamateng its length. The reduction in
the fibre diameter along its length will be a fuantof the glass solubility. Hence,
fibre diameter will be inversely proportional toetldissolution time. To test this
hypothesis the resulting fibres were subjected EMSanalysis to determine the
change in diameter over the total length of theefitMeasurements were converted

into percentage change with respect to the inititeated fibre diameter, to illustrate

the dynamic of change in diameter and allow fofedénces in individual fibre
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starting diameter. A specimen single fibre absotliteneter change is shown on the
same plot. Reducing the volume of the solvent w8 hourly i.e. decreasing the
exposure time of the top section of the fibre (@hdaving the remainder of the fibre
immersed in the solvent) over 6 hrs resulted irgaificantly smaller diameter at the
bottom end (i.e. the longest exposure), comparedhéo upper end, which was

effectively initial fibre diameter.
105 45
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95 40

90 mean diamater less

35 inpercentage

85

pm

80 absolute diamatar

30 lessin pm
75

% of original fibre diameter

70

25

65

60 20
0 3 6 9 12 15 18

mm, distance along the test fibres

Fig. 4 Graph illustrating loss in fibre diameter albng the fibre length(mm).

Primary vertical axis - mean diameter loss over thdength of phosphate based
glass fibres after treatment in percent * standard deviation (n=20).

Measurements were taken at each mm over the lengtbf the fibre, 3 mm

correspond to 1 hr exposure to PBS. Note the line&all in diameter of 25% over

~ 20mm of cumulative fibre length. *p<0.001, start and end point of treatment.
Absolute diameter measurements for one specimen fi are plotted on the
secondary vertical axis and confirm diameter loss\er the fibre length.

Gradual dissolution of the soluble glass fibreailtesl in approximately 25%
reduction in diameter over 2cm of fibre length, @thtorresponds to 6 hrs immersion
in the PBS compared to time 0. (Figure 4, Figure Bhis represented a statistically
significant linear reduction in diameter along tfiere length. The mean fibre

diameter at time 0 was 34.65+8.13 um and fell t82B um after 6 hrs submersion

The mean loss in diameter for 20 fibres was 8.854Pn over 19.5 mm (6 hrs),
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giving mean rate of change 0.5 pm per mm of fieregth or 1.5 um per hour. For the
chosen specimen fibre the total absolute lossamdter was 9.pm, changing from
36 um at time 0 to 25.8m after 6 hrs.

A standard plastic compression was performed torparate the preformed
conical fibres in to the collagen construct as sheshematically in the Figure 3a. As
described previously (Brown et al., 2005), proces®Ilves removal of 98% water
from hyperhydrated collagen gel. Incorporation loé glass fibres into this process
has been described by Nazhat et al. (2007). Toeeps is based on setting collagen
hydrogel with the fibreg situ. Collagen gel and incorporated fibres then undéngo
process of compression, which leads to formatiocotihgen lattice with the fibres in
the matrix. For the method described here, sameepsowas used. Fibre bearing ring
(Figure 3b), was inserted into the stainless stemlld and collagen gel was cast on
top as shown in Figure 3c. Set gel was transfdoedbsorbent paper on a nylon mesh
support and compressed (Figure 3d, load not shtavigrce most of its fluid content
into the absorbent layer below. Plastic compressisulted in thin (5Qum), tissue-
like constructs, 22 mm in diameter, with incorpedhtuniaxial fibres (Figure 3e).
When these dissolve, they left behind open charasehown on histological section
in Figure 3f.

The resulting constructs were processed for viewsidg SEM to confirm
incorporation of the fibres into the construct. ea confirmed inclusion of the fibres

into the collagen matrix with the channels mirrgrthe shape of the fibre (Figure 5b).
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Fig. 5 (a) Reconstructed SEM image of conically spad phosphate fibres. Fibres
were fixed on a plastic ring and submersed in to P8 Level of buffer was
gradually reduced over 6 hours giving conical shagpk fibres. Arrow heads
indicate individual fibres, arrow shows the directon of diameter reduction. (b)
SEM image of plastic compressed collagen construetith incorporated conical
glass fibre. Collagen gel was set with preformed oaal fibores and compressed

under load.
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Discussion
In this chapter it has been demonstrated thasohgbility and micro-

channel forming capacity of phosphate-based glésesf can be used to generate
potentially dynamic and complex structures withngi@eered collagen tissues. This
effect can be achieved by controllably manipulatimg shape of the fibres. Following
parameters have been investigated: (i) averagectieduin diameter of the fibres
along their length with time of incubation in PBi§ €hape of the channels in the
compressed collagen constructs made using fibrés tapering cross-section. The
results show that there was an inverse correldt@ween the time of incubation and
the diameter of the fibre, so that gradual reductiothe diameter of the fibres was
achieved, resulting in the tapering cross-secWghen these fibres were incorporated
into the plastic compressed collagen construciméal channels reflected the shape of
the fibre, so that when the latter gradually digss] it will not only potentially impart
directional tissue ingrowth but indeed determine shape of the resulting channel,
which would be conically shaped rather than cylcalr This could have potential
effect on the oxygen perfusion dynamics throughcibrestruct. Recent report by Ahn
et al. (2010) showed that shape of the pore afi@gggen diffusion in two and three
dimensional scaffolds. The authors conclude thaeehaped pores with diameter
gradient support better cell viability and proldé&on in the long-term culture (up to
three weeks) as a result of higher oxygen conciortiran the cone shaped channels
compared to cylindrical.

Conical phosphate glass fibres described here gh@nnciple that it will be
possible to form micro-channels through a constmbich open up in specific
direction, over time. This principle could be emydd to direct and control the rate of

neurite and capillary ingrowth. In a separate stwdyhave demonstrated that even in
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a worst case, very rapid dissolution of high dgnsiluble glass fibres in the presence
of particularly sensitive cells (Schwann cells}he collagen, the loss of cell viability
was manageable (35%). This means that even cejicead to fibres would be
unlikely to be damaged by SPG dissolution products.

Importantly, the demonstration that differentiagsblution times will produce
definable conical profile fibres is also proof ancept that the same process will
occur on implantation. Given that this effect ha&er demonstratenh vitro, it is
likely that the same surface area:volume dominaaéel of fibre loss will produce a
time-dependant channel opening (thin to thick filderection) in vivo after
implantation. The simple channelling effect (withadirection) has already been
shown to form patent structures with continuousdarmight through the full length of
such collagen constructs (Nazhat et al., 2007)s $istem will be tuneable, in terms
of rate, direction and diameter of dynamic chammglloy changing the conical
pattern, glass chemistry, density of fibores andnetleough using a mix of fibre
diameters.

The concept of directional pores is of particulaportance for vascular and
nerve tissue engineering as well as in the mainmaand survival of thicker
implants. Progression from 2D to 3D engineereduéissaccentuated the problem of
oxygen and nutrients delivery to the centre of ¢bastruct and the importance of
guidance has been recognised for nerve repaihé&unore, bridging of the glial scar
around spinal cord injuries is now a major clinipedbblem which could be solved by
time and direction controlled channel formationsdéems possible to divide existing
methods into two distinct groups — production oél@ligned pores or use of parallel
polymeric fibres (natural or artificial) embeddeda the supportive material or on

their own. Formation of tubular aligned pores hasrbdemonstrated for chemically
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cross-linked gelatin (Van Vlierberge et al, 2008&9¢llagen (Van Vlierberge et al,
2008, Bozkurt et al., 2007) and agarose (Stokads Teuszynski, 2004) using freeze-
drying techniques. Microfibre templating of polyii®droxyethyl methacrylate-co-
methacrylic acid) and agarose hydrogels producedtoacts with aligned micropores
(Madden et al, 2010, Stokols et al., 2006).

Customised moulds have been used to give a cohstiticuniaxially aligned
pores in poly(DL- lactideso-glicolide) and polylactic co-glycollic aci(Krych et al.,
2009, Sundback et al., 2003).

Silva et al. (2006) reported on successfully fadimy hydroxyapatite and
poly(DL-lactic acid) constructs with parallel chais by either forming constructs
around steel needles with known diameter or by gusiomputer-controlled drill.
Parallel aligned pores were created in alginatetwhpatite composite constructs
by ionotropic gelation (Dittrich et al., 2007) alager microablation has been used to
produce pores in poly(glycerol sebacate) subs(idlemette et al., 2010).

Simple inclusion of spider silk fibres (Allmeling al., 2008, Huang et al.,
2007), electrospun PLGA fibres (Aviss et al 20Hlpglass® (Bunting et al., 2005),
aligned PLLA filaments (Cai et al., 2005), polydamone fibres (Chow et al., 2007)
among others have been used to align cell/tissugrowth. Poly(ethylene
terephthalate) fibres, covered with human umbilaaid vein cells and embedded in
fibrin were proposed for vascularisation of tissngineered constructs (Hadjizadeh
and Doillon, 2010).

Use of sacrificial structures for pore formationtire bulk material has been
used for synthetic and natural polymers. The ral®nbehind using sacrificial
structures is to create open pores, usually irbkbek scaffold, by introducing soluble

materials (usually in fibrous form), which upon dsdation will leave behind a
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channel; alternatively block polymer (PMDS (Verntaak, 2006, Perry et al., 2007))
can be cast around a structure (fibre), which cambanually extracted after polymer
hardening. Several materials have been proposdtifouse. Golden and Tien (2007)
used micro-moulded gelatine mesh embedded in @oilaand fibrin hydrogels to
create micro-channels. Vernon et al. (2005) usedffi@as sacrificial structure in air-
dried collagen membranes. Li et al. (2009) usedosecfibres, embedded in poly (I-
lactic acid)/chloroform base to fabricate aligneatgs. Gafni and colleagues used
highly degradable biomaterial (PEG — lactic acidpotymer). Endothelial cells,
seeded on top of these fibres formed a monolaydreri\these cell-covered fibres
were testedin vivo, polymer filaments degraded leaving tubular strreg of
endothelial cells that became perfused vessels(@aal., 2006).

It is evident that a variety of techniques canubed to either produce open
aligned pores or aligned fibres, but it is stilchallenge to engineer a number of
parallel channels with high degree of control odgection and diameter. Here, we
not only confirm previous results using a lost dilbechnique but also demonstrate the
possibility of making constructs with inbuilt cootrover vascular/nervous tissue
ingrowth.

In conclusion, our results open the potential fewrevels of engineering and
control of implant — directionally controlled integion with host cells and tissues.

Integration of the channels in the body of the agin construct could be
viewed as one of the methods to increase constamiplexity and impart micro-
architecture necessary for correct tissue functlonaddition to internal structure,
external features (i.e. on the surface) are aldenpavays to enhance construct bio-
complexity. In the next Chapter the methods and hameisms of controllable

formation of such topological features will be eoteld.
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Chapter 4

Engineering stable topological features in the PCadlagen constructs

Introduction

One of the most direct approaches to manipulatebe¢laviorin vitro is to
provide them with anisotropic surfaces, capableoéntating or polarizing their
morphology (Curtis and Riehle, 2001). To date &nowledge of how various
topographical features, from micron- to nano-scaffect cell differentiation,
proliferation and morphology is extensive in someaa but incomplete in others, in
particular with regards to cell behavior on patsetisurfaces of natural-polymer based
scaffolds (Nelson and Tien, 2006). However, thewldedge of the cellular responses
to topological features on micro- and nano-scaketaon synthetic rigid substrates
suggests that this is a simple and powerful toolincrease bio-complexity of
implantable scaffolds.

Amongst the methods available for introducing tappdy onto substrate
surfaces photolithography, etching, soft lithogma@nd hot embossing are widely
used (Folch and Toner, 2000, Falconett et al.,, ROB®wever, many of these
methods are designed for patterning glass, siliooetals or rigid plastics, which are
not bio-mimetic and so less useful for tissue eegimg. Since much of our
knowledge of cell behavior on patterns is basedh@se stiff, non-bio materials,
recent efforts have begun to focus on the abititgroduce known patterns on the bio-
compatible and bio-degradable substrates with broatic stiffness, in particular
those, based on the naturally derived polymersgdebnd Tien, 2006) using variety
of techniques. Photolithographic techniques areelyidsed to fabricate controllable
patterns on the variety of surfaces. In particslaft embossing is a method of choice

patterning surface of fragile materials such asrtyels (Folch and Toner, 2000).
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Both synthetic and natural materials can be micobded using this method and
require an elastic poly (dimethylsiloxane) (PMD&nplate with desired pattern as a
negative mask or use of patterned PMDS as a stdastabel et al. (2009) developed
a method of soft embossing to micro-patterned gtihylene glycol) (PEG)
hydrogels. Patterned template was imprinted oattigily cross-linked hydrogel and
when the cross-linking was completed, features werenanently embossed onto the
surface of the gel. This technique was used toteraa analytical platform to study
the behavior of single stem cells. Using soft Igrephy and micro-fabrication
techniques, Mata et al. (2009) reported fabricabbthree-dimensional scaffold, by
stacking patterned PMDS membranes. Behaviour ofenzdgymal stem cells was
investigated by Lee et al. (2008) on a micro-patdr poly(l-lactic acid) substrate.
Naturally derived polymers such as chitosan, gelahd collagen hydrogels can be
patterned in this manner (Wang and Ho, 2004, Neda@h., 2008).

Soft lithography is the only available method upgl&te to pattern the surfaces
of dense collagen membranes. Pins, Toner and Mof2@00) used it to pattern
gelatin and collagen membranes with ridges andredlarby air-drying and thermal
dehydration (105°C in vacuum) of small quantitiépmtein solution poured onto a
negative PDMS mask. This method produced thin 2A0gm) membranes,
conformed to the pattern. To fabricate thick camds, the authors laminated
patterned membranes onto collagen sponges andwleesesvaluated as an analog of
the basal lamina in skin (Pins et al., 2000). Thesthod was used to micro-pattern
chitosan membranes with addition of selective ndimesive regions for cell-
patterning and micro-patterning of collagen filnt intestinal tissue engineering
(Wang et al., 2010). Vernon et al. has reportetepang of thin collagen membranes

by extensive air-drying of hydrated gels (24-48 isocat room temperature) against a
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negative mask with ridges and shown alignment bfoblasts seeded on these
patterned matrices (Vernon et al., 2005).

These methods of pattern formation in the natuoflmer scaffolds are based
on conformation of the polymeric hydrogel to thederlying patterned surface as a
result of extensive air-drying and thermal dehydrat In effect, the result is a
patterned membrane, surface of which is used testiyate cell behaviour. These
micropatterned membranes may prove useful to imgadst cell responses to the
patterns on the natural polymer surface, but, eir hwn, can hardly be regarded as a
tissue engineered construct. Indeed, as shownrisy/d®ial., these membranes need to
be attached to a freeze-dried collagen sponges tedarded as a skin model. Indeed,
this indirect approach to the construct engineenvitere the composition and micro-
architecture are designed first and cellular conepons added at later stages is in
stark contrast to a more direct approach takeharctirrent study.

Using the first approach, the ideal design of tkhellalar construct can be
compromised by the addition of the cellular popalat Firstly, even distribution of
the cells throughout the construct needs to beesgeli If the construct is pre-formed,
with the pre-determined porosity and pores intemeations some form of physical
agitation is needed to infiltrate construct witle tbells, which is usually difficult to
control. Even if this was successful, the mere fafc addition of the live cell
population will inevitably change the morphologytbfs ‘ideal’ construct when cells
start laying down their own matrix, therefore chiaggexactly those parameters that
were so carefully designed in the first place. Wethod of plastic compression is an
example of a direct approach, where the startingtwd the construct fabrication is a
weak hydrogel with the embedded cells. All the sgloent manipulations to increase

the mechanical properties of the construct or iddée surface topology needs to be
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designed and introduced in a way that takes intowa cellular activity and its effect
on the end-product and, at the same time are bigpatble, i.e. do not have
detrimental effect on the embedded cells viabiityfunction. Another example of
this approach is to increase the mechanical pnesedf the collagen hydrogels by
cell compaction as pioneered by Bell et al. (197wever, introduction of the

pattern into the collagen hydrogel surface whefgssquent cell compaction of the
gel is allowed will lead to the unpredictable dist;m (shrinkage) of the initial

template pattern. As formation of the surface togglwill add to the bio-complexity

of the PC constructs, the techniqgue must be deedlap a way that complies with
these requirements. In this chapter a novel medh@attern formation on the surface
of dense collagen constructs will be described medhanisms of pattern formation
will be discussed.

Plastic compression (PC) of collagen allows fahiocaof dense, tissue-like
scaffolds with cells embedded in the matrix prmiconstruct assembly. It uses rapid,
uniaxial expulsion of water from hyper-hydratedsgd generate controlled-density
3D tissues in minutes. Cells can be seeded inet@aliagen prior to compression and
the process does not affect cell viability. In diddi, other cell-types (eg. epithelial)
can be seeded onto the surface once it is fabdicat€his technology has been
proposed for a number of TE applications, suchkas (Ananta et al, 2009, Hu et
al., 2010), cornea (Levis et al., 2010) , bone (Rzal et al., 2010), bladder (Micol et
al., 2011) and spinal cord repair (East et all@0together with basic research in
tissue interfaces and vascularisation strategieslj(pbhnayi et al.,, 2009a, Cheema et
al., 2010), oxygen diffusion (Cheema et al., 200@)9) and cell behaviour in dense

collagen matrices (Hadjipanayi et al., 2009b, Sespan et al., 2011). Furthermore,
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use of this material as a peripheral nerve repaindait is currently under
investigation.

When initially described it was noted that imagéshe surface of the PC
collagen surface retain a stable embossed patfetheonylon mesh (Fig.1) (with
woven fibers of dimensions ranging from <1 to >130@), which was used as a
support. This suggested that it will be posstblentroduce controlled topological
features in the surface of the constructs by ingangsa negative pattern of known
shape and dimensions. For the purpose of thisysiel chose parallel-aligned,
evenly spaced glass fibers, whose diameter andingp@an be easily controlled

during the manufacture process (Ahmed et al., 2004)

_ : T )
Fig. 1 SEM image of the PC collagen surface with ghimpression of the nylon
mesh which was used as the part of the compressipgmocess. Clear negative
image of the interwoven fibres is visible (doubleraow).

Plastic compression produces an asymmetric laysradture in the construct,
different at the two opposite surfaces, top andonotas the non fluid leaving surface
(non-FLS) and fluid leaving surface (FLS) respedijv (Brown et al.,, 2005,
Hadjipanayi et al., 2010). It is known, that theotdiffer in mechanical properties, as

directional expulsion of liquid leads to the forioat of much denser layer closest to
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the blotting elements than the opposite surfaceatorg a surface anisotropy which
could affect the outcome of patternin@his anisotropy in collagen density (and by
extrapolation matrix stiffness), as reported by jiehayi et al. (2009c) between the
top and bottom of the gel, could potentially affdut outcome of patterning. On this
basis four different experimental setups of tengpladtterning were used, to test the
effect of matrix density and stiffness differencdseach surface. In the first two
setups the pattern template was introduced ontmaéhneFLS or FLS simultaneously
with the compression, while in the latter two setypatterning was performed

following partial compression, once the two surfabad been formed.

The second part of the study aimed to test thesteffiecellular remodeling on
the stability of the resulting patterned topograghy comparing the dimensions
(width and depth) of grooves formed in acellulanstoucts and constructs seeded

with human limbal fibroblasts (prior to patterningyer a two weeks culture period.

In this chapter development of the technique tanfarstable surface topology
in the compressed collagen constructs will be desdr The following parameters
will be investigated: (i) dimensions (depth and th)dof the grooves, formed during
the process of plastic compression on the oppasitéaces of the constructs (ii)
fidelity of the pattern, formed on these surfacethe dimensions of the template (iii)
fidelity of the pattern on the fluid leaving suréaof the plastic compressed constructs
with and without embedded cells to the patternergplate after two weeks in culture.

Materials and Methods.

Preparation of acellular and cellular collagen gels

Collagen gels we prepared as described previossky Chapter 2). For cell-

seeded gels, collagen solution was mixed with 10kVIBeutralised as before and

mixed with 5x18 Human Limbal Fibroblasts.
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Glass fibres template preparation.

Phosphate based glass fibvesye prepared as described previously (Ahmed et
al. 2004). As shown by Abou Neel (Abou Neel, 200®ye-collecting drum, moving
around its axis with rotating speed of 100 RPM hadzontally along its axis with a
step of 50 Hz will result in average fibre diamed€b0+8 um with spacing of approx.
100 um between the fibres. Fibres of diameter afl2Qum were used when stability
of the pattern was determined in the cell-seededtcocts

To form a mask for patterning study, resultingdéborvere lifted from the drum
by placing two strips of adhesive tape perpendrcidahe direction of the fibres on
the drum with spacing of 2 cm (short axis of theuldpused to form collagen gel).
Each pattern mask contained 20 fibres per collaggnon average. When used in
sterile conditions fibres were sterilised with UMht irradiation for 30 minutes on
each side.

Experimental designs and constructs patterning.

In order to determine a way to introduce stableogpaphical features onto PC
collagen constructs and investigate the mechanegmeach patterning, the following
experimental set-ups were investigated:

1. Simultaneous PC and patterning:

la. PC+ Pattern on the FLS

1b. PC+Pattern on the non-FLS
2. Consecutive PC and patterning:

2a. PC, Pattern on the FLS

2b. PC, Pattern on the non- FLS

Schematic presentation of experimental set-upsas/s in Figure 2.
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Fig. 2 Schematic illustration of the four experimetal designs used. Simultaneous
patterning of the FLS (a), the template (strip of ¢ass fibres) is placed between
the gel and absorbent prior to compression, and ndf.S (b), where glass fibres
are placed on top of the gel prior to compressiorConsecutive patterning, where
the gel is pre-compressed for 2.5 min and patternsieither pressed into the
formed FLS (partFLS) (c), or non FLS (part nonFLS)(d) for further 2.5 min.
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For set-up la (Figure 2a), a strip of glass fibi@sm) was placed on three
layers of filter paper (Whatman 1, Whatman, UK).eThket collagen gel was
transferred onto the fibres, covered by a glaske sind compressed under load for 5
min, as per standard protocol (Brown et al., 2005).

In protocol 1b (Figure 2b), collagen gel was placethe same manner onto the
blotting elements and glass fibre pattern was ost on top of the gel, which was
then compressed as above.

For protocol 2a and b (Figure 2 c and d), gels veeecompressed on the filter
paper for 2.5 min. In protocol 2a, the partiallymqgwessed gel was lifted from the
filter paper and (as in 1a) placed on a pattertemgplate with the glass fibres facing
FLS. In 2b, the glass fibre template was placetbprof pre-compressed gel (i.e. non
FLS).

All constructs after assembly were left in PBS ougiit and fixed the following
day in either 10% neutral formalin solution for thisgical examination or 2.5%

glutaraldehyde for SEM imaging.

Imaging and image analysis

Wax-embedded constructs were sectioned in a tresesydane at a thickness of
12 um and mounted onto glass slides. Acellular $esnpere stained with Sirius Red
(see Chapter 2), cellular constructs were stais@tjustandard hematoxilin and eosin
(see Chapter 2).

For SEM imaging, constructs were treated as destiio Chapter 2.
Dimensions of the grooves made using differentrexpatal designs

It has been shown that the method of collagen R@alty creates two different
structures at the fluid leaving surface and oppositrface with different mechanical

properties (Brown et al., 2005, Hadjipanayi et aD10). In other words, collagen
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structure is asymmetrical along the principle afisluid movement. Our hypothesis
was that this asymmetry will leave the two surfaséh different abilities to accept
and retain the pattern. To test this, width and tllemeasurements of each
microgroove produced using four experimental desiyere compared. Width was
measured as the distance between two points ioppesite sides in the widest part of
the groove; depth was measured as the perpendaistance from the ‘width’ line to
the deepest point in the groove base. Thereforpltgenfibre radius (25 um) was the
expected groove depth as this was measured to ithth Ydiameter) line. Expected
groove width was the diameter of the template fibs um on average. Total of 30
grooves (10 grooves per construct) were measurededch condition of each
treatment.

To assess pattern fidelity a patterning coeffici@at calculated as the ratio of
depth to width for each measured groove. Coeffisieri 0.5 represent near perfect
fidelity based on the fibre dimensions where groawgth equals fibre diameter (50
pim), groove depth — fibre radius (25 pum).

Statistical analysis

Statistical analysis was performed as describéthiapter 2.

Results
Dimensions of the grooves made using differentrerpeatal designs

Figure 3a summarises the width-depth measurementthé 4 treatments as
measured on histological images. It is clear thabge widths were significantly
reduced and groove depths significantly increashdra/template was pressed into
the FLS either simultaneously or consecutively wimpression. Groove dimensions
(Figure 3a) impressed into the FLS (i.e. templates Wwetweerthe gel and absorbent

layer, treatment 1a, Figure 2a) produced groovesbafl 1lpm mean width (expected
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value - 50 umpand 25+£7um mean depth (expected value g1®%) These correspond
with the mean diameter and radius of the glasedibused as the patterning mask, as
predicted Similar results were obtained when gels were dbrtie-compressed,
with the template pressed into the preformed FL&sigh 2a, Figure 2c). Mean
groove width and depth were 50£12um and 19+8unectsely.

SEM images (Fig. 4 a and c) show a well definedepatof continuous parallel
grooves on the fluid leaving surface of these foaflhsompressed collagen constructs.
Interestingly, images in cross-section show thabges in the fluid leaving surface
are not confined to the uppermost layer of collagpen also affects underlying

collagen matrix. This effect is absent on the igsagf the patterned nonFLS surfaces.
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Fig. 3 Graphs of (a) average dimensions (width andepth) of the grooves on the
surface of PC collagen constructs introduced into he FLS throughout

compression, into the FLS following partial compresion, into the nonFLS
throughout compression and into the nonFLS followig partial compression. (b)
— plotted patterning coefficients (width:depth ratio) for the same experimental
treatments as in (a). * - p<0.05 compared to FLS a@hpart FLS, ** - p<0.05

compared to FLS, part FLS and nonFLS.
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part nFLS

Fig. 4 Representative SEM images of the PC collageonstructs. (a) — surface of
the construct (left) and profile of the grooves (ght) on the FLS; (b) same on the
nonFLS (nFLS); (c) — FLS of the partially compressé gel (partFLS); (d) —
nonFLS of the partially compressed collagen (partnEs).
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Histological images of the transverse sectiondefdonstructs (Figure 5 a and
c) confirmed that the profile of the grooves cop@sded with that of the cylindrical
fibre.

Fig. 5 Representative histological images of the PCollagen constructs with
patterns pressed into the FLS (a), non FLS (b), FL®f the partially compressed
gel (part FLS, c) and non FLS of the partially compessed gel (part nFLS, d).
Sections were stained with Sirius Red. Arrows indate grooves, arrow heads
indicate the fluid leaving surface. Insert — higher magnification of the
highlighted region. Please note: discoloured regi@anin (c) are artefacts of
staining.

When fibres were placed on top of the gel priocampression (treatment 1b,

Figure 2b), the resulting grooves were 151+50umevigapected value - 50 pnand
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10£2.7um deepekpected value - 25 unflrigure 3a). SEM images of the surface of
the gel show parallel running marks left by the péate fibres (Figure 4b) and
histological images confirm formation of wide, dbal grooves (Figure 5b). Similar
patterns were produced where the template was #s@deinto the non fluid leaving
surface (top) of pre-compressed gels (treatment R2gure 2d). In this case,
dimensions of the measured grooves were 89 +14da @xpected value - 50 um)
and 13+£3.5 um deegXpected value - 25 pmJhe 70% increase in width between
grooves with and without pre-compression was stedity significant (Figure 3a).
Again SEM images showed shallow impressions of llghrkacks in the non-fluid
leaving surface (Figure 4d), confirming the histpé@l images (Figure 5d).

Fidelity of the grooves to the patterning template

The difference between FLS and nonFLS treatments mast evident when
fidelity of the groove pattern to the glass fibmmplate was comparedAverage
pattern coefficient for the 4 treatments is showrFgure 3b.

Patterning of the fluid leaving surface both siran#ously and consecutively
with compression resulted in pattern with good litgein both cases (fidelity
coefficient of 0.4%0.05 and 0.38+0.07 respectively). However coedfits for the
non FLS treatments were 0.1+0.06 and 0.15+0.04emsely, 4 to 5 times less than
expected.

Thus, FLS patterns were excellent replicates oftéimeplate in size and depth
but nonFLS grooves were as much as 3 times widgr2ah fold less deep. Clearly,
there was a consistent and extensive remodellingeofnitial impression in nonFLS
treatment. In this the groove floor appears to haeeiled back almost to the surface,

resulting in the shallow grooves. However, the e@ased width of the grooves
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suggests that the elastic rebound was confinedetigpaces between the grooves and
not the floor of the groove.
Pattern stability in tissue culture conditions

To determine stability of the grooves in culturenstructs with and without
cells were cultured for up to 14 days. For celledgskconstructs cells were introduced
prior to gelling and compression as per standaadtiagl compression protocol (Brown
et al., 2005). Constructs with and without embedckdts were cultured over time to
assess for possible effects of the reswelling efabnstructs and cell remodelling on
the pattern.

Constructs were produced by patterning on the Finuleaneous to the
compression (Fig.2a), as these had the groovestathighest patterning coefficient.
As shown in Figure 6 there was no significant dédfece in mean patterning
coefficient of grooves generated in cell-seededstrants, over 14 days of culture
(patterning coefficient ranging from 0.47 (day @) @.5(day 14, not significant),
suggesting that active cellular remodelling had radtered the groove 3D
profile/geometry. Importantly, in acellular congits mean patterning coefficient
remained stable (0.48 from day O to day 14 withsigmificant change) over 2 weeks
of culture (as measured at day 0, 7 and 14), itidiganinimal passive remodelling
(e.g. re-swelling) of the constructs.

Histological cross-sectional images of the celldanstructs taken on days 1
and 14 (Fig 7 a, b) confirmed the presence of stglidoves, while showing signs of
collagen matrix remodelling (seen as matrix-spargas) by the resident cells at the

end of the culture period, giving the construatharacteristic ‘lacy’ appearance.
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Fig. 6. Patterning coefficient of the topologicaleatures (grooves) imprinted into
the FLS of acellular and cell-seeded PC constructas an indicator of groove
stability after long-term (14 days) culture. Measuements were taken at days 0, 7
and 14in vitro. Topological features introduced onto the FLS wergpermanent
and stable under culture conditions with and withou resident cell remodelling of

the matrix.

a

groove

groove

 FLS

-

Fig. 7. Representative microphotographs of the PCollagen, seeded with human
limbal fibroblasts, with grooves, introduced onto he fluid leaving surface (FLS),
taken after 1(a) and 14 (b) days of culture. Insert- higher magnification of the

highlighted region.
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Discussion

In this chapter the stability and mechanisms bycWhopography is impressed
into dense collagen gels during fluid outflow hasem investigated. Following
parameters have been assessed: (i) dimensionsh (dedt width) of the grooves,
formed during the process of plastic compressionth@n opposite surfaces of the
constructs (i) fidelity of the pattern, formed trese surfaces to the dimensions of the
template (iii) fidelity of the pattern on the fluitkaving surface of the plastic
compressed constructs with and without embedddd telthe patterning template
after two weeks in culture.

In the process this has allowed to develop pradiet stable surface patterning
technique. The fact that 3D pattern can be intredustably at all into these dense
collagen materials is not surprising. The collageh compaction process involves a
plastic (i.e. largely non-reversible) deformatioa #uid is forced out from the
collagen fibril network in one direction. The samen-elastic (plastic) deformation
also occurs at the micron scale around any salittstre pressed into the surface or
contained within the gel during compaction. It aés@lains the formation of stable
channels running through the bulk of the materiddlere embedded glass fibres
dissolve (Nazhat et al., 2007). However, the fldidw out of such gels is
predominantly uniaxial and the eventual collagestriiution is asymmetric with
greatest density at the fluid leaving surface (Broat al., 2005, Hadjipanayi et al.,
2010). It is now clear that micro-scale topograpbgmation can be significantly
influenced by these local factors. This makes ipontant to understand why and
where micro-pattern formation is stable (i.e. remdong after compression) and how
accurately the impressed pattern reflects the ypattsed as the embossing template

(i.e. degree of fidelity).
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Micro-patterning in native extracellular matrix haensiderable biomimetic
advantage over more common experimental patterne@dces made in synthetic
polymers or rigid substrates such as glass, metailica. In addition, the present
technique is an attractive alternative to existimgthods of surface patterning of soft
hydrogels where cell-lethal cross-linking is anessml part of the process, so cells
must be added later where this is possible.

It is increasingly appreciated that the topograpiiya tissue engineered
construct at the micrometre scale is critical tatomling many cell functions. It is
well established, for example, that surface aniggtrand micro-structure have a
profound effect on cell alignment and differenvati(Clark et al., 1987, 1990, Pins et
al., 2000, Teixeira et al., 2003 and 2004, Dowreh@l., 2004, Vernon et al., 2005).
Indeed, some studies show that the effects of ¢gpedl features on cells extend
beyond the single layer and affect cells that ateim direct contact with the surface
(Mudera et al., 2000, Sgrensen et al., 2007, Gudtee et al., 2009, Then et al.,
2011). Consequently, accurate, predictable andestapographic patterning is a pre-
requisite for next generation studies investigabrmmimetic 3D niches to control, for
example, stem cell function and fate (Vazin andaffeln, 2010), as well as cell-
cell/cell-matrix interactions at interfaces (e.germo-epidermal junction). Indeed,
Nelson and Tien (2006) pointed out that simply gliag structure it may be possible
to improve almost any biomaterial by creating extiaes that influence cell
behaviour, making this a favourable strategy toaexpthe function of a tissue
engineered construct.

It is possible that development of techniques totradlably pattern surface of
naturally derived polymer constructs together witle knowledge of the effect of

topography (in particular grooves) on the cells kbane similar implications as a shift
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from a monolayer approach to tissue engineeringntterstanding of the importance
of the complex three-dimensional scaffolds. Thditglio add that same structures to
tissue-like cell-rich collagen matrix representsideal evolution. However, it is key
to understand the mechanisms and effectivenesssofmicro-patterning. Although in
this study cells were not seeded on the surfadbkeotonstruct, it has been shown by
Hadjipanayi (2010) that one-two micrometer deepoges on the surface of PC
collagen construct can have profound effects oatkercyte distribution. Hadjipanayi
showed that such shallow grooves (width 30469 depth 1-1.5um) corresponded to

the accumulation keratinocyte multi-layers whichrevenly formed over the grooves.

Techniques of surface micro-patterning, which hiaegen developed up to date
most often require use of photolithographic methots particular, soft lithography
has been method of choice when pattern is intratiimm@o a surface of fragile
materials, such as hydrogels. This method is basetbnformation of the patterned
material to the negative template. The main drawlmddhis method is that stability
of the resulting features requires extra treatmentsch are often non-compatible
with the viability of the resident cells. Soft ldgraphy has been used to successfully
pattern collagen-glycosaminoglycan co-polymer membés (Janakiraman et al.,
2007), collagen hydrogels (Nelson et al., 2008)toshAn and gelatine scaffolds
(Wang and Ho, 2004). However as these materialsregehanically weak, cross-
linking with glutaraldehyde is required which istnmompatible with the resident
cells, thus rendering this method less than ddsirahen fabricating bio-compatible
construct. Moreover, although cross-linking incesasnechanical strength of these

constructs to some degree, it is not adequate caupa the native tissues.
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An alternative method has been reported by Pira.eh 2000. This includes
fabrication of gelatine and collagen type | membsanwith well-defined
microgrooves by air-drying the polymer solution amegative templates and
subsequent cross-linking by thermal dehydratiob0&°C in vacuum, a treatment that
effectively resulted in thin, extremely dehydrapedtein membrane, conformed to the
pattern. These micro-patterned collagen membraaes heen used as an analog of
skin and intestinal basal lamina and provided Mallianformation about cell reaction
to the patterned surface of natural polymers (Rinal., 2000, Wang et al., 2010).
Culture of the human keratinocytes on these micoggs surfaces showed enhanced
stratification in the grooves compared to flat aoes. Further investigation showed
that keratinocyte stratification and differentiationcreased in the channels with high
depth to width ratio. The most pronounced diffeeem@s found with grooves of 200
pm depth and 50 um width (Downing et al., 2004) @mensions of these grooves
were close to the structures, found in the natpiee¥mis.In vivo, dermal pappilae
and rete ridges of the epidermal skin are linechwlite clusters of epidermal stem
cells. These amplifying cells migrate up the bésgtr and produce post-mitotic cells
which in turn migrate to the surface of skin whérey are eventually sloughed off.
Authors remark that although this effect is welbtm, the underlying mechanisms
are still unclear and engineering precise micratpaphy will help to understand
these. Indeed, by staining the membranes with thevgs of different depth to width
ratio with the marker of terminal differentiationirvolucrin, authors found greater
expression of the marker in the grooves with theaggst aspect ratio. This led to
conclusion that deep and narrow grooves promotatikecytes differentiation and
the formation of the stratified layer. Examinatinthe cells proliferation found little

evidence of the mitotic activity in the cells iretgrooves. The authors attributed this
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to the absence of the fibroblasts in the underhsogffold — freeze-dried collagen
sponge. This can easily be overcome in the cusgstem, as cells can be embedded

in the collagen matrix prior to the construct asisigm

Topological features on the surface of the collagamstructs have a
pronounced effect on the cell-types more conveatlpnused in the field to
demonstrate alignment of the cells to the groowesthe study by Vernon and
colleagues (2005), fibrillar collagen gels were-chied for 24-48 hours at room
temperature on the template and peeled off aftginglr The resulting collagen
membranes had well-defined pattern of parallel geso Authors used these micro-
grooved collagen membranes to assess alignmentirofim dermal fibroblasts and
umbilical artery smooth muscle cells. Cells showtdng alignment of the nuclei and
cytoplasmic actin filaments (f-actin) parallel toetdirection of the grooves after 6
days in culture, similar to the results found oe fratterned stiff surfaces, such as
quartz (Dalby et al, 2003). Indeed, these resadpee with the data reported by
Kureshi et al (2010), where alignment of fibrobagd the grooves in the FLS has

been shown.

These results are important not only from the poinview of utility of such
micro-grooved dense collagen substrates for tissngineering purposes. An
additional aspect of these observations is theorespof the cells to such features on
the surface of the material that is less stiff tbanventional micro-grooved substrata
(glass, quartz, metal) and by itself presents edglls random nano-cues in the form of
collagen fibres. Alignment of the cells to micrake grooves shows that micro-scale
features are more potent to influence cell behawousuch bio-conductive materials.

As such, further investigation into the mechanisrihsuch alignment to the pattern in
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the natural polymers may provide answers as torehanisms of the cell alignment
in vivowhich are more appropriate compared to those gdnoed the cell alignment

on stiff, non-biomimetic materials.

Currently, the following hypotheses exist that eipl mechanisms of the
cellular alignment on the micro-grooved substrg#d: cells minimise distortions to
the cytoskeleton which would occur if they ignorather than follow the groove
(Hamilton et al., 2009) and (b) attachment to theeg@graphical cues (for example
ridge of the groove) create mechanical stresseshén cell that directly cause
alignment (Walboomers et al., 1998). Dalby e{2003) showed that such distortion
in the cytoskeleton and shape of the cells on thewgd substrata cause change in the
shape of the nuclei (elongation) and hypothesibad this leads to changes in the
gene expression of the aligned cells due to thegdhan the relative position of the
chromosomes and their accessibility for transaiptiThus, the effect of the micro-
scale grooves on cells is indeed profound and mdntestigations of these

phenomena on the biological materials, such asedewitagen constructs.

In this study we have investigated a key obsermatioat patterning appears to
be more effective when the embossing template ésged into the fluid leaving
surface (FLS). Because, in plastic compressionltinet is forced out in one direction
a single FLS is formed. Hence the initial fluid dlow generates a profound top-
bottom anisotropy in the collagen sheet, along witlitiple lamellae (Brown et al.,
2005, Hadjipanayi et al., 2010). It has been dernatesl that PC process resembles
ultra-filtration where FLS rapidly accumulates ansiely packed layer of collagen
fibrils whereas non-FLS has lower collagen denfitgdjipanayi et al., 2010). It has

been shown previously that collagen fibril densityrrelates closely with local
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mechanical stiffness of the material (Hadjipandyale 2009). These local differences
can explain the differences in the fidelity of {hettern made in the FLS and non-FLS
and speculate as to the mechanisms of pattern fmman these opposing surfaces.

Groove dimensions (width and depth) describe twannstributes of the
pattern and were used to monitor the nature ofptieeluced pattern relative to the
known average diameter of the template. In addiBopatterning coefficient was
developed and used to assess pattern fidelitythiothe ratio measured was depth of
each groove by its maximum width. Because of thg depth was measured the
nominal maximum coefficient was 0.5. Hence comparisof actual pattern
coefficient with this theoretical ideal means thidelity of different grooves, from
different templates could be compared; in this caselue of 0.5 would equal a
perfect copy of the template.

Patterns formed in the FLS during plastic compmsswere far more
predictable than those formed in the non-FLS. lfeafthe full diameter and a
curvature of the fibre (including a lip) could betained in grooves in the FLS.
Similarly predictable patterns were obtained fanpéate patterns pressed into the
preformed FLS. Pattern coefficient confirmed higéttern fidelity for both FLS
patterning treatments. Importantly, though, thetguat coefficient, or fidelity, was
much less than ideal where the non-FLS was patlerfieis was due to non-FLS
grooves being very shallow (approx. 20 % of theefidiameter) and almost double
the template fibre width. This large width to depliscrepancy suggests that grooves
in the non-FLS underwent a form of elastic rectigathe fibres were withdrawn. We
hypothesise that this is a consequence of theielpsbperties of the ‘skin-like’
surface film of packed collagen fibrils which swnals the original collagen gel when

it is cast (i.e. present on the gel-air castingriiaice) (Karamichos et al., 2006). On the
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non-FLS this ordered fibrillar structure will note bsubstantially changed (i.e.

compacted) in collagen density, due to the higllynametric fluid movement during

compression. Hence, pushing the template fibrestive surface, when embossing the

non-FLS, stretches the film around the templatethsd borders of the groove are
formed, but elastic recoil of the film removesalit a few micrometres of its original
depth, while moving the borders further apémterestingly, the total wall length of
the wide shallow groove corresponds well with 157 pircumference of the glass
fibre template, indicating that the floor of theogve was not elastic. However, the
floor was raised dramatically, suggesting that tien-deformed collagen film

between the grooves was elastic and has reshapedrdélove when template was

removed by raising its floor as demonstrated sclieally in Figure 8.
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Fig.8 Diagram, showing proposed mechanism of pattarformation on the non-
FLS. Template glass fibres placed on the gel anddd applied initiating fluid
flow in the direction of FLS. Fibres are initially fully immersed in the non-FLS,
causing stretching of outer collagen film under thegemplate. After template is
removed, non-deformed, elastic collagen film betweethe pattern is released and
cause pattern deformation, resulting in shallow groves.

Another possibility would be deformation of the gves in the process of
template removal due to surface tension betweengthss fibres and collagen.

However, to prevent this, constructs were incubateithe PBS prior to the template

removal to release these local adhesions.
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For plastic compression to produce predictableepadtin a one-step process it
is critical that there is a rapid fluid flow out thfe collagen fibril mesh and around the
impervious (template) surface, as developed in atetta. It now seems likely that
this rapid fluid efflux not only compacts collagéhrils locally into the dense FLS
but also remodels them around the embossing teenat alternative system for gel
compaction by rapid directional fluid outflow whicilso aligns collagen fibrils
parallel to the flow within the gel body has redgrteen described (Kureshi et al.,
2010). In the present FLS patterning example, sadhced collagen fibril alignment
would be expected to be circumferential aroundglass fibres, in the direction of
deflected flow. It is proposed that this local retalting of fibril orientation
contributes strongly to pattern stability and fideby eliminating elastic recoil. The

proposed mechanism is shown in Figure 9.
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Fig.9 Diagram, showing proposed mechanism of pattarformation on the FLS.

Template fibres are placed at the FLS of the gelohd applied and fluid flow

initiated. Accumulation of collagen fibres at the IES causes moulding of collagen
around the template. Accumulation of dense collagelayer around the template

cause permanent deformation of the patterned FLS @n after template is

removed.

This concept suggests that a large part of the R&orpatterning is due to
controlled fibril remodelling, similar to fibrousaterial moulding, for example in the

manufacture of felt goods. The process will bedfae referred to as pattern micro-

moulding.
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Although it has been shown that density of theagmh fibrils at the FLS is
greater than the non-FLS, it is still capable @isplc deformation as illustrated by the
results of pattern formation in the partially fonELS. In this case pattern fidelity
was as high as in the case of forming fluid leasngace, although the stability of
such features was not investigated.

The suggestion that this process is one of reringéhoulding is supported
by the observation that micro-patterns, moulded itite FLS were stable in all
respects over two weeks in culture. Interestinglygr that period cells seeded into the
collagen bulk material had already begun to remdiaelr local collagen matrix to
give new, open structures, which is consistent wpitaviousin vitro remodelling
reports (Brown et al., 2005, Bitar et al., 2008)isTimplies considerable 3D stability
and tissue engineering utility for micro-mouldedayes.

In conclusion, this study has clarified the meckars by which faithful, less
faithful and very low-fidelity micro-patterns ar®@rimed in the surface of dense
collagen materials. This is key knowledge as itngpthe way to more detailed and
controlled engineering of tissue-like native codlagconstructs, with cells in situ.
Such processing in turn represents a consideratmeifnetic advantage over previous
patterned substrates partly due to its use of egtretein, partly its cell content and
partly its level of fine control. As in the case afiginal PC collagen compaction
process pattern micro-moulding by this techniqueaisid and cell compatible. In
addition, since this is essentially a physiologivalterial, these findings may indicate
how fluid flow through natural, living tissues canulpture the fine local patterns
which are known as bio-nano/micro morphology.

Understanding of the mechanisms of stable pat@mdtion on the surface of

bio-mimetic construct appears to be a useful tookfvariety of TE applications, and
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as such merits development of scaling-up methodthén next Chapter multiple
construct fabrication will be reported togetherhnsbme basic mechanisms of plastic

compression.
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Chapter 5

Scaling-up of plastic compression method

Introduction

The original method of plastic compression (PCralfagen, as reported by
Brown et al. (2005), was based on application othmeaical loading and capillary
uniaxial flow to remove fluid from hyperhydratedllegen gels. Brief photographic
description of the method is shown in Figure 1.9Gale set in the custom-made
rectangular mould (Figure 1a), transferred onto lifegting elements between two
layers of nylon mesh, covered with a glass slide fared load to compress, typically
for 5 min (Figure 1b). As a result dense collageeets, consisting on average of 11%
collagen and 89% water, are fabricated (Figure Itlis technology allows for
control over resulting collagen construct denshily (educing/increasing total fluid
removal) and, with further processing, fibril diamreand fibril alignment as shown
by Cheema et al. (2007). An important point to mhkee is that this technique does
not rely on cellular remodelling (contraction) d¢fet matrix or other cell-dependent
manipulations. However, the process is cell-frigndith average post-compression
cell viability for several cell types such as dernfdoroblasts, mesenchymal
progenitor stem cells and Schwann cells being ab8%. As a result, this
technology allows for true engineering of tissuelsere matrix and cells are building
blocks ofde novaissues.

As with all useful developments, there are pointherg the original
technology needs to be extended. To this end, @type machine was developed to
automate the process of PC. The core original ndetlogy was retained, i.e. collagen

gels were set in standard moulds, compressed blyiagdoad and blotting liquid
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into a moving conveyer belt of absorbent paper todpce and finally collect

compressed collagen constructs.

gels

- _:"_ %

Fig. 1 Original method of plastic compression (PC)@a) Gels (pink), set in
the double-pocket rectangular moulds (mould is seeim the background), were
transferred onto the blotting elements (filter pape, stainless steel mesh) between
two layers of nylon mesh. (b) Gels were then coveateby the glass slide and
loaded with weight for 5 minutes. (c) Process res@ld in formation of the dense
collagen sheet (dashed outline, construct is resgnon a supportive nylon mesh)
that could be cultured as a sheet or spiralled alanits long axis to give a rolled
construct

In this chapter an alternative route to scalingauprocess is evaluated where
multi-well format is employed to allow simultaneodabrication of multiple
constructs in a controlled manner — multi-well gplasompression (M-PC). The same
principle of uniaxial capillary fluid flow from theollagen gel into the absorbent
under load is used. Here, the load is appliedctirgo the fluid leaving surface
(FLS) of the gel by the absorbent material.

M-PC of collagen allows for fabrication of multipt®nstructs simultaneously
with possibility to vary certain parameters of eandividual construct. Possible
variables include initial collagen height (proportito volume), number and type of
cells seeded in or on the construct etc. This mdy saves time on compressing
individual constructs but also reduces variabiligtween samples and minimises

contamination risk. Effectively, all constructs che assembled and cultured in the

same mould, essentially standard tissue culturetitwell plate. Moreover, this
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system presents a further opportunity for invesiga of basic underlying
mechanisms of the process (such as fluid loss a®l fBrmation), bringing the
technique closer to fully controllable by the ogera

It has been shown, that fluid movement and masseotion in PC can be
described to some extent by Darcy’'s law of fluiowflthrough a porous membrane
under pressure (Hidjapinayi et al., 2010).

The general formula is:

Q=AxAP/uxR
where Q is the rate of flow (in ml/min), A is suréaarea (in cA), P is pressure
gradient over the surface, u is the dynamic visgasoefficient of water at 20C
(1.002x10° Ns/nf) and R is the hydraulic resistance of fluid leavBurface (FLS).
From this equation change in hydraulic resistaride.& with time during the process
of M-PC has been calculated for the range of gajhte. As FLS in itself is a 3D
structure in the construct and its formation iseesial for patterning of the surface
(see Chapter 4) it is important to be able to nworahd control its formation.

In this chapter development of the multiple PC teghe will be described as
well as basic characteristics of the constructgdpeced using this technique.
Following parameters will be investigated: (i) eage fluid loss against time, rate of
fluid loss and dynamics of fluid leaving surfacenfation during compression of the
range of collagen gel heights, (ii) end time-pahtull compression for the same gel
heights, (iii) reproducibility of the method betwesets as a function of the resulting
constructs weight, thickness and total volume effthid, lost from the gels of each
height, and (iv) effect on long-term culture oflesdeded constructs, compressed in

this manner.
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Materials and Methods

Multi-well compression kit
Standard tissue-culture 12-well plates (well diane22mm, Orange

Scientific, UK) were used as the collagen gel aasthould. The original multi-well
plate cover, with 12 hand-made holes corresponidimipmeter and location with the
wells, acted as a guide and support for the albsgreiements (plungers). This was
later replaced with a purpose made plate (Figuje Blae fluid-removing elements
consisted of a spirally wound roll of Whatman chatoagraphy paper (d=21mm) and
two discs of Whatman filter paper (Whatman UK), tautsize of the well to rest on
the collagen gel. Each roll was 125cm in lengtim4no height (as supplied by the
manufacturer) and 2.1cm in diameter, average welight0.3 g. A customised paper
rolling machine was designed and built by TAP Biesces (Royston, UK) to give a
constant speed and length of paper rolling, ana assult, paper rolls of uniform
weight and absorption (Figure 2b).

In order to provide compressive load together wiipillary action to drive
fluid flow from the collagen gel, a range of fixetass loads was used. These rested
on top of each plunger and allowed for simultanecarspression of 1, 3, 6 and 12
gels. Each gel was subjected to 1042+1.6 Pa (35fxed mass load) + 4.4+0.3
(average weight of Whatman paper roll)) initial doa Figure 2 (c-f) shows
photographic report of compression of 6 gels. Gedge set in the 12 well-plate. A
paper roll was placed on top of each gel (c) aratléd with weights (d). After
compression, liquid-containing rolls (e) were remayleaving the constructs in their
respective wells, ready for culture if required.

Preparation of acellular and cellular collagen gels
Collagen was neutralized as described before inptéha2. To eliminate

neutralising of multiple batches and to allow fatusion degassing (i.e. to prevent
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bubbles in the gels), collagen was neutralisedsim2 bulk batch and kept on ice in

100ml specimen containers until needed.

@ | papet rolling machine

S o

Fig. 2 Modified method — multi-well plastic compresion (M-PC). (a) Standard
tissue-culture grade 12 well-plate base served asmaould for the collagen gel
casting. To ensure uniform compression, 12 holes & been made in the cover of
the plate (arrows) to guide the absorbing plungersThis was replaced with

purpose-made guiding plate indicated by an arrowhed (insert). (b) Spirally

wound rolls (arrows) of absorbent paper were used sablotting elements and
made using custom-build paper rolling machine. Assebled plungers are shown
on the insert (arrows). (c) Gels (arrows) were seh the wells of the 12 well-plate
and plungers (arrowheads) placed on the gels usirguiding plate. (d) Depending
on the number of simultaneously compressed gels, apriate weight was

applied. (e) After compression is completed, liquids contained in the paper rolls
(arrows), which are removed. (f) Process resultedniuniform dense collagen
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sheets in the respective wells (arrows) that can baultured if required without
further manipulations.

The required volume of cold, neutral collagen solutwas poured into each
individual well and allowed to warm up to 37° C, ian initiated setting (30 min)
prior to compression. Given a constant surface famethe 22 mm well diameter (i.e.
379.9 mm), a range of gel volumes was investigated (2, 8yd 5 ml). Gel volumes
(ml) were converted into heights using basic foranul

h=V/mrr?
for ease of future references and to make datasfeaable to other systems (e.g. 24
or 96 well plate). Gel volumes (ml) and correspogdiel heights (mm) are presented
in Table 1. Subsequent description will refer te tieight of the gels as cast with a
constant cross-section.

Table 1. Volumes and corresponding heights of theets cast in the mould with
constant surface area (379.9 mfi

Gel volume, ml| Gel height, mm

2 5.3
3 7.9
4 10.5
5 13

Cellular constructs were prepared as describedrdefGhapter 2). Cell
suspension (500 000 human limbal fibroblasts (Hy#l)/ was mixed with neutral
collagen solution and 6x5 ml (13mm) of cell-coniagncollagen gels were set in 12
well plate. Set collagen gels were compressed samebusly using the system

described above. Compressed constructs were atliltardne same plate for 2 weeks
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and processed for routine histology (see Chapter@ll viability was determined
using live-dead staining assay (see Chapter 2).
Measurement of fluid loss and time of compression

Absorbent paper rolls were weighed on the eleatrbaiance to two decimal
points every minute for the first 5 minutes aftempression then 5 min until no
measurable change of weight was noted. For exanmplafter 10 minutes of
compression weight of the paper roll did not chaog®pared to the previous reading
after 5 minutes, time-point of 5 minutes was takentime of full compression.
Weight gain in the absorbent was recorded as fhgd from the collagen gel during
compression. Weight of water removed from gel vadsutated as

AW = Weight  —Weight ¢
where Weight tis the weight at time point n and Weights initial weight of paper
roll (4.4+0.3g). Rate of fluid loss from the gelsdifferent heights was calculated as
Q=Weight t+1 —Weight t/ Time,+1 —Time,

Measurement of the hydraulic resistance of FLSdR

It has been shown that in the progress of thetiplaesmpression process the
hydraulic resistance of the fluid leaving surfasarncreasing due to the transport of
the collagen fibrils with the leaving fluid and thaccumulation at the point of fluid
exit — fluid leaving surface (FLS). As plastic comgsion can be partially described
by Darcy’s law of fluid flow through the porous siitate, R, s can be calculated at
each time-point of PC process in the multi-welhfiat based on the rate of fluid flow,
calculated as described previously. The formulal dse these calculations takes into
account the changing pressure, applied to eachagdiquid, absorbed in the paper
roll will add to the weight of the initial load (2@+1.6 Pa). In its final form the

formula reads as follows:
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RrLs= AXP /uxQ

where R is the hydraulic resistance of fluid legvsurface (FLS), Q is the rate of
flow (in ml/min), A is surface area (in én P is pressure over the surface (in N), [ is
the dynamic viscosity of water (1.002x10Is/nf). Pressure was calculated for each
time point based on the fluid loss data (as watst from the gels is absorbed in the
paper, changing its weight and consequently presspplied to the gel). R FLS was
calculated per surface area in‘camd expressed in ¢
Measurement of intra-plate variance

In order to assess method variability the followpagameters of the resulting
constructs, produced between 3 plates (n=12 fdn gatheight), were compared for
each height used: mean amount of fluid expelledhftbe gel at the point of full
compression£SD, weight of the fixed constructs+31d ¢hickness of the resulting
constructstSD. Mean amount of fluid expelled frohe tgel at the point of full
compression was derived from the fluid loss dateonded as described above.
Resulting PC constructs (i.e. when no subsequeit libss was recorded) were fixed
immediately in 10% neutral buffered formaldehyddéuson and weighed on the
electronic scale. Constructs were then paraffin estdbd sectioned (12 um) and
stained with Sirius Red (see Chapter 2). For eathnve 6 gels were compressed
simultaneously in one plate, 3 different platesevesed.
Statistical analysis

Data analysis was performed as described in CHapter

Results
Dynamics of fluid loss from collagen gels duringngwession

Process of plastic compression can be describeéermms of percentage fluid

loss from the compressed gel at set time pointslamgrogress of the process can be
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tracked minute by minute using this data. Fluidslesgas measured by weighing the
adsorbing paper at set time-points. To determime-point of full compression for

every gel height (5.3, 7.9, 10.6 and 13 mm), rélabsorbent paper was weighted
every 5 minutes until no change in weight was no¥then this was achieved,

previous time-point was noted as time of full coegzion. Times of compression for
every gel height together with percentage fluicsloslative to the initial gel weight

and absolute amount of fluid lost from the gelstre point of compression are
summarized in the table 2. It is evident that hemfithe gel is in direct correlation

with the time of compression. Gels of initial heigt 5.3 mm were compressed (i.e.
no further fluid loss was detected) after 5 minu#®9 after 10 minutes, 10.6 after 20
minutes and 13 mm gels were compressed after 26tesirfi.e. reading at 30 minutes
and 25 minutes did not differ). Gels of all heidgiave lost >90% initial weight at

corresponding time points of full compression ammarised in Table 2.

To map the progress of the plastic compressiondatermine effect of the gel
height on the process, first five minute were inigaded closely by measuring the
weight of the absorbing paper roll every minute.

Data presented in percent were used to track thgrgss of compression for
each gel height by comparing percent fluid losswbken time-points. Absolute
numbers were converted into a percentage fluid Wdssre initial weight of the gels

was taken as 100%.
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Table 2 Time-points of full compression and respeste values of percentage fluid
loss at these time-points for collagen gels of difent heights and constant
surface area (379.9 mr)

Gel height, Time of Percentage of
mm compression, | total fluid

min loss, %a:SD
53 5 93.6+3
7.9 10 92.5+1.4
10.6 20 93+2.3
13 25 94.4+1.5

The effect of the height on fluid loss at each renof the process was
determined by comparing percent fluid loss betwgels of different heights at each
minute of observation.

In order to track the progress of the process, datpired by measuring the
weight loss from the gel of each height (5.3, 2.9,6 and 13 mm, corresponding
volumes of collagen 2, 3, 4 and 5 ml, diameterhef mould 22 mm) was analysed
using one-way ANOVA.

Figure 3a shows progression of the compressionepsoof the 5.3 mm gels.
Water loss after the first minute of compressiob{BL%) differed significantly from
all the subsequent measurements (p=0.0001). ftnete that during the first minute
of compression gels of this height have lost h&lthe original weight, i.e. water
content. The loss of the remaining fluid was obsdrduring subsequent four minutes
of compression, i.e. rate slowed down considerdbiying the second minute further
76x£10% of the initial weight was lost, which difégr significantly from minute 1
(p=0.00034). Water loss at minute 3 (85.9+8%) was significant compared to

minute 2. By the minute 4 of compression the gélths height (5.3 mm) lost on
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average 90.6x5.4% of weight; further compressidnmieute 5) resulted in loss of
93.6+3% (significantly greater than at minute21and 3 (p<0.005), but not 4) of
fluid content of the gel. Measurement at minutesh®@wed no change in the weight
loss hence compression was completed at 5 minutes.

Figure 3b shows progression of the compressionegsoof the 7.9 mm gels.
During the first minute of compression gels of thesght lost on average 35+5% of
the initial fluid content, significantly less that all further time-points. At minute
two mean weight loss from the gels of this heiglsw6+4% (approximately 10%
increase), a significant increase compared to rairmurte (p=0.0002). At minute 3
fluid loss from the gels of this height amountedb&:3.6% (similarly, approximate
increase of 10%), a significant increase from nentwo (p=0.00028). Further
compression resulted in a loss of 75£4% at minyte gignificant increase compared
to minute 3 (p=0.0001) and 82+2% at minute 5, d$iggmt increase compared to
minute 4 (p=0.013). Surprisingly, approximate imse of 20% of fluid loss was
noted between minutes 3 and 4, followed by 10%e@ase by minute 5.

Compression for further 5 minutes led to 92.5+1 #d@ loss at minute 10
(significant increase compared to minute 5, p=028)Cafter which time point no

further weight loss was recorded, i.e. gel was aesged after 10 minutes.
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Fig. 3 Dynamics of fluid loss from the gels of 5.@&), 7.9 (b), 10.6 (c) and 13 (d)
mm initial height during the first 5 minutes of the of plastic compression process.
Fluid loss from the gels at each minute of the prass is presented in percent of
initial weight. *-statistically significant differe nce compared to the previous time
point (p<0.05). Arrows indicate characteristic ‘jumps’ in values noted for 7.9 and
10.6 mm gels.

Figure 3c shows progression of the compressionegmof the 10.6 mm gels.
During the first minute of compression gels of thé&ght lost on average 34.7+8% of
the initial weight. At minute two, weight loss o##9.6% was recorded for the gels of
this height (approximate increase of 10%). At méntiiree, 66.9+6.5% of the initial
weight was lost, a significant increase of compatedminute two (p=0.0007).
Interestingly, for the gel of this height approximancrease in fluid loss of 20% was
noted at this time point (minute 3) compared to uten2, similar to the sudden

increase at minute 4 for the 7.9 mm gels. Furtieenpression resulted in the loss of

77+5%, an approximate increase of 10% comparetdagtevious reading at minute
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3 (significant increase, p=0.03) at minute 4. Tés followed by a loss of 85+4% of
fluid at minute 5. After further 5 minutes of corepsion, at minute 10 these gels lost
on average 89+3.5% of initial weight and at minlife 92+2.7% of fluid was lost
from the gels. Compression for further 5 minutesulted in the loss of 93+2.3% of
fluid content at minute 20, at which time-point gjelere compressed as further
compression did not show change in weight of alesdrb

Figure 3d shows progression of the compressionggsoof the 13 mm gels.
During the first minute of compression 31+5% ofidleontent was lost from the gels
of this height. During the second minute furthet?2% was lost, a significant
increase compared to minute 1 (p=0.0001). At miid,t85.2+8% of weigh loss was
recorded, giving a significant increase comparechittute 2 (p=0.0007). At minute 4,
64+8% of fluid was lost from the gels, a signifitamcrease from minute 3 (p=0.03).
Weight loss at minute 5 was 72.7+7%. During the passion of the gels of this
height the increase in percentage fluid loss ahdaoe point compared to the
previous was consistent 10% as opposed to the sli¥é increase at minutes 3 and
4 noted in the gels of 7.9 and 10.6 mm respectiveGompression for further 5
minutes resulted in 89+4% weight loss at minute di@nificantly greater than at
minute 5 (p=0.0001). At minute 15, an average 0283% of fluid content was lost
from the gels of this height followed by furthes$oof 93.9+2.3% loss at minute 20.
At minute 25, total of 94.4+1.5% of fluid was Idsbm the gels of this height, after
which point no more change in weight of absorbeat wecorded, i.e. gels were

compressed.

To determine the effect of gel height on the petags weight loss at each
time point, data for each gel height was compateadiautes 1, 2, 3, 4, 5, 10, 15, 20

and 25. Results are presented graphically in Figure
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During the first minute of compression fluid logsrh the gels of the initial
height of 5.3 mm (55+11%) was significantly greatban from 7.9 (35+5%,
p=0.002), 10.6 (34.7+8%, p=0.0008) and 13 mm (3145%60.0001) gels. There were

no significant differences between fluid loss ai thme-point between other gel

heights.
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Fig.4 Effect of the initial height of the gel (5.37.9, 10.6 and 13 mm) on fluid loss
(in % of initial weight) during the first 5 minutes of plastic compression process.
*-significant difference between gel heights at eactime point (p<0.05).

During the second minute of compression the saemtcontinued. At this
time point 76x10% loss of the initial weight wasteu for the 5.3 mm gels, which
was significantly greater than the value for 7.9 rgeis (46+4%, p=0.001), 10.6
(4419.6%, p=0.001) and 13 (45+7%, p=0.001) mns.geifferences between other

gel heights were insignificant.
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At the third minute 85.9+8% of the initial weightaw lost from 5.3 mm gels,
55£3.6% from 7.9 mm gels, 66.9+6.5% from 10.6 mns gad 55.2+8% from 13 mm
gels. The weight loss at this time point from th® fam gels was significantly greater
than from all other gel heights (p<0.0001). Ther@svegignificantly greater percent
fluid loss from the 10.6 (66.9+6.5%) mm gels conaglato 7.9 (55+3.6%, p=0.003)

and 13 (55.24+8%, p=0.006) mm gels.

The weight loss during the fourth minute of compres had an average of
90.615.4% from 5.3 mm gels, 75+4% from 7.9 mm gél&t5% from 10.6 mm gels
and 64+8% from 13 mm gels. At this time-point sfg@intly greater weight loss was
recorded for 5.3 mm gels compared to other gelhteip<0.0001). Percent fluid loss
from the 13 mm gels (64+8%) was significantly lowdsan from 7.9 (75+4%,

p=0.0004) and 10.6 (77+5%, p=0.0005) mm gels.

By the fifth minute of compression gels have lostaverage 93.6x3% (5.3
mm), 82+2% (7.9 mm), 85+4% (10.6 mm) and 72.7+7% (Am) of the initial
weight. At this time point significantly greater ight loss was recorded for 5.3 mm
gels (93.6+£3%, p<0.001) compared to other gel ligighd significantly lower weight
loss for 13 mm gels (72.7+7%, p<0.001) compareather gel heights.
Rate of fluid loss

Fluid loss from the gels of each height at the tpoets investigated was re-
analysed in terms of rates of fluid loss (see Mésheection of this chapter). The
results are shown in Figure 5 (a-d).

The rate of fluid loss from the 5.3 mm is showrrigure 5a. The rate of fluid
loss in the initial minute of compression (min Q-das 1.1+0.22 ml/min. Comparison

with the rate of fluid loss at each consecutivaqur (1-2, 2-3, 3-4 and 4-5 minutes)
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showed that it was significantly higher (p<0.00@ian at any other time-point of
compression period. Rate of fluid loss at minutéswvas 0.4+0.2 ml/min, almost 1/3
of that during the first minute. At minute 2-3 trege fell further to 0.18+0.06ml/min,
significantly lower than during the previous minype=0.0085). During minutes 3-4
and 4-5 there was further decrease in the ratéumf foss to 0.11+0.07, 1/10 of the
initial rate, and 0.1+0.05 ml per minute respedyivevhich was not significant
compared to min 2-3.

The rate of fluid loss from the 7.9 mm is showrrigure 5b. The rate of fluid
loss during the initial minute (0-1) was signifitign higher compared to all
subsequent time-point (1.22+0.2 ml/min, p<0.000During the next minute (1-2),
the rate fell significantly to 0.39+0.16 ml/min @£9001). During min 2-3 the rate of
fluid loss fell further to 0.3x0.1ml/min, althougiot significantly compared to the
previous minute of compression. At minutes 3-4 &riithe rate of fluid loss slowed
significantly compared to min 2-3 (p=0.0001) to3x20.017 and 0.21+0.02 ml/min
respectively

Further compression at minutes 5-10 led to furtie@rease in the rate of fluid
loss from the 7.9 mm gels to 0.035+0.02 ml/minh@ligh this was not significant
compared to the previous time-point (min 4-5).

The rate of fluid loss from the 10 mm is shown igufe 5c. The rate of fluid
loss during the initial minute (min 0-1) of compses (1.4+0.3 ml/min) was
significantly higher than during the subsequentetipoints (p<0.05). During the
second minute of compression (min 1-2) rate ofdflloass was 0.5£0.1 ml/min,

significantly lower than in the previous minute (p8005).
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Fig. 5 Change in the rate of fluid loss from the ds of 5.3 (a), 7.9 (b), 10.6 (c) and
13 (d) mm initial height during the first 5 minutes of the of plastic compression

process. Rate of fluid loss from the gels at eachimute of the process is presented
in millilitre per minute. *-statistically significa nt difference compared to the

previous time point (p<0.05).

During min 2-3 rate of fluid loss fell further ta42+0.12ml/min, which was
significantly lower than during the previous mingpe=0.03). During the min 3-4 and
4-5 the rate of fluid loss from 10.6 mm gels wa37&0.06 and 0.31+0.07 ml/min
respectively. Rate at min 3-4 was significantly éwhen at min 2-3 (p=0.001).
Further compression led to significantly slowereraff fluid loss during min 5-10
(0.028+0.01 ml/min) compared to min 4-5. At min 1®-and 15-20 rate of fluid loss
fell insignificantly to 0.026+0.01 and 0.016+0.00®%min respectively.

The rate of fluid loss from the 13 mm is shown igufe 5d. Similar to the

previous gel height, rate of fluid loss during thest minute (min 0-1) was
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significantly higher than at later time-points (p8@01) at 1.53+0.2 ml/min. The rate
of fluid loss during the second minute (min 1-2)svagnificantly lower compared to
min 0-1 at 0.72+0.2 ml/min. At min 2-3 of compressthe rate fell further to 0.5+0.1
ml/min, which was significantly lower compared tanni-2 (p=0.03). At min 3-4 rate
of fluid loss fell insignificantly to 0.44+0.2ml/mj and at min 4-5 the rate fell further
to 0.4£0.19 ml/min, which was also not significaRtirther compression (min 5-10)
led to significant (p=0.002) drop in the rate afidl loss compared to min 4-5, and
was 0.16+0.04 ml/min. During further compressionn(it0-15) there was significant
(p<0.001) drop in the rate of fluid loss at 0.03&0nl/min. The rate of fluid loss
during min 15-20 and 20-25 fell further to 0.0278Dand 0.02+ 0.01 ml/min but did
not differ significantly compared to the previouse periods.

The effect of the gel height (5.3, 7.9, 10.6 andrifl height corresponding to
2,3,4, and 5 ml of collagen, diameter of the maz@mm) on the rate of fluid loss
during the process of plastic compression is ptesegraphically in Figure 6.

There was a significantly lower rate of fluid losem 5.3 mm compared to
10.6 (p=0.02) and 13 mm (p=0.001) gels but non?® gels. The rate of flow at min
0-1 from the 7.9 mm gels was significantly lowengzared to 13 mm gels (p=0.005).

During the second minute of compression rate ofl filow from 13 mm gels
was significantly higher than from 5.3 (p=0.000Bp (p=0.001) and 10.6 (p=0.0004)
mm gels.

Similarly, during the third minute of compressite trate of flow from 13 mm
gels was significantly higher than from 5.3 (p#m0), 7.9 (p=0.002) and 10.6
(p=0.004) mm gels. Rate of fluid loss from 10.6 rgeis was significantly higher
than for 5.3 and 7.9 mm gels (p<0.0001). Ratewd fllow from 5.3 and 7.9 mm gels

did not differ significantly.
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Fig. 6 Effect of the height of the gel (5.3, 7.9016 and 13 mm) on the rate of fluid
loss (in ml/min) during the first 5 minutes of plasic compression process. *-
significant difference between gel heights at ea¢hme point (p<0.05).

At minute 4 of compression the rate of fluid floworih 5.3 mm gels was
significantly lower compared to all other gel heigh(p<0.001), which is not
surprising as gels at this height have lost 90%hefweight due to fluid loss by min 4.
Similarly, rate of flow from 7.9 mm gels was sigo#ntly lower compared to 10.6
and 13 mm gels (p<0.001). There was no significiiftrence between 10.6 and 13
mm gels.

During the fifth minute of compression the rateflofd loss from 5.3 mm gels
was, predictably, significantly lower than from ather gel heights as these gels are
fully compressed by the end of minute 5 (p=0.0000here was no significant
difference between the rates of fluid loss at thmee-point between 7.9, 10.6 and 13

mm gels.
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At minute 10 of compression the rate of fluid |dssm the 13 mm gels was
significantly higher than from 10.6 mm gels (p<@.{ During further compression
(min 10-15 and 15-20 (10.6 gel is compressed) there no significant differences
between the rate of fluid loss from the gels.

Dynamic of change in FLS resistance during compoess

As has been shown previously, during the procespladtic compression
accumulation of the collagen fibrils close to theid leaving surface (FLS) is the
phenomenon behind the deceleration of fluid loesmfthe collagen gels. As plastic
compression can be partially described by Darcgve of fluid flow through porous
substrate, it is possible to quantify the growimgistance of fluid leaving surface
(RrLs) for each gel height. Knowing the rate of watessldrom the gels and taking
into consideration increase in applied pressure twee (as liquid absorbed by the
paper will add to the loading weight)q B values were calculated for each gels height
at each time-point.

For the 5.3 mm (Figure 7a) gels the resistancelL& @&uring the first minute
of compression increased to 7.5%D.55 x1d cm™. During the second minute value
increased significantly (Games-Howell post-hoc,tpsD.002) to 10.5x181.4 x1d
cm®. Further compression increased the resistancd.8x10+1.2x10" cm™ during
min 3, 12.5x16:0.77x1d cm™ during min 4 and finally 12.9xf80.5x1d" cm*
during min 5, these values did not differ signifitg.

Compression of the 7.9 mm gels (Figure 7b) resutteéte rise in R.s during
the first minute of compression to 8.3%30.3x1¢ cm'™.

During the second minute of compression the rewistaof FLS grew
significantly to 11.08x1%0.8 x1¢ cm* compared to the min 1. Further compression

resulted in further significant increase in the ko 13.29x16+0.9 x1¢ cmi* during
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the third minute, 18.6x1#1.2 x1¢ cm™ during min 4 and 20.27x1€0.55 x1d cm™
during min 5. Following 5 minute period of compriess (min 5-10) resulted in
further significant increase of the-R bringing the value to 23.1x40.38 x1d cm™

(p=0.0001) when the gels of this height were corsged.
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Fig. 7 Change in the hydraulic resistance of thedid leaving surface (R.s) of the
gels of 5.3 (a), 7.9 (b), 10.6 (c) and 13 (d) mmitial height during the first 5
minutes of the of plastic compression process. Hydulic resistance of the fluid
leaving surface of the gels at each minute of theqress is presented in cih *-
statistically significant difference compared to tle previous time point (p<0.05).
Arrows indicate ‘jumps’ in value characteristic for 7.9 and 10.6 mm gels.
Compression of the 10.6 mm (Figure 7c) gels reduite increase of the
hydraulic resistance of the fluid leaving surfanehe first minute of compression to
9.14x10+2.1x10" cmi®. During the second minute,rR grew to 11.8x1%2.6x10

cm®. By minute three the resistance grew further t®XBJf+1.9x10" cm*, which

was significantly greater (p=0.0001) compared te pmevious minute. During the
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next minute (min 4) value increased significar(fy0.0001) to 21.8x1®&1.5x1¢
cm®. By the fifth minute of compression, (R grew again significantly to
24.2x10+0.9x10" cm™. Further compression led to non significant inseeén the
resistance of FLS. During min 5-10 of compressiatue rose to 25.3x##0.9x1¢
cm?, at min 10-15 Rs was 26.3x1%:0.8x10' cm™ and finally by the time of full
compression at min 15-20-R for the gels of this height was 26.7%20.7x10 cm™.

During the first minute of compression of the 13 riita hydraulic resistance
of the FLS (Figure 7d) rose to 10.5%40.8x1¢ cmi’. During the second minute-R
grew significantly to 15.7x182.8x1d cmi*. At minute three of compression the R
was 19.5x183x10" cm®, insignificant increase compared to minute two.rif
minute 4 the value rose to 22.8%48.1x10¢' cmi* and by minute 5 grew significantly
again (p=0.001) to 26.01x}®.7x1¢ cm™. Further compression (min 5-10) led to the
last significant increase in the value (p=0.034B®8x10+1.7x1¢' cm™. Between
min 10-15 R.s grew to 34.3x1%1.2x10 cm™, between min 15-20 to 34.5+0.8X10
cm™* and finally at the time-point of compression fbetl3 mm gels the {i&s value
was 34.7x180.4x10 cm™.

To investigate the effect of the gel height on therease in hydraulic
resistance of FLS, the values for different gelgheiwere compared at each time-
points of compression. Data is presented grapkgicalFigure 8.

At minute one R.s of the 13 mm gels was significantly higher (p=@0pD
than any other gel height (5.3, 7.9 and 10.6mm).

At minute two of compression same result was obethithe value of Rs of

the 13 mm gels was significantly higher comparedtter gel heights.
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At minute three R s of the 13 mm gels was significantly higher thaattbf
5.3 and 7.9 mm gels. The value for 5.3 mm gels sigisificantly lower compared to

other gel heights. Rs of 7.9 mm gels was lower compared to 10.6 and d8gals.
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Fig. 8 Effect of the height of the gel (5.3, 7.9016 and 13 mm) on the hydraulic
resistance of the fluid leaving surface (Rs) (in cm™) during the first 5 minutes
of plastic compression process. *-significant diffence between gel heights at
each time point (p<0.05).

Predictably, by minute 4 of compressiop of the 5.3 mm gels was lower
compared to other gels. Also not surprisingly valie7.9 mm gels was lower than
that for 10.6 and 13 mm gels. Both shorter gelsremaring the time-point of full
compression and fluid flow out of the gels of thésgghts slowed considerably and
as a result transport and deposition of the cofidgees at the FLS also decreased.
The same trend continued during minute 5 of congowas

During min 5-10 of compression resistance of th& kithe 7.9mm gels was
significantly lower compared to 10.6 and 13 mm g¥lalue of R s in the 13 mm

gels was significantly higher compared to 7.9 afd Inm gels. Same was true at

min 10-15 and 15-20 where-R of the 13 mm gels was significantly higher thais th
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of 10.6 mm gels. The results show that gel heidfieices the hydraulic resistance of
the fluid leaving surface.
Parameters of the resulting constructs and variabil

Constructs, fabricated using M-PC, were fixed imiatdy, weighed and
processed for routine histology to determine thader Immediate fixation can affect
physical properties of the collagen; the data pcedun this study were used only to

determine values of standard deviation as an itahad variability.

Mean values of total fluid losstSD (in ml), weigh& (in g) and
thickness+SD (in um) of the 12 constructs, prepametiree different 12 well plates,
as measured immediately after compression of thestaects, are summarised in
Table 3. There was no significant variation betwésa total volume of lost fluid,
weights or thickness of the constructs preparenh filze same gel height with values

of SD within 10% of the mean.

The constructs, fabricated from 5.3 (0.01 = 0.0p&md 7.9 (0.03 = 0.01 g)
mm gels weighted significantly less than those Itespufrom compression of 10.6

(0.17 £0.013 g) and 13 (0.2 £ 0.01 g) mm gels (pe).

Constructs made of 5.3 mm initial gels were sigatfitly thinner (26.6£3 pum)
compared to the constructs resulting from compoessf 7.9 (37£2.7 um, p=0.002),
10.6 (57.3+4.7 pm, p=0.001) and 13 (63.6 £ 5.4 px®.001) mm gels. Compression
of the 13 mm gels resulted in the significantlyck@r constructs compared to other
gel heights (p<0.001).

Figure 9 shows representative histological imagds tlee constructs
(triplicates), made from the gels of 5.3 (a), 7)9{®.6(c) and 13(d) mm initial height,

confirming uniformity of the constructs made usmaglti-well plastic compression.
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Table 3. Parameters of the constructs (total fluidoss, weight and thickness)
fabricated from the gels of different initial heights and constant surface area
(379.9 mnf).

Gel height, mm| Mean total fluid loss | Mean weight| Mean thickness
ml+SD g+SD HmM+SD

5.3 1.94+0.07 0.01 £+ 0.001 | 26.6%3

7.9 2.85+0.06 0.03+£0.001 | 37+£2.7

10.6 3.7+0.09 0.17 £0.013 | 57.3+4.7

13 4.7+0.1 0.2+0.01 63.6 + 6.4

Assessment of cell viability.

To determine utility of the method for cell cultuegperiments, cellular gels
were set in the 12 well-format and compressed. IRegLconstructs were cultured in
the same wells for 14 days. Viability of the resideells was assessed at day O (to
determine possible detrimental effects of the upwaympression) and day 14 (to
assess possible long-term damage). As can be sm@ntlie Figure 10a, there was
neither (i) immediate nor (ii) long-lasting negatieffect on cell viability with the
percentage of viable cells being 87£10% at dayd30+5.3% at day 14. Figure 10b
shows histological image of the cellular constrafter 14 days in culture with the
evidence of cellular matrix remodelling, which gveonstructs characteristic ‘lacy’

appearance, with cells residing in the voids.
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13 mm

100 ym f.

Fig. 9 Representative histological images of the structs (in triplicate, indicated
by arrows), fabricated using multi-well plastic conpression process from the gels
of 5.3 (a), 7.9 (b), 10.6 (c) and 13 (d) mm initidieight. Constructs were fixed
immediately after compression. Staining-Sirius Red
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Fig. 10 (a) Histogram showing percentage of viableells in the constructs
prepared using multi-well plastic compression immethtely after assembly (day
0) and after 14 days in culture. (b) Representativaistological image of the cell-
seeded construct after 14 daysn vitro. Areas of cell matrix remodelling are
outlined in black.

Discussion

In this chapter multi-well plastic compression (MPof collagen has been
developed and characterised as a route to scafiraj-the process. Basic concept of
the technology, described in the original paperBrpwn et al (2005), involves

uniaxial rapid expulsion of >98% of interstitiauitl from hyper-hydrated collagen

gels under load. The same principle of unidirecldiuid removal was used in the
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spin-off method, described here but with settind ammpressing of the collagen gels
in a multi-well format, making use of the standéssue culture multi-well plates. In
this instance 12 well-plate format was used, thougtious formats (eg 6, 24 or 96
well-plates) can be used. This technique allows dwnultaneous fabrication of
multiple constructs in controlled manner, poteiiateducing inter-construct
variability as well as handling of the constructs the operator. This last point is
particularly important for cell-seeded samples asstructs can be set, compressed
and cultured in the same sterile container.

In this chapter the technique has been evaluateskdban the basic
characteristics of the constructs, produced usirggtechnique. Following parameters
were investigated: (i) average fluid loss agaimset rate of fluid loss and dynamics
of fluid leaving surface formation during compressiof the range of collagen gel
heights, (ii)) end time-point of full compressionr fthe same gel heights, (iii)
reproducibility of the method between sets as atfan of the resulting constructs
weight, thickness and total volume of the fluidstifrom the gels of each height, and
(iv) effect on long-term culture of cell-seeded swuacts, compressed in this manner.

The new method allows for simultaneous standardisechpression of
different collagen volumes in triplicates in them@awell-plate. Rolls of absorbent
paper were used as the absorbent plunger with dfddser paper in contact with the
gel to ensure even liquid distribution and absesfcenarks on the surface of the gel
from the paper roll. Simply by measuring the chaimgthe weight of absorbent over
time as an indicator of the amount of fluid losirfr the gels, it was possible not only
to characterise the new process in terms of the @ifrfull compression for the gels of
different heights. It has also been shown, thaptloeess progression greatly depends

on the height of the gel for any given surface area
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There was no linear relationship between the heightthe gel and
compression time, i.e. by doubling the height ad gel (5.3 to 10.6 mm) does not
mean that the time-point of full compression isiaetd in double the time. Indeed,
where smaller gels were compressed in 5 minutds, @etwice the height were
compressed in 20 minutes. These results are ireqiesigreement with the current
report (Hadjipanayi et al., 2010) where the autlstiewed that the higher the volume
to surface area ratio, the longer it takes to fathynpress the gel due to the following
phenomenon. As the hyperhydrated collagen geéstafely comprise a network of
the interconnected fibrils, suspended in large mas of water, when liquid is
removed from a single exit surface (fluid leavingrface, FLS) this effectively
functions as an ultrafilter, retaining cells, fibriand large molecules. It is a well
described phenomenon, that such filters becomeétbwith time to the point where
surface permeability falls near to zero. Such agkifhthe filter membrane is a major
problem in the industries such as water purificatidherefore, the higher the gel
(and, consequently, the amount of fibrous protéie)faster this ‘filter’ will become
blocked and therefore longer time is required tooee the residual fluid.

The detailed mechanism of the FLS blockage has Hesronstrated recently
(Hadjipanayi et al., 2010). It is known that duripastic compression of collagen,
deposition of protein layers on the exit surfa@beto formation of microlamellae in
the bulk of the constructs (Brown, 2005). Furthereistigation by Hadjipanayi et al.
showed that this is a key to the falling permesbilof the FLS during the
compression. In this study carbon particles weneethiwith the neutralized collagen
solution, and a collagen gel was set in the moutt extremely high height to fluid
leaving surface area ratio (3.5 ml of collagen weitsin the barrel of the 2ml syringe)

and was allowed to compress under its own weighte Bet-up effectively
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exaggerates the height to surface area effect mtipes ‘slow motion’ compression
which is easy to measure.

Particle deposition on the FLS and compaction ¢ivee was monitored. This
indicated that different layers of collagen movdapendently, so that the area of the
gel furthest from the FLS changed very little (lshea carbon particles position) with
time. Thus, each new collagen-lamella was added th filter cake on top of the
previous layer of collagen, but at process comghetiny uncaked lamellae remained
as separate outside the mass of collagen, contshtad the fluid leaving surface.
Therefore, effectively from the moment plastic coegsion was initiated new layers
were added to the FLS, such that water has to $8 gaough growing number of
dense layers until it becomes blocked. This hypgithhas been tested in the standard
plastic compression condition, where process wasniined (gels are removed from
the setting mould prior to compression) and theiteof the gels was very small
compared with the fluid leaving surface area, imtast with the new multi-well
system described here.

Taking into account these two factors it is posstblexplain the characteristic
jumps’ in the curves of average fluid loss for the& and 10.6 mm gels by the
formation of the additional, secondary fluid leayisurface at the bottom of the gels.
Compression of the collagen gels in the multi-wlelfmat can be described as
pressure system, where fluid movement relieves libéding pressure. As a
consequence, when one out-let (primary FLS) becdnimsked, a secondary FLS
formation is likely in the areas where it was natdurable initially, for example at
the bottom of the gel, as illustrated schematicallifzigure 11. The time-points of the
jumps’ (third minute of the process for the 7.9 ngels and second minute for the

10.6 mm gels) would represent the time-point of skeeondary FLS formation. It
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appears that in the case of the 5.6 mm gels seppfRtl® was not formed. In the case
of the 13 mm gels, formation of the secondary HE8,is formed, must have taken
place during the first minute of compression. Tharfation of the additional fluid
leaving surface presents an interesting opportunitgngineer the internal structures
in the compressed collagen gels using the newrsysis height of the gel is a ratio
of volume to the surface area this is applicablether formats (6, 24, 96 well plates).
Knowing the ratio and the desired internal struetof the construct it is possible to
fabricate a uniformly compressed construct (suctesslted from compression of the
5.6 mm gels) or a construct with two dense fluavlag surfaces as in the case of the
13 mm gels. By terminating the process at certamw time-points great degree of
internal anisotropy can be engineered. For exangden case of the 7.9 mm gels,
terminating the process before the third minuteahpression can potentially result

in the construct with the decreasing top-bottorarmal gradient of collagen density.

water out

- \'{
-« ¥  primary FLS formed
primary FLS

AN collagen gel r /@ /@
\ J @ secondary FLS

fluid flow diverted

Fig.11 Diagram, illustrating the proposed mechanismof the secondary FLS
formation during the multi-well compression process

Interestingly, the effect of the gel height on ghvecess of compression in the
multi-well format was also evident when the ratetted fluid loss from the gels was
analysed. The higher initial rate of the fluid fld@m the gels with higher volume to

surface area ratio suggests that in this systeit ffuexpelled from the gels not only
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through the fluid leaving surface (primary and setary) but also though the sides of
the gels. This is indeed not surprising. Geomdtyicgels, set in the well-plate, can
be described as cylinders. As such, the surface @irehe side of the cylinders in
guite substantial compared to the area of the jpmdluid loss (the top and bottom)
of the cylinder. As an example, surface area ofdide of the 13 mm high gel is
898mnft; sum area of both top and bottom in this syste2x880 mmi) 760 mnf,
giving a total of 1658 mfm Compared to the smallest gel height, used inghidy,
surface area of the side is 366 fmm@nd sum area of top and bottom, as before, 760

mn?; total area of the gel is 1126 m

Indeed, it appears that this additional fluid le&viroute adds significantly to
the rate of fluid flow when the height of the gedsequals or greater as radius of the
FLS, as this phenomenon is not present when gedmafler height are compressed.
The sides of the gels were not usually taken intmant as a route of fluid flow when
collagen gels are compressed following the stangaodocol due to traditionally
small height (7.4 mm) to fluid leaving surface a(8@2 mnf) ratio (thin rectangular
block). The surface area of the side of such @sy@B4 mni, giving a total surface
area of the gel (and potentially routes for fluigtflow) of 2128 mn. It appears that
compression of gels which surpass a certain cruatad of height to FLS area is not
possible in the standard conditions as it leadthéosignificant deformation of the
compressed gels (Hadjipanayi et al., 2010). Thi$ Faghlights another advantage
point of the new system, where no substantial chamghape was noted between the
constructs.

The method of multi-well plastic compression allofes monitoring of the
process of compression as it happens at the setpoimts. In this study, monitoring

of the process minute by minute for the first fimenutes showed that the events,
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occurring during the first minute of compressionyern the whole process. During
the first minute of compression same amount otdfi@pproximately 1 ml) was lost
from the 5.3 mm gels (2 ml of neutralised collagefution) and 7.9 mm gels (3ml of
collagen solution). Based on initial collagen cartcation (2 mg/ml, as supplied by
the manufacturer), when this amount of fluid lék gel, 1.6 mg of collagen has been
deposited on the fluid leaving surface and this amh@onsiderably slowed down the
rate of fluid flow during the remainder of the pess. Therefore, it is possible to
estimate the critical collagen concentration alua fleaving surface is 4.2x16 mg
per mnf. When this is achieved, the permeability of thedflleaving surface falls
substantially. This constant can be used for dibrenats (6, 24, 96 well plates) if the
same starting conditions are used (initial collagencentration, absorbent, applied
pressure), bringing further degree of control antlewstanding of the plastic
compression process.

Collagen gels consist of two components — fluid pratein, which are mobile
during the plastic compression. Movement of thédflcomponent can be measured
directly by measuring changing weight of absorbantset time-points. However,
direct monitoring of the translocation of the protecomponent is challenging,
although this data would help in understandingahisotropy in the compressed gels
due to blockage of the FLS. Quantitative assessmokmhe dynamics of the FLS
formation during compression as well as proteinuaudation at the FLS when
process is completed, gives greater control oweirrtternal structure of the construct.
This can prove valuable for example when micro-rdimgl features into the FLS as
stability of these greatly depends on formatiom afense layer of protein on the fluid
leaving surface, as discussed in the previous ehapDne of the ways to directly

guantify the dynamics of a growing layer of collaga the vicinity of fluid leaving
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surface would be to fix compressed gels at set poiets and measure the thickness
of denser collagen layer in the bulk of the comgires collagen gels from histological
images. Alternatively, an indirect approach wa®tak this study. It has been shown
that the process of plastic compression can to sdeggee be described by the
Darsy’s law of fluid flow through the porous mediader pressure (Hadjipanayi et
al., 2010, _Serpooshaet al., 2011). Using this equation, it is possitdecalculate
growing hydraulic resistance at the fluid leavingface during compression of the
gels of different height.

The hypothesis under test was that given equatl fleaving surface area,
pressure (force) applied to generate fluid flow,cant and quality of absorbent and
collagen concentration, the hydraulic resistancEL® will be greater in taller gels as
bigger volumes of water travel through the bodyhef gel carrying larger amounts of
collagen with it, resulting in quicker blocking thfe leaving surface leading to higher
resistance. The data obtained in this study supgasthypothesis, however in the
view of the additional points of fluid exits (sidaed bottom surface) it is difficult to
distinguish between the hydraulic resistance ofphmmary FLS (in contact with the
absorbent) and others. Further experiments areedeedpin-point the time-points of
the additional FLS formation together with histatad examination of the constructs,
as suggested previously.

Growing hydraulic resistance on the fluid leavingface is explained by the
transport of the protein content of the gel durammpression which results in the
gradual blocking of the FLS, as has been discupsedously. As such, this value
describes the layer of collagen, closest to thiel fxit point, distinguishing it from
the collagen in the bulk of the construct. Therefaf the resistance of the FLS,

achieved at the point of full compression for thedsgof different heights can be
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converted into the absolute amount of collagemyatild be possible to characterise
compressed collagen gels by two values: the amafymtotein on the FLS and in the
main body of the construct. As the value of FLSstasce at the first minute of
compression for 5.3 mm gels corresponds to théakitollagen concentration (as
discussed previously), it is possible to conveg sRvalues into milligrams of
collagen. Following these calculations, when tlim gels are fully compressed,
90% (2.58 mg) of the protein content has been digubat the FLS, giving constructs
with near homogeneous density if collagen througtioel construct. Therefore, when
constructs with homogeneous distribution of thetgroare required, gels of this
volume to surface area ration should be used.drgéis with higher ratio, formation
of the secondary FLS must be taken into accoungboerally these will have more
complex heterogeneous densities. Therefore, wherhdéight of the gel is doubled,
protein is distributed equally between the primang secondary FLS (approximately
40%). Therefore, formation of the secondary flueéving surface when gels are
compressed using this new system is a significaehpmenon, affecting the collagen
distribution throughout the resulting constructofters an interesting possibility of
micro-moulding of the both surfaces of the congtmdtich was not possible using the
standard PC method.

To conclude, it has been shown in this study thatrhain characteristics of
the M-PC process are well within those for the ioag method. Loading pressure
used here, even allowing for gradual increaseenatbight of absorbing paper rolls, is
within defined limits specified previously by Haoginayi et al. (2010). Time of
compression is longer in M-PC due to smaller fllgdving surface area and semi-
confined set-up, compared to the standard protdd¢m.amount of fluid lost from the

gels of the heights investigated is also within thege set for the original method
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(90+%, Brown et al., 2005). Thickness of the fixamhstructs corresponds well with
the data obtained for the original method (up t@0apm) (Brown et al., 2005).
Viability of resident cells is also within rangefuhed for original PC method and
constructs can be cultured up to 2 weeks withotrirdental effect. Morphology of
the constructs at the end of culture period waspayable with constructs made using
the original PC method and showed signs of magiradelling (as discussed in the
previous chapter).

The multi-well plastic compression method has ssveconsiderable
advantages, compared to the original method. Sametius compression of multiple
gels offers considerable saving on time of singlestruct fabrication. The process is
easy to monitor and control, resulting construaisndt require additional handling
and can be cultured in the same plate if neededoreMmportantly, given the
reproducibility of the constructs produced withire tset, use of M-PC will potentially
give an operator greater control over propertiesestilting constructs, depending on
desired end-result. Additionally, the new systdlawes for precise control over the
morphology of the resulting constructs, offeringchoice of the isotropic or
anisotropic distribution of the protein in the bodf the construct by varying the
volume to surface area ratio within the limits,idedl in this study.

The key advantage of the new system is that flkachfthe gels is removed in
the upward direction, so that the principle flueéving surface is now always on top
of the last compressed gel. In other words each geling layer has a brand new
(unblocked) FLS. This makes possible to explorertdpetitive fabrication of multi-
layered constructs, which was not possible (or rimelly challenging) using the
standard system. In this case water was removecdhwamis through the same FLS

for all repeating layers (Hadjipanayi et al., 2008aanta et al, 2009). In such a
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system, if new layer is cast on top of the previpgesmpressed one, the fluid content
of the upper gel needs to flow though its own foergnFLS and through the dense
underlying compressed gel. Certainly, making trplgeered compressed constructs in
such a system would allow minimal compression gfeta3. The new method

circumvents this obstacle, as each newly set catidgyer will be compressed on top
of the previous one with the new FLS forming on tdach layer. The next chapter
is dedicated to investigating mechanisms of malered construct formation and

testing this fluid flow hypothesis using the upwéodv multi-well format.
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Chapter 6
Fabrication of the multilayered PC collagen constrats using M-PC

method

Introduction

Following development and evaluation of multi-weléstic compression (M-
PC) method as described in the previous chapter, gbssibility of creating
multilayered constructs, using this method, wasestigated. The evolution of
separate layers with distinct function in multilo&r organisms appears as early as
the hydra (Cnidaria). In the human body almost yuesue consists of spatially
defined layers and cell types, differing from tissto tissue in number and
complexity.

Taking this into account is paramount for enginggtissues, both fan vivo
or in vitro use. However, until recently, the majority of r&sd was done on the
assumption that a single-layered bulk of matrixyrel or synthetic) and cells would
be sufficient. For example, in the well researclagea of skin engineering, FDA
approved products used in clinic to treat diabateers and burns started as single
sheets of decellularised extracellular matrix oll-cempacted collagen hydrogels
with only recent development of one or two cellutyrers (Shevchenko et al., 2010,
Groeber et al., 2011). However, human skin congs$tspatially and functionally
defined layers with specialised cell populationgach layer. It is not surprising, then,
that allografts are still the gold standard whezating diabetic ulcers and burns. A
number of techniques have been developed receptlyldyer or sheet tissue
engineering. These generally either involve laygoh cell-sheets (which are poor in

matrix) or layering of biomaterials (Yang et al005).
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As plastic compression effectively produces a sbéetll-seeded collagen it
appears to represent a further advance for engmgetirick, multilayered constructs.
Hadjipanayi et al (2009) demonstrated fabricatidn double-layered constructs
(cellular and acellular) by separately castingagmi gels, with the first gel being set
prior to addition of the second layer. The wholeidure was then compressed in a
single stage as per original method. However,tdghnology has its limitations. One
of the restrictions of PC is the rate, and finaleex, of compression (i.e. thickness of
the resulting construct, water content and collagemcentration). These parameters
are closely related to formation of the fluid leayisurface (FLS) area and the initial
height of the gel, as demonstrated in the prevahagpter. It is known that decrease of
flow rate during compression is mainly due to thecking of FLS by collagen fibres,
carried with the fluid and accumulated at the baupdevel (Hadjipanayi et al.,
2010). It has been shown that restriction of FL&khge when using the original PC
method can be partially overcome by partial congoesof the gel on each side, so
that two FLS are formed on the opposite surfaceshefgel, (Hadjipanayi et al.,
2010). However, this method is also limited by thigal height of the gel and alters
final construct structure, creating greater topdmatsymmetry.

The advantage of multilayered M-PC is that there ao progressive
restrictions of FLS. Each new gel layer forms a nEWS when compressed.
Theoretically, the thickness of each single lagethe main restriction, not their total
number, as each layer is compressed individuallgoAas stressed in the previous
chapter, this model gives an opportunity to fali@camultiple constructs
simultaneously (6 to 96, depending on the wellelarmat used). Additionally, by
using this method, it is possible to fabricate ctaxpmultilayered tissues with

different cell-types or densities in each layermiy also be possible to control cell
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infiltration between the layers, as it is knownttivecreased stiffness of the matrix
enhances motility of some cell types (Hadjipana909).

As has been shown in the previous chapter, it $sipée to control the amount
of collagen accumulated at the FLS and hence dottteospeed or even direction of
cell infiltration between the layers, by selectithg initial height of the gel with a
matched compression time.

In this chapter use of multi-well plastic compressifor fabrication of
multilayered collagen constructs will be descrilzesdwell as basic characteristics of
the process and the constructs, produced using tdaknique. The following
parameters will be investigated: (i) qualitativesessment of layer separation
following agitation and morphology of the interlayenterface, (i) change in
thickness of the constructs, brought in contachwlitid immediately after PC as an
indicator of interlayer integration mechanisms) @ffect of double-layering of the
gels on the fluid loss from the upper layer andgpession of the compression process
of the same layer compared to the compression efsthgle layer (iv) effect of
layering more than two (up to ten) gels on the troes morphology and fluid loss
dynamics from the upper layer, and (v) effect dfuter activity on the morphology
of the interfaces in the multilayered cell-seedethstructs at the end of culture
period.

Materials and Methods

Preparation of acellular and cellular collagen gels

Collagen was neutralised as described before (Enapt Cellular constructs
were prepared as described before (Chapter 2).
To investigate influence of resident cells on naytered constructs, 1, 2, 3, 4

and 5 layered constructs were made, each layerstioigsof 10.6 mm (4 ml) of cell-
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containing collagen solution. Constructs were celuin the same plate for 3 weeks
(n=3 for each condition).

Fabrication of multi-layered constructs using M-R@ulti-layered M-PC)

A schematic illustration of the construct assemsblghown in Figure 2. Multi-
well plastic compression was performed as describéide previous chapter. Briefly,
standard tissue-culture 12-well plates were usedhascasting mould. Rolls of
absorbent paper (d=21mm, average weight 4.4+0.8ctpd as the fluid-removing
elements. Each gel was subjected to 35.8 g + 84¢(01042+1.6 Pa) initial load.
After compression of the first layer (Figure 1agsh collagen solution was poured on
top of the first (compressed) layer, set in thesananner and compressed following

same protocol (Figure 1b).
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Fig. 1 Schematic illustration of the multi-layeredcollagen construct assembly.
(@) Collagen gels are set and compressed in the Zll-format, leaving
compressed collagen sheet at the bottom of the welhich will act as a first layer.
(b) Second volume of neutralized collagen is set dop of the first (compressed)
layer. When second gel is set, process of compressis repeated, resulting in the
double layered construct. Process is repeated inghrsame manner for fabrication
of collagen constructs, consisting of more than twiayers.

Layer separation assay

Two-layered constructs (n=3), each layer consistigl3 mm gel were

prepared as described above. To investigate theenaf the interlayer connection,
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these constructs were compared with two layeredtoacts (13 mm initial gels, n=3),
where each layer was compressed simultaneouslgparate wells and then pressed
together with the load (43 g) for 5 min. Both typdsconstructs were submerged in
10 ml of PBS and agitated on a shaker plate fanRfutes or until layers separated.

Measurement of fluid loss

Fluid loss from each layer during multi-layered stact assembly was
monitored in the same manner described in the pusvchapter. Data were collected
for following constructs: 2 layers of 5.3mm, 10.6nnand 13mm initial gel height
(n=6 for each gel height), 10 layers of 5.3 mm geld 10 layers of 13 mm gels (n=3
for each gel height). Data is presented as meahltiastSD.

Post-compression change in construct thickness

Single layered constructs (n=3), made from 13 mris,g@&ere cut into
qguarters, which were either fixed immediately, (or left in PBS for 0.5, 1, 1.5 hrs
prior to fixation. A separate experiment was perfed in the same manner with
fixation at ¢ 2, 2.5 and 3 hrs. Constructs, made of three $af&8 mm gels in each
layer) were cut in half. Each half was either fixady or left in PBS for 24 hrs and
fixed at the end of this period. Fixed samples wesi-embedded and sectioned at 12
pm thickness in transverse plane. Sections weilgaestausing SiriusRed staining
protocol (see Chapter 2) and used for image arsalysi

Histology and image analysis

Cellular constructs were fixed after 3 weeks intuned and processed as
described in Chapter 2. Thickness of the whole ttoasand individual layers was
compared with the thickness of single layered coost Data is presented as mean

thickness of the construct+SD
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SEM

Two-layered constructs (n=3), assembled from 5.3 imtral gel height per
layer were processed as described in Chapter 2.
Statistical analysis

Data were analysed as described in Chapter 2.

Results

Interlayer integration

It is essential requirement of the fabricationled tulti-layered contracts that
layers do not separate following mechanical agitatiTo qualitatively evaluate
interlayer integration of two-layered constructslsgof 13 mm initial height per layer
were prepared following two experimental designise Tirst treatment consisted of
separately compressing two collagen sheets. Theepsois shown schematically in
the Figure 3, insert on the left. These constru&ge compared to the double-layered
constructs, made of 13 mm gels compressed followiagnultiM-PC method, where
first gel was compressed and second gel was set@ngressed on top of the first
one. Process is shown schematically on the Figures@rt on the right.

Constructs, prepared following both protocols, wien submerged in 10 ml
of PBS and agitated on a shaker plate until laygpasation. Double-layered
constructs, made using the first treatment (malayalring) became separated after 2
minutes of agitation. Constructs, made using tleorse treatment did not separate
following agitation for 20 minutes, at which poiptocess was terminated. Main
picture in the Figure 2 shows two dishes with trenoally assembled construct on
the left and multi-layered construct assembledgusiie multi-layered M-PC method

on the left after 20 minutes of agitation.
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Fig. 2 Results of the layer separation assay. Douwblayered constructs were
prepared either by separately compressing two colgen gels and manually
pressing them together afterwards (insert on the uper left corner) or by
compressing the first layer and setting next gel otop of it prior to compression
(insert on the lower right corner). The resulting ©nstructs were subjected to
mechanical agitation on a shaker plate for up to 2@ninutes. Constructs, made
using the first protocol separated after 2 minutesof agitation; two separate
layers are shown floating in the Petri dish on théeft. Constructs, prepared using
second protocol remained intact after 20 minutes agation and shown in the
Petri dish on the right as a single construct. Corsicts are indicated on the
image by arrows.

Dish on the left contains two separated layers,redmse construct on the right
is intact. These data indicate resistance of thiitayered constructs to mechanical
agitation.

The interface between layers of the double-layaredstructs, made using
multi-well plastic compression method from 5.3 meisgwas visualised using SEM.
The inter-layer interface post-compression was sggdy tearing the constructs the
transverse plane and partially separating the $aydgure 3a shows a representative
SEM image of the intact bi-layer with a visible FIf&iid leaving surface), indicated

on the image by arrows, at the upper layer andritezface between the layers and

indicated by arrowheads. Interestingly, it appdaosn the image that FLS of the
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bottom layer is less dense compared to the upper.l&/hen layers were manually
separated as shown in Figure 3b, interface suidadbe bottom layer had ‘wispy’

fibrous appearance compared with the FLS of theeufgyer. The internal structure
of interlayer space, shown in Figure 3c, consistethe fibrilar structures connecting

the two layers.

Side view
Second layer
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Top view
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Fig. 3 Representative SEM images of the interfaceea between two layers of the
double-layered construct, made from 5.3 mm gels. @structs were fabricated by
compressing the first collagen gel and subsequergting and compression of the
next layer on top of the first (compressed) layer(a) Transverse view of the
construct. Top layer on the image is the second ip layer of the construct. The
fluid leaving surface of the top layer is indicatedoy the downward arrows, the
area of interface between the layers is indicatedybthe upward arrows. (b) Top
view of the exposed interface area. For that, topayer was lifted to expose



134

underlying surface. Arrows in the highlighted areaindicate collagen fibrils torn

in the process, which gives the interface charactstic ‘wispy’ appearance. (c)
Internal view of the interface between two layers.Layers were gently separated
without total detachment prior to expose the interbce. Dashed arrow indicates
area of interest, solid arrows point at collagen brils, stretched between two
layers.

These results suggest that interlayer connectiost make place whilst upper
gel is still in liquid form (prior to fibril assentyy) as collagen fibrils, connecting the
upper layer to the lower, pre-compressed layercdconly have come from the second
compressed gel. The interconnection between lagkss suggests interlayer fluid
movement, as these connecting fibrils stretch betwayers one and two, so they
must have been drawn in the FLS of the layer onsoate point in the construct
assembly.

Dynamics of change in constructs’ thickness aftengression

Plastic compression results in high degree of deltion of the constructs
(>90% of fluid content is removed) immediately afpeocess is completed. This can
potentially result in some degree of fluid reuptékeonstructs are brought in contact
with liquid afterwards. If true, it could affectterlayer integration, as the next layer
of neutralised collagen is poured on top of theviogsly compressed one prior to
gelation. To assess the effect of construct ingabain the thickness as an indirect
measure of fluid reuptake, constructs made of 13 gets were either fixed
immediately after assembly (thickness at time Oefirin PBS for up to 3 hours in
total and fixed at 0.5 hours intervals, giving measof the thickness at 0.5, 1, 2, 2.5
and 3 hours of incubation. Constructs were fixedhase time points, stained with

SiriusRed and thickness measured from the resutmages. Initial thickness (at time

0) of the constructs, made of the gels of 13 mmglitevas 60.8+5 pum.
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Fig. 4 (a) Graph showing change in the thicknesd the compressed constructs,
made in the 12 well-format, with the incubation tine; initial height of the gel — 13
mm. * - significant difference compared to time 0 [§<0.05). (b) Bar chart,

showing relative change in the height of the compssed collagen immediately
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after compression and after 30 minutes incubationni PBS compared to the
initial height of the gel (13 mm) in percent to cofirm plastic nature of the
process. Initial height of the gel is taken as a 006.

After incubation in PBS for 0.5 hours, thicknesstloé constructs increased
significantly (p=0.001) to 103.8+7.9 um. There was significant increase in the
thickness of the constructs at subsequent timetgoidata is shown graphically in
Figure 4a.The results indicate that significantptake of fluid takes place in the 30
minute interval after compression. However, timsréase in the thickness of the
compressed construct is not significant comparetheoinitial height of the gel (44
pm compared to 13 000 pm initial height) and doets aompromise the term of
‘plastic compression’.

Relative change in the initial gel height (takenaal00%) after compression
and after 30 min of incubation is shown in the [Fegd b. It can be seen from the
graph, that although there is an increase in cocistthickness after 30 min
incubation, it is insignificant compared to thetiadi gel height (100% - initial height
(13 mm), 0.6% immediately after compression (60 ang 0.92% (104 um) after 30
min incubation). To evaluate the effect of thisi@ on the thickness of multilayered
constructs, 3-layered constructs were fabricatechfd3 mm initial gel height and
either fixed immediately or following incubation iIRBS for 24 hrs. Qualitative
evaluation (Figure 5a) showed that overall thicknesthe construct made of three
layers and fixed immediately was 267.9+ 8.2 um, r@h@verage thickness of the
layers 1 and 2 was 102 um, and of the layer 3 (cesspd last) was 64 um. After 24
hours, overall thickness of the construct incredse2D9 + 17.1 um due to reswelling
of the third layer, an increase of approximatel§ol%-igure S5b shows representative
histological images of the constructs stained \@ihus Red. When constructs were

fixed immediately after assembly several distireztéires can be seen on the image
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such as primary and secondary fluid leaving sudacesach layer, indicated by the

arrowheads and unequal thickness of the layers.

350 1

300 A

thickness, pm
5 & 8 B
o o o o
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o
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o
!

time 0 time 24 hrs

time 24 hrs 1

Fig. 5 (a) Bar chart showing the thickness of theriple-layered constructs,
assembled from the 13 mm gels per layer. Constructsvere either fixed
immediately (time 0) or incubated for 24 hours (tine 24 hrs) in PBS prior to
fixation. (b) Representative histological imagesfdhe constructs, fixed at time O
and time 24 hrs. Dashed lines indicate interlayer dundaries. Dashed arrows
indicate primary fluid leaving surface of the third (uppermost) layer. Solid
arrows point at the secondary FLS of the first (bas) layer.

This morphology is indeed in agreement with prasi@inding. Reswelling of
the layers one and two took place during the setiinthe gels, which became upper

layers. However, the uppermost layer had been fireaediately and so did not
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reswell, giving the discrepancy in the layer thieks. In addition it is clear that
interlayer boundaries became less evident. Howéwerprimary FLS of the third
(last) layer was still visible, as well as a sea@yd-LS at the base of layer 1, which
was compressed first. These findings suggest dsatalling continues for at least 24
hours after process of compression is completethoadh the increase in the
thickness of the construct was not statisticaliyngicant.

Effect of multi-layering on dynamics of fluid Idesm collagen gels during
compression

As has been shown in the previous chapter, pradfggdastic compression can
be described in terms of percentage fluid loss ftbercompressed gel at set time
points and the progress of the process can beedagknute by minute using this
data. Fluid loss was measured by weighing the adspmpaper at set time-points
(every 5 minutes) until no change in weight waseddb determine the time-point of
full compression. Absolute values of fluid lossrrdhe gels (in ml) were converted
into percent fluid loss; initial weight of the gehs taken as 100%. This method was
used to study the effect of multi-layering on thaaimics of fluid loss from the gels
of 5.3, 10.6 and 13 mm initial height. Double-lag@rconstructs were made of 5.3,
10.6 and 13 mm gels in each layer.

To map the progress of the plastic compressioragh éayer and determine
the effect of multi-layering on the process, thestfifive minute were investigated
closely by measuring the weight of the absorbingeparoll every minute.
Compression profile of the second layer was mappeparately, by comparing
percentage fluid loss at each minute to the valukeaprevious time point. Data were
then compared between the layers at each time-pwidetermine effect of double-

layer compression on the fluid loss. Times of @dMmpression and total fluid loss in
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present of initial fluid content for layered 5.30.& and 13 mm constructs are
summarised in Table 1. These parameters did nietr dietween layers 1 and 2 for all
gel height investigated.

Table 1 Time-points of full compression and respente values of percentage fluid

loss at these time-points for collagen gels of déifent heights, compressed as
layers in multi-layered constructs. Surface area-37.9 mnf

Layer number | Height of gel,| Time of full | Total fluid
mm compression,| loss, %
min
Layer 1 5.3 5 92.5+4
10.6 20 93+2.3
13 25 94.4+1.5
Layer 2 5.3 5 92.3+3.3
10.6 20 93.4+1.5
13 25
94.2+2.8

In order to track the progress of the compressimtgss, data acquired by
measuring the weight loss from the gel of eachHtteaiy each layer, diameter of the
mould 22 mm) was analysed using one-way ANOVA. WhA&NOVA analysis
showed significant differences between the timeysofp<0.05), appropriate post-hoc
test (Tukey HSD or Games-Howell) was performed lows significantly different
time-points (minutes of compression). Data for egehheight and number of layers
(5.3 (two and 10 layers), 10.6 (two layers) andm® (two and 10 layers) were
analysed in two ways. Firstly, in order to map fhregression of the compression
process, data for total fluid loss at each timeaypof compression for each individual
gel was compared with the value at the previous4moint (e.i. minute 2 to minute 1,
minute 3 to minute 4 etc.). This analysis showedgpession of the compression
process for each compressed layer and helped tdifidgossible influences of
multilayering on the progression of the processo8dly, data collected at each time-

point were compared between the layers (i.e. betaeer 1 and 2 at minute 1, layer
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1 and 2 at minute 3 etc.). This enabled identifocabf the time-points where process
of multilayering resulted in significant differerscén total fluid loss between layers.
Both ways of data analysis allowed for better ustgrding of the multilayering

process and its effects on fluid loss from the satjally compressed collagen gels.
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Fig. 6 Graphs, showing the dynamics of fluid lossrém the double-layered
collagen constructs made of the 5.3 mm gels per kyduring the first 5 minutes
of the of plastic compression process; (a) - laydr, (b) — layer 2. Fluid loss from
the gels at each minute of the process is presentedpercent of initial weight. *-
significant difference between % fluid loss from tle gels at each time-point
(p<0.05).
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Fluid loss from the first layer of the double lag@rconstruct, consisting of
two 5.3.mm gels is shown in Figure 6a and did niedfrom the corresponding
values obtained previously (see Results, Chap}er 5,

Weight loss data from the second 5.3 mm gel (sedagdr is cast and
compressed on top of the compressed first laygurEila) showed that total fluid
loss at the first minute of compression (56.25+8.%fffered significantly from all
the subsequent measurements (p<0.0001). At minug2.2+10% of the initial fluid
was lost (an approximate increase of 26%) whicteitl significantly from minute 1
(p<0.0001). Fluid loss at minute 3 (84.75+3.2%) waé significant compared to
minute 2. By minute 4 of compression 86.37+5% @f weight was lost from the 5.3
mm gel, compressed as a second layer; further assion (at minute 5) resulted in
loss of 92.3+3.3% of fluid content of the gel. Ma@sment at minute 10 showed no
change in the weight loss. Data are shown graphidal Figure 6b.Time of
compression did not differ between layer 1 anda2h tayers were compressed after 5
minutes. The general dynamics of the fluid lossnfrthe second 5.3 mm high gel
followed the same trend as during the compresdidinessingle layer.

Fluid loss from the layers 1 and 2 made of 5.3 naets gt each time point of
compression (minutes 1 to 5) did not differ betwé®e layers (Figure 7). Total fluid
loss at minute 5 of the process was 92.5+4% frorarla and 92.3+£3.3% from layer 2
(Tablel). These data show that compression of ¢hefgs.3 mm initial height on top
of the construct, made by compressing gel of timesmitial height has no effect on

percentage fluid loss from the top layer.



142

100 1 m5.3mm layer1

(U]
o

| m53mmlayer2

~J Cca
[} [} o
1 I I

fluid loss, %
= i N
(]
1

0 -
30
20
10 -
0 -
1 2 3 4 5
time, minutes

Fig. 7 Bar chart showing the effect of the layeringpf two 5.3 mm gels on fluid
loss (in % of initial weight) during the first 5 minutes of plastic compression
process.

Fluid loss from the first layer of the double lag@rconstruct, consisting of
two 10.6 mm gels (Figure 8a) did not differ frone tborresponding values obtained
previously (see Results, Chapter 5,).

Fluid loss at each minute of compression (minutés 20) of the second 10.6
mm gel, compressed on top of the construct, madeobypressing gel of the same
initial height, is shown in Figure 8b. During thest minute of compression gels of
this height lost on average 35+6.2% of the initiiaild content, significantly less than
at all further time-points. At minute two mean waidpss from the gels of this height
was 56.4+3.7% (approximately 20% increase), a Bggmt increase compared to

minute one (p=0.0001).
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Interestingly, during the compression of the filstyer, there was an
approximate increase of 10%, from 37+£3.9 at miruti® 45.5 £2.5% at minute 2,
indicating different dynamics of fluid flow when B0mm gel was compressed on top

of pre-compressed gel of the same height.
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Fig. 8 Graphs, showing the dynamics of fluid lossrém the double-layered
collagen constructs made of the 10.6 mm gels pewkx during the first 5 minutes

of the of plastic compression process; (a) - laydr, (b) — layer 2. Fluid loss from
the gels at each minute of the process is presentedpercent of initial weight. *-

statistically significant difference compared to tle preceding time-point (p<0.05).
Arrow points at the characteristic ‘jumps’ in the curve.
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At minute 3 fluid loss from the second layer geldhos height amounted to
72.3+4.3%, a significant increase from minute twe(.001). Further compression
resulted in a loss of 83+5% at minute 4 (increds&086, similar to this of the first
layer), a significant increase compared to minu@e<®.0001) and 86+3.4% at minute
5. Compression for further 5 minutes led to 89.2% fluid loss at minute 10. After
further 5 minutes of compression 92.8+3% of fluidsadost from the second 10.6 mm
layer at minute 15 and at minute 20, total fluiddofrom the second layer was
93.4+1.5%. Compression for further 5 minute did sledw change in the weight of
the absorber, compression was completed at mirfute 2

These results indicate that compression of thergkd0.6 mm gel on top of
the compressed gel of the same initial height dm¢saffect time of compression or
total fluid loss but has an effect on the dynanotghe process, resulting in a loss of
characteristic ‘jumps’ in the curve

Figure 9 shows fluid loss from the layers 1 and &lenof 10.6 mm gels at
each time point of compression (minutes 1 to 2@)m#ute 2 fluid loss from the first
layer was 45.5£2.5% and significantly greater (68) from the second layer
56.4+3.8%, a mean increase of 10.9%. Fluid lossiatite 3 was again significantly
greater from the second layer (p=0.014). At thisetipoint 66.2+3.6% of the initial
fluid content was lost from the first layer and 34.3% from the second layer, a
mean increase of 6.1%,. This trend continued dumngute 4 of compression, when
significantly greater percentage of fluid lost frolayer two (83+5%, p=0.001)

compared to layer 1 (74.7+3.1%), a mean increase36b.
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There were no significant differences betweenflhiel loss from the first
and second layers made of 10.6 mm gels duringdudbmpression. These data show
that compression of the 10.6 mm gel on top of tieeqompressed construct made of
the gel of the same initial height affects fluiddofrom the upper gel during first 4
minutes of compression, resulting in greater pesgn fluid loss from the upper

layer.
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Fig. 9 Bar chart showing the effect of the layeringf two 10.6 mm gels on fluid
loss (in % of initial weight) during the first 5 minutes of plastic compression
process. *-significant difference between % fluiddss from the gels at each time-
point (p<0.05).

The compression profile of the first layer madel8fmm gels (Figure 10a)

did not differ from the data reported in the prexachapter (see Chapter 5, Results).
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Figure 10 b shows weight loss data from the geld3»m initial height,
compressed on top of pre-compressed gel of the saitied height. Compression
profile of the second layer in this case did ndfedifrom this of the single layer, with
significant increases in loss of the initial fluzbntent at minutes 2 (48+5.5%,
p<0.0001), 3 (62+7.4%, p=0.003), 4 (73.7+7.5%, PB03) and 10 (89.6+6%,
p=0.002). These data indicate that compressidheofel of this height on top of the
pre-compressed gel of the same height (13 mm) wloeaffect dynamics of fluid loss

from the upper layer.
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Fig. 10 Graphs, showing the dynamics of fluid losfrom the double-layered
collagen constructs made of the 13 mm gels per layduring the first 5 minutes
of the of plastic compression process; (a) - laydr, (b) — layer 2. Fluid loss from
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the gels at each minute of the process is presentedpercent of initial weight. *-
statistically significant difference compared to tke preceding time-point (p<0.05).

Data on percentage fluid loss from the top layetnduthe compression of 13
mm gels at each time point (minutes 1, 2, 3, 41(, 15, 20 and 25) is presented

graphically in Figure 11
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Fig. 11 Bar chart showing the effect of the layeng of two 13 mm gels on fluid
loss (in % of initial weight) during the first 5 minutes of plastic compression
process. *-significant difference between % fluidoss from the gels at each
time-point (p<0.05).

At the first minute of compression there was nmiicant difference between
the total fluid loss from the first and second lay@1.3+5% and 32+1.5%
respectively). However, at minute two fluid loserfr the first layer was significantly
less (42.5+2.5%) compared to layer two (48+5.5%)).92), giving a mean reduction
of 5.5%. Same was true for the fluid loss at mirthtee, where total 52+6% of fluid
was lost from the first layer and 62+7.4% from seeond (p=0.001), mean reduction
in total fluid loss of 10%. Same trend continuedrahute 4 of compression, when
9.7% less fluid was lost from layer 1 (64+8.5% &8d7+7.5% respectively, p=0.001)
and minute 5, when fluid loss from layer 1 was =t by 8% (71+7% and

79+6.7% respectively, p=0.001) of compression. &heas no significant difference
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between two layers during further compression. €hiega indicate that compression
of the 13 mm gel on the pre-compressed construdern&the gel of the same initial

height affects fluid loss from the top layer durtheg initial 5 minutes of compression,
resulting in increased percentage of the fluid foss the upper layer.

Effect of multiple layering (10 layers) on the dldiow from the upper layer

As has been shown in the previous chapter initeagtt of the gel (given
constant surface area) affects the progressioheoplastic compression process and
has effect on the collagen-water content of thalteg construct. When initial height
of the gel was 5.3 mm fluid flow from the gels seelmot to lead to the formation of
near impermeable layer of collagen on the fluid/ileg surface, possibly leading to
more uniform distribution of the protein contentaihghout the body of the construct
and indeed more permeable FLS. This conclusionmede based on the fact that it
did not reach maximum hydraulic resistance comp#oethe gels of greater initial
height. Formation of FLS in the 13 mm gels, witlgher initial collagen and water
content, will potentially result in more pronouncaasotropy in collagen distribution,
due to the greater hydraulic resistance of the &h&formation of the secondary FLS
at the bottom of the gel. This fact needs to benakto account when multi-layered
constructs are assembled, as these difference$ikalg to affect interlayer fluid
distribution.

In order to determine the effect of multiple (10/des) layering on the
interlayer water flow, fluid loss in millilitres veameasured from the first and tenth
layer of the constructs made of 5.3 and 13 mm ige¢mch layer. Collagen gels were
layered in the same manner as when double layenestracts were fabricated, i.e.
after first gel was compressed, fresh volume oftnaéised collagen solution was set

on top of the first compressed layer and procepsated. In this instance 10 gel
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layers were compressed on top of each other imthisner. Fluid loss from the first
and tenth layers was measured as before by weighmgoll of absorbing paper
every minute for the first 5 minutes of compressida determine effect of layering
up to 10 gels on the time of full compression, raftee first 5 minutes rolls were
measured every 5 minutes until no change in thghtef the absorber was noted.
Progression of the process during the compresdidheotenth layer was tracked as
before, fluid loss at each minute of the first Shates of compression was compared
with the value of the previous minute. Fluid lossnf the first and tenth layer at each
minute of compression was also compared to deterthim effect of multi-layering on
fluid loss at each minute. As the aim of this gtwdhs to determine effect of multi-
layering on interlayer water distribution, datapisesented in millilitres rather than
percentage weight loss.

Figure 12a shows fluid loss from the tenth layiethe construct, consisting of
5.3 mm gels. General progression of the compresitbowed the same trend as
compression of the single layer. However, sta@stanalysis showed significantly
greater fluid loss from layer 10 compared to lalyet each time-point (p<0.05).

The amount of fluid was lost from the gel at mewatne was 1.6+£0.1 ml,
significantly smaller than at all subsequent tinenfs. During the second minute,
2+0.12 ml was lost from the tenth layer of the ¢omd. This volume of the absorbed
fluid was equal to the initial volume of the colaggel (gel height, 5.3 mm is equal to
the volume of 2 ml), giving a fluid loss at thisie-point of 100%. Increase in the
weight of the absorbing paper roll continued umiihute 5 of compression. At minute
3, 2.3x0.11 ml (excess of 15% of the initial geluroe) of fluid had been absorbed,
followed by further 2.35+0.12ml (excess of 17.5%ld initial gel volume) at minute

4 and finally 2.4+0.005 ml (excess of 20% of thiahgel volume) at minute 5.
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Therefore, although layering and compression ofgels of this height (5.3
mm) did not have an effect on the total time fomimal compression of gels of this
height (compression was complete after 5 minutég) total fluid absorbed into the

paper roll at this stage indicates a certain degféeterlayer fluid filtration.
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Fig. 12 Graphs, showing the dynamics of fluid lossom the first and tenth layers
in the 10-layered constructs, made of (a) 5.3 mm Igeper layer and (b) 13 mm
gels per layer during the first 5 minutes of the bplastic compression process.
Fluid loss from the gels at each minute of the prass is presented in millilitres. *-
statistically significant difference between layersat each time-point (p<0.05).

The effect of multi-layering (10 layers) of the @8n gels on the progression
of the compression process of the last gel wasméated by comparing values of the

fluid loss at each minute of compression to theialt the same time point for layer
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1. Statistical analysis showed no differences betwifuid loss from the uppermost
layer compared to layer 1. Results are shown gecaphiin Figure 12b.

The data show that progression of the procelswied the same trend as
compression of the single gel of this height (13 )mimterestingly, layering of ten
gels of 13 mm height resulted in full compressidrin@ upper layer at 20 minutes,
compared to 25 for the first layer. These dataciaigi that compression of ten 13mm
gel did not alter the general progress of compoesgirocess but led to a shorter
compression time.

There were no significant differences between thlees of fluid loss (in ml)
from layers 1 and 10 during the first 5 minutes@pression. The differences in the
volume of fluid lost from the layers became sigraft at minutes 10, 15 and 20 of
compression, effectively at the end stages of thecgss. At minute 10 of
compression, 4.1+0.54 ml was lost from layer 1 ar&d+0.5 ml from layer 10 (mean
decrease of 12%, p=0.02). At minute 15, 4.3 +0.4Mfluid was absorbed from layer
1 and 3.9+£0.35ml from layer 10 (mean decrease 8. p=0.007). At minute 20,
4.6+0.42 ml of fluid was lost from layer 1 and 4042 ml layer 10 (mean decrease of
5%, p=0.03). The last (1 layer was effectively compressed after this tipoént;
fluid loss from the first layer continued for a tluer 5 minutes, bringing total fluid
loss at minute 25 to 4.7+0.41ml. These data inditaat compression of ten 13 mm
gels on top on each other led to interlayer fllavf affecting compression of the
upper layer in the later stages of process. Iniquéar, this interlayer fluid flow
appears to affect the rate of fluid loss from tpper most layer during the final stages
of compression. Rate of fluid flow from the firstyer confirmed the data reported in

the previous chapter, falling steadily from 0.22mh during minutes 5-10 down to
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0.02 ml/min during 20-25 minutes. Rate of fluiddosom the 18 layer remained
constant during these time points at approximalelyml/min.

The resulting constructs, consisting of ten layeegle of either 5.3 or 13 mm
gels were fixed and processed for histological eration immediately after the last
layer was compressed. Representative images of ctmstructs, stained with
SiriusRed are shown in Figure 13. Overall, the igigkd not show signs of separation
and were easy to handle as a coherent stack (Figura and b). Some limited areas
of separation can be seen on the images, in plartibetween the layers compressed
as first 2-3 layers which could be an artefact ethanical damage during removal of

the constructs from the wells.

10x5.3 mm 10x13 mm

e 6.

Fig. 13 Images, showing morphology of the 10-layesteconstructs, made of the
5.3 (left panel) and 13 (right panel) mm gels perayer. (a) — top view of the
constructs, (b) — transverse view of the constructs () — representative
histological images of the constructs. Inserts shownages of the sections at a
higher magnification. Arrows show the direction ofthe construct assembly.

Thickness of the 10-layered constructs, made ofrfbBgels (Figure 13 c, left

panel), was 697+ 2Qm with an average thickness of individual layers6@f7+7.2
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pMm. Thickness of the constructs, made from 13 mms {eigure 13 c, right panel),
was 1470+£3@m with an average thickness of individual layerd 87.3+12um.

Effect of the resident cells in the multi-layereshstructs

One of the main advantages of the plastic compegsihigh viability of the
resident cells at the end of the process. Howelters well documented that
fibroblasts remodel collagen lattices in the cous$eculture period (Brown et al.,
2005, Bitar et al., 2008). Therefore, effect oftate¢ conditions and activity of the
resident cells on layer integration is an imporfaetor to consider. To evaluate these
effects, 2-, 3-, 4- and 5-layered constructs watwi€ated from 10.6 mm gels using
multi-well plastic compression and cultured for 8eks. Each layer contained 510
cells, bringing the total number of cells in theefilayered construct to 2.5 xX16ells
per construct. Constructs were fixed and stainatus&E method (Chapter 2) at the
end of culture period. Morphology of the construets evaluated and thickness of
multilayered constructs compared with the singlestad cellular constructs, cultured
for the same period of time.

Figure 14 shows representative of low and high nf@gtion images of one- ,
two- , three- , four- , and five- layered cell-seédonstructs. It can be seen from the
images that neither long-term culture, nor residefitactivity led to layer separation.
High magnification images show well-integrated Isym all cases. In fact, it became
almost impossible to identify the individual layeffie compact areas where the fluid
leaving surfaces had initially been formed in thp &nd bottom layers were also not
visible at this time point, either due to cell retetling or continuing passive fluid
uptake.

Although cell viability was not assessed in thisdy, there were clear signs
of cell matrix remodelling in the multi-layered aructs, similar to those in the

single layered construct (Figure 14, dashed owd)in€ells were evenly distributed
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throughout the constructs, although there appetrdme more cell-free areas in the
middle layers of the 4- and 5-layered constructs.

Average thickness of the single-layered, cellulamstructs, made by
compressing cell-seeded gels of 10.6 mm initiagjigiwas 75+11 um. As has been
shown in Chapter 5, thickness of the acellular trans made of the same gel height
and fixed immediately after compression was 57.3#4m, giving an increase of
approximately 20 pum (30%). This increase in thidenwas most probably due to the
combination of two factors. Firstly, passive reala of liquid by the compressed
collagen construct, similar to that described earfior the constructs made by
compression of the 13 mm high gels. Secondly, tloedleseeded constructs were
cultured for 3 weeks, and therefore it is possib& certain input into the increase in
thickness was due to cell matrix remodelling. Irdjeecan be seen in Figure 14 that
constructs had characteristic ‘lacy’ appearanceh whie voids contributing to the
increased constructs thickness. This increaseitkrtess (compared to the acellular
constructs, fixed immediately after compression)s wstatistically significant
(p=0.002).

Compression of the second cellular gel of theesheight on top of the first
one led to increase in total thickness of the goist bringing the value to 16613
pm. Interestingly, compared to the thickness ofjlsidayer there was small (7%)
increase compared to the predicted value (75x23i%(). This slight increase in
thickness, compared to the predicted value (baseith® thickness of single-layered
constructs) was a recurrent feature in this study.

Thus, addition of the third layer led to furtheciiease in the thickness of the
construct, giving on average 273+7.2 um (predictglde — 225 um, an increase of

20%).
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Fig. 14 Representative histological images of th@westructs made of 1, 2, 3, 4 and
5 layers of the cell-seeded plastic compressed egién. Constructs were made in
the 12-well format as described in the text. Eachalyer was made of 10.6 mm gels.
Constructs were cultured for 3 weeks and fixed athte end of the culture period.
Panel on the left shows low magnification images dahe constructs; arrows
indicate approximately position of the individual layers. Panel on the right shows
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images at higher magnification; dashed ovals inditca areas of cellular
remodelling of the matrix. Note that interlayer boundaries are not
distinguishable on the images, as well as fluid leeng surfaces in the upper or
base layers.

When fourth layer was added to the construct, tttelkness increased to

364+7.9 um. Predicted thickness of this construas V8O0 pm, giving again an

increase of 21%.

Finally, addition of the fifth layer increased totaickness of the construct to
433+13.6 um. Predicted value for this construcs @5 um, giving an increase of
15 %.

The slight discrepancy between predicted and athickness of the cellular
constructs, which consisted of more than two lgyerald be explained by both inter-
layer fluid movement during layering (detectable dymparison with the layered
constructs, fixed at time 0) and cumulative effgicthe cell activity (remodelling) in
the layers. However, as the question asked instiidy was the effect of the matrix
remodelling cells on layered constructs integrty vitro, the phenomenon of
increased thickness was not investigated and candp@sed for future work.

Discussion

Every tissue in the human body can be considerednsist of separate layers
with specialised cells residing in each layer. Thnsorder to engineer functional
complex tissues, such as skin, it is important &vetbp techniques allowing
reconstruction of this composite architecture. dasi methods of sheet layering,
either cell- or biomaterial based, have been d@eslorecently. Technologies,
allowing for formation and harvesting of cell-basedltilayered constructs include
the use of magnetic nanoparticles to arrange regtsmulti-layers and later to harvest

these using magnetic force (Ito et al., 2005, Akigeet al., 2009). This technology
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has been used to layer keratinocytes, myoblasiggbiiasts and HUVECs. Another
method of scaffold-free fabrication of multilayeredll-sheets is based on culturing
cells to confluence on thermo-responsive polymebs8quently, cell sheets can be
harvested and layered (Ohashi et al, 2007, Tsudlg, &007).

However, these methods were developed to fabricatelayers and are
unsuitable for engineering matrix-rich tissues, hsuas dermis, where cells are
enmeshed in the collagen-rich matrix.

Scaffold-based multilayered constructs can empithee synthetic or natural
polymers, or combination of both. Srouji et al (2D@eported development of an
electrospun multilayered construct comprised of ilepgolycaprolacton and
collagen, by essentially stacking thin discs ofcelespun polymer on top of each
other. However, the authors did not remark on iayer integration or separation.

Yang et al (2009) report layer-by-layer construarication using only the
epsilon-polycaprolacton, where each layer of etsgtun polymer was followed by
deposition of cell suspension prior to depositibthe next layer. In this study it was
reported that 18-layered construct can be assemNieek! technique of centrifugal
casting of hylauronan-based synthetic ECM to predonultilayered constructs has
been described by Mironov et al (2008), where laydmpolymers are deposited (cast)
on the walls of rotated mould under centrifugakcés. Similarly, the authors do not
report on layer integration or separation in cdtwsing this technique. Tubular
multilayered constructs can be assembled using cuséic focusing technique
(Mazzoccoli et al, 2010). In this study, Mazzoccabed ultrasound to deposit
PEGDA matrix on the walls of the mould but in thEsance of cells.

Multilayered corneal equivalent was constructed ngisilayer-by-layer

assembly of cell-seeded low-density collagen gelsh® transwell membrane and
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used for drug permeation studies (Reich, Bednark Mueller-Goymann, 2004).
Another method of engineering multilayered congtus organ printing, where cell-
containing hydrogels are deposited on a substnaspatially controlled manner. This
technology is still in a developing state, suffgrifrom drawbacks in printing
technology and hydrogel chemistry. Moon et al (®0deport using a bio-printing
technique for multilayered deposition of cells,mrsded in hydrated collagen matrix,
though each layer was 16.2um thick, (i.e. approtetgeone cell diameter). Inter-
layer integration and density of the matrix were reported; hence durability and
stability of such constructs are dubious.

The area oflirect engineering of complex tissues is relatively news Inow
appreciated that architecture of the construct al as cellular distribution are
essential not only for biomedical application ofgemered tissue, but also to
understand the degree of structural involvementisaue formation in vivo (e.g.
during embryogenesis). The method of layer fatinoaof the relatively thick
tissues, reported here utilises the multi-well ftasompression method described in
previous chapter. As can be seen, this methodsig teause, creating the opportunity
to layer dense (tissue equivalent) collagen sheetentially containing different cell
types or cell densities and distributions, inclgdoell-free (e.g. to study inter-layer
cell migration).

The following parameters had been investigatediisChapter: (i) qualitative
assessment of layer separation following agitatind morphology of the interlayer
interface, (i) change in thickness of the condsudrought in contact with fluid
immediately after PC as an indicator of interlaygegration mechanisms, (iii) effect
of double-layering of the gels on the fluid lossnh upper layer and progression of

the compression process of the same layer compartdeé compression of the single
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layer (iv) effect of layering more than two (up ten) gels on the construct
morphology and fluid loss dynamics from the upgrel, and (v) effect of cellular
activity on the morphology of the interfaces in thenultilayered cell-seeded
constructs at the end of culture period.

The layer separation assays showed that intertapyerection of the constructs
prepared using the new system was resistant tonéh&hanical agitation, whereas
constructs, assembled by pressing together twaaebacompressed constructs (i.e.
held together by surface tension) separated alnmostediately. Therefore, we
concluded that the interlayer connection was no¢salt of simple surface contact
between the two layers in the process of constiagtembly. Further investigation of
the mechanisms of interlayer integration sugge&ikalwing mechanism. It is known
that air-dried, dehydrated collagen lattices rebwelome degree when rehydrated
(Vernon et al., 2005). As the process of plastimpression leads to formation of a
more dehydrated zone of collagen on the fluid legugurface, if this area comes into
contact with the fluid (i.e. the lower surface bétnext, upper layer of collagen), it
will take up fluid and reswell, potentially draggicollagen fibrils across the interface
with it. In addition, it is known that assemblytbi fibrils in the neutralised collagen
solution continues for some time after the geltstar form (Comper and Veis, 1977).
If reswelling of the base layer and lag phase efutpper collagen gel coincide, small
volumes of the collagen from the upper layer wél drawn into the FLS area of the
bottom layer. Therefore, some of the collagen lgbftom the upper layer will be
intertwined with the FLS of the base layer, prodgcirans-interface. The proposed

mechanism is described schematically in the Figare
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Time 30

Compressed layer 1 Compressed layer 1

Fig. 15 Diagram, showing schematically formation othe interlayer bond in the
double-layered PC construct. At time 0, when neutdéssed collagen solution
(second layer) is poured on top of the compressedst layer, reswelling of the
FLS area of the first (precompressed) construct leds to formation of shared
interface between layers at time 30 minutes (setintime for the second gel),
providing physical bond.

To test this theory, reswelling properties of tiegke layered construct have
been investigated and indeed a small but significarease in layer thickness was
found in the first 30 minutes following the commes. (NB: The reswelling
phenomenon does not contradict the plastic nattirdhneo compression process, as
even when hydrated compressed collagen sheetstdegan the initial dimensions
of the uncompressed gels. In addition, it is likéiat this is a local reswelling,
probably limited to the FLS) Therefore, reswellio§ the base layer, which is
compressed first, coincides with the setting tinfethee upper gel. Furthermore,
morphology of the interface area has identifiedagmn fibrils, which span between
the bottom of the second layer and the top of itisé f

Further evidence in favour of the proposed the@y been gained from the
triple layered constructs fixed immediately anddeing incubation. In the first case
two bottom layers had increased thickness comp@ar¢ide uppermost layer, i.e. first
two layers reswelled as a result of contact with tiext collagen gel in the liquid

form, whereas uppermost layer did not. If the carcss were incubated all thee layers

were of uniform thickness. Interestingly, the prgn&LS of the uppermost layer and
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secondary FLS of the bottom layer were easily dabde on the histological images
at both time-points. However, at the interface leemlayers these features were less
pronounced at time 0 and disappeared complete®y @t hours. This can be an
effect of the reswelling process as well as a opunsece of the secondary FLS
formation (and resulting fluid flux) during the cprnession of the top layers. In
conclusion, we now understand layer integration laane proposed a mechanism by
which it is possible to control the interlayer borgl in the plastic compression
process.

Several methods have been reported by other growpsgre complex
hierarchy of native tissues is recreated by assermablmulti-element constructs.
These methods usually involve separate fabricatofnseveral modules and
subsequent construction of the final construct fittwese individual parts. The final
assembly of the individual parts can be done byleynug capillary forces (Du et al.,
2008, 2010) or physically moulding the elementshed they can be connected (eg.
forming protrusions on the bottom of one moduléd thatch the shape of the grooves
on the surface of the second module) (Yeh et G062 However, these techniques
have been used to assemble weak hydrogels orsygithetic polymers and require
additional steps in construct assembly. The ingerl@onnection described here is, on
the other hand, part of the construct assemblyga®and allows for engineering of a
living tissue model using natural polymer and lgyicellsin situ.

This intimate connection between the layers imptieme degree of shared
fluid flow, in particular during compression of thuper layers. Indeed, the analysis
of fluid loss from the second construct layersdath collagen gel height) showed
differences compared to single layer compressiosaofe respective gel heights. The

most noticeable difference was in compression ef 1#0.6 mm gels, where the
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characteristic jumps’ in the compression profileappeared in the second layer. This
could be due to earlier formation of secondary k&& Chapter 5) at the bottom of
the upper gel, as fluid was drawn into the bottayef, so that fluid from the upper

layer started to filter though the base layer earh the compression process.

This interlayer fluid exchange became even morenquaced when the
number of layers increased to ten. When layers wexge of 5.3 mm gels (height of
the gel, at which only primary FLS is formed, ascdissed in the previous chapter)
the amount of fluid, collected into the absorbentriy compression of the
uppermost, tenth, layer was 30% greater than eagedt is likely to be a result of
accumulation (and filtration) of the fluid from thumderlying layers to the surface of
the construct. As discussed previously, after pead PC is completed, 5-10% of the
initial fluid content is still present in the constt. It is possible, that some of this
fluid content is forced out of the layers with eadditional compression of the top
layers, which is only applicable to the gels ostheight. As has been discussed in the
previous chapter, secondary FLS is likely not tonfaluring compression of these
gels. Therefore, fluid, still present in the congz®d layers, can potentially leave
through the unblocked bottom surface. Accumulatibthis expelled fluid could lead
to the increase in fluid loss from the uppermogefaHowever, this had no obvious
effect on the morphology of the resulting constroctinterlayer connection.

For comparison, when gels of 13 mm height were ¢esged in this manner
(10 layers), the amount of fluid, collected frone tlpper-most layer was smaller, than
from the single-layered constructs, made from tleof this height and time point of
full compression was achieved faster. As have b&®wn in previous Chapter,
compression of these gels leads to formation of RS, at the top and bottom of the

gel. Firstly, this could prevent fluid, still letifter compression, from leaving the
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layers. Secondly, if reswelling is indeed only d¢oafl to FLS zones of the layers,
each compressed collagen sheet will draw fluid ftbetop (with the primary FLS)
and bottom (with the secondary FLS) layers. Cunuelt, this can lead to somewhat
reduced fluid content of the uppermost, tenth lagad as a result, smaller fluid loss
during compression and shortened compression time.

It is possible that the partial separation of thé&dm layers of this constructs
can be attributed to this interlayer fluid exchanget it can also be explained by the
mechanical separation due to handling of the coatstr Further experimental work is
needed to establish the precise mechanisms ofntiedayer fluid exchange. One
possible approach would be to use labled solubl&kenanolecules, different in each
layer, to monitor their migration between layersing the process of construct
assembly.

The ultimate aim of plastic compression is dirdssue engineering (i.e.
increasing construct functionality whilst retainiagbility of the resident cell), with
the ability to grow functioning constructs in cubuafter fabrication. To this end, the
effect of the resident cell population on the malphy of the multilayered construct
was evaluated with the particular focus on intextageparation was evaluated. The
viability of the cells was not tested here, asas lbeen shown in the Chapter 5 that
compression in the multi-well format does not affélsis parameter. All tested
constructs showed a high degree of cell-matrix gtimg (Brown et al., 2005, Bitar
et al., 2008) and no signs of layer separation.edeer, no interlayer boundaries were
detectable histologicaly as the culture proceed@de of the concerns when
fabricating multi-layered thick constructs is ap@e&ee of necrotic areas due to poor
oxygen and nutrients diffusion. However it is kmoWwom the previous study by

Cheema et al (2008) that very little cell deathusscdeep in collagen multilayers
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even at higher cell densities than use here. Indeeghen diffusion deep into the
constructs was very rapid and sufficient for gottmiablasts viability. Therefore, we
conclude that layering of multiple collagen sheetults in well integrated constructs
with increased thickness. Increasing thicknesshef ¢onstructs should not pose a
danger of cell death due to oxygen deprivation.

In conclusion, fabrication of the multilayered ctosts, using multi-well
plastic compression has been evaluated in thiyysRmksible mechanism if interlayer
connection has been proposed together with the amésins of fluid exchange
between layers. Multilayered constructs, both ¢ailand acellular can be fabricated
using this technique with high degree of interlaygegration and reproducibility. In
addition, results of this Chapter confirm low vailay between the constructs, made
using multi-well compression, reported on in Chapte

Multi-layered constructs are certainly attractivse fnany tissue engineered
application such as, for example, skin tissue egging. This particular area requires
revascularisation and reinnervation of the impldragegineered tissue, which, in turn,
would benefit from preformed channels in the carddtrAs the process of multi-well
plastic compression shares its main characteristitts the original PC method, the
possibility of micro-moulding topographical featsrento the FLS of compressed
collagen constructs, using the method describechiapter 4 will be evaluated in the
following chapter. In addition, the intriguing pdsty to fabricate instant channels

in the double-layered constructs by ‘putting ronftbe groove’ will be tested.
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Chapter 7
Engineering micro-channels into the multi-layered E collagen

constructs

Introduction

Increasing the thickness of the engineered cortshmiregs with it a problem
of oxygen and nutrients delivery to the residentsceSeveral strategies exist to
overcome this obstacle, some of which are reviemddhapter 3. Current strategies
involve either particulate leaching method, wheadulsle particles or fibres are
embedded into the biomaterial and later removedifsolving and leaving behind a
pore. Second most used method is moulding the hermabharound the structures
(essentially future pores) with later extractiontlod latter. It is now known that it is
possible to introduce directional pores into the ddagen constructs by effectively
combining the two approaches. Neutralised collag@ntion is set around soluble
glass fibres and compressed. After incubation emafueous environment fibres are
dissolved leaving behind unidirectional pores obwn diameter and geometry (see
Chapter 3). However, the described method of PGgeh micro-channelling has
certain limitations. First, the thickness of thesuking construct is limited by
formation of FLS. Second, after the construct asdgnyglass must be dissolved,
eitherin vitro orin vivo, adding time to the process. Third, although & bhaen shown
that soluble glasses have minimal negative effactall viability in vitro (Nazhat et
al., 2007, Cheema et al., 2010),vivo effects are still not fully investigated. In this
chapter an alternative method of micro-channeltihthe PC collagen constructs will
be described.

As has been shown in Chapter 4, micro-moulding 0% Fesults in stable

patterning. One of the aims of the current researa$ to evaluate this methodology



166

in the M-PC format. Laser-cut Kapton® masks havenbesed as template in this
work. Kapton® is a polyimide film, developed by DuRR, and is known to be bio-

compatible and support cell adhesion (Prichard,clitet and Klitzman, 2007).

Dimensions of the grooves (width and depth), preducy using masks of different
dimensions in the M-PC format have been assesse@ f@nge of collagen gel

heights.

Following the evaluation of method efficiency, tmécro-moulding technique
was combined with the multi-layering (see Chapdeir6order to fabricate a two-part
channel. The idea was that a first layer, contginmicro-moulded grooves was
effectively overlaid with a second layer of collagevhich after compression would
create a channel ‘roof’. The practicality and @éncy of this method in the double -
layered constructs has been assessed in this chaptevestigating the physical
dimensions (width and depth) of the resulting clenhhese were compared with the
dimensions of the groove in the single-layered tants. Continuity of the resulting
channels was assessed by serial sectioning oe#udting constructs and dimensions
of the channel examined in the adjourning sectitastly, the possibility of direct
delivery of the cells into the channels was evadatith the view of creating an
endothelial cell lining of the channel to aid thesgularisation of the construct upon
implantation.

In this chapter micro-moulding of the single andltiFayered collagen gels,
compressed in the multiple PC format, will be démmt as well as basic
characteristics of the constructs, produced ushg technique. The following
parameters were investigated: (i) average fluid bxgainst time of compression of the
collagen gels with the templates of different disiens; end time-points of full

compression with the templates of the same dimassanad effect of micro-moulding
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on fluid loss from the compressed gels compared thi2 non-moulded gels (i) width
and depth of the grooves, made using the tempdditeiferent dimensions in the gels
of the same height (iii) width and depth of theayes made using the same template
on gels of different heights (iv) width and depfhttte channels, produced by micro-
moulding double -layered collagen constructs, {fgat of the embedded cells on the
depth and width of the grooves, micro-moulded isbogle-layered constructs, in
culture and (vi) efficiency of the cell deliverytinthe grooves during the micro-
moulding of the gels.

Methods and Materials

Preparation of acellular and cellular collagen gels
Collagen was neutralized as described before (€h&)t Cellular constructs

were prepared as described before (Chapter 2).
Fabrication of M-PC constructs with topological faees

Topological features (grooves) were micro-mouldatb ithe FLS of the
collagen constructs using method described in @naptadapted for the use in the
multi-well format. Figure 1 shows the schematiastration of the process. Collagen
gels were set in the 12-well plate (see ChapteP&pr to compression, Kapton®
masks were placed onto the surface of the gelscantpressed as described in

Chapter 5.

single-layered constructs (surface patterning) ddule-layered constructs (‘roofed’ channelling)

templat

collagen g

Fig. 1 Schematic illustration of the constructs assnbly. Templates were placed
on top of the collagen gels prior to compression. fler compression process
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completion, patterned constructs were incubated fol5 min with PBS prior to
template removal. Double layered construct were maslby setting fresh collagen
gel on top of the patterned one and compressing the standard manner. Triple
layered constructs were assembled in the same mamnéut all three gels were
micro-moulded. As a result, grooves were formed inthe single-layered
constructs; channels in the double-layered constric

Kapton® masks were custom-made by TAP BioscienReygton, UK) based
on the designs, shown schematically in Figure 2ZhEactangular mask (15x15 mm)
had a double-ladder shape with 16 rungs. The rwegs supported by 3 bars, one
middle bar and 2 outer perimeter bars (300 wide). Three groups of masks with
different rung widths were made: g (n=3), 50um (n=3) and a 10Qm (n=3) with
the uniform depth of 7gm.

The rungs had a rectangular cross-section. Total af the 10um template
was 44.1 mmh(11.6 % of the total area of the gel (379.9 ?mtotal area of the 50

um template — 33.3 mM(8.8 % of the total surface area); total areahef 25um

template — 27.9 mf(7.3% of the total area of the gel).

0.5 mip
75
100pm
75
50 um
75 ﬁ
————————— () .5 M
15 mm 25m
1000um

Fig. 2 Schematic illustration of the template usedor micro-moulding of the
collagen gels in the 12 well-plate format. Image orthe left shows gross
appearance of the template. Image on the right shaacross-sections of the rungs
in the templates of three sizes, used for patterngnof the constructs.
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Efficiency of the PC collagen micro-moulding usitigese templates was
assessed in two experimental designs. First, infleeof the masks dimensions (i.e.
various widths of the rungs) on the resulting feeduvas evaluated. Collagen gels of
the 10.6 mm height were compressed with the masleach dimensions (n=6 for
each treatment). Second, influence of the gel heayh topography fidelity was
assessed. Masks with rung dimensions of 5QxviSvere used on 5.3 and 13 mm gels
(n=6 for each treatment). After compression, 3 MPBS was added in to the wells
for 5 minutes prior to mask removal to prevent grattdeformation due to surface
tension. Constructs were either fixed immediatelyngubated for 1 week in PBS to
determine stability of the features with time.

Assembly of the multilayered constructs with togicial features (template
channelling).

Figure 1 shows schematic illustration of the doalered construct
assembly. Collagen gels, set in the 12-well platen&t (10.6 mm) were compressed
with 25, 50 and 10Q@m masks. After compression, 3 ml of PBS were addéd the
wells for 5 minutes prior to template removal teyent distortion of the features.
Liquid was drained from the wells and second layfeneutralised collagen solution
of the same height was added and process repéxtetle-layered constructs were
assembled without adding topology onto the secayer|
Measurement of fluid loss and time of compressiwoimg micro-moulding

The effect of micro-moulding on the progress ofspita compression was
investigated for all template dimensions. As thenpression profile of 10.6 mm gels
contained a distinct feature — i.e. formation o gecond FLS at minute 2 of the
process (see Chapter 5, Figure 3c), gels of thighhevere chosen to investigate the

effect of micro-moulding on the compression curad ¢e time for full compression
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with templates of each width dimension. Fluid l@éseach minute of compression
(first 5 minutes of the process) was also compaved corresponding values for
single-layered 10.6 mm gels without topologicaltfieas (data from Chapter 5).
Measurements of fluid loss were performed as desdnin Chapter 5.

Development of cell-delivery technique

To evaluate the possibility of direct cell delivanto the grooves during the
construct assembly, the following technique wateteCell-suspension (HaCat cells,
1x1C cells per ml) was pipetted onto the autoclaved i®0masks, placed on to the
bottom of the 12 well-plate and incubated &t@7or 2 hours to allow cells to settle.
Total of 2 ml of cell suspension was used to gotaltcoverage of the bottom of the
well.

Collagen gels were set in the 12 well-format aoteefPrior to compression,
masks were placed onto the gels cell-side downféi@ng the FLS). Gels were than
compressed as usual. After compression, maskslefe@n the gels for 2 hours prior
to removal. Figure 3 shows schematic illustratibthe method. Gels were either left
single-layered, or second layer was added afteksnasre removed.

Light microscopy

Wax-embedded constructs were processed as desbebm@ (Chapter 2).

SEM

For SEM imaging, constructs were processed asilesan Chapter 2.
Live-dead assay

Cell viability was determined using live-dead stagnassay (see Chapter 2).
Number of cells in the grooves was calculated ftbomimages and compared to the
initial number of cells on the masks as an indinecticator of delivery method

efficiency.
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Statistical analysis

Data were analysed as described in Chapter 2.

cells

.
2 /// /// template

SH NSNS DR RURNY

\ \ éqllagengel
\
TR QNN

Fig. 3 Schematic illustration of the direct cell devery technique. Template was
placed at the bottom of the well in the 12 well pke and incubated with the cell
suspension for 2 hrs, to allow cells to settle ome template. At the end of the
incubation period, the template was lifted and plaed (cells down) on top of the
collagen gel, set in the well of the 12 well platéfter gel was compressed and
pattern formed template was left on the constructdr 2 hrs to allow cells to
attach to the surface of the collagen. The expectadsult was cells, confined to
the bottom of the groove, after template was lifted

Results
Effect of the micro-moulding on the dynamics atifflow during multi-well plastic
compression process

As discussed in Chapter 4, process of micro-mogldihthe collagen gels
during the process of plastic compression is basetthe deflected flow of fluid from
the collagen hydrogels around an impermeable tamptasulting in thin collagen
lattices with the patterned surface. Total suri@ea of the 100 um template was 44.1
mn? (11.6 % of the total area of the gel (379.9 #)mtotal area of the 50 um

template was 33.3 mfm8.8 % of the total surface area); total areahaf 25 pm
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template was 27.9 ni(7.3% of the total area of the gel). The questisked here
was if loss of the small percentage of availabl& miill affect the dynamics of fluid
flow from the compressed gels. In order to answeyr question fluid flow from the
gels of 10.6 mm initial height at each minute omguession was measured by
weighing the absorbent paper roll each minuteterfirst 5 minutes of compression.
The effect of micro-moulding on total fluid losscanominal compression time was
determined by weighing the paper roll every 5 masutntil no change in the value
was recorded.

Gels of this height were chosen for this test asgression curve of the 10.6
mm gels has a distinct feature that can potentialwttributed to the formation of the
secondary fluid leaving surface (see Chapter 5).

Progress of the compression process with the teéegptd each dimension was
determined by comparison of the percentage flusd foom the gels at each minute of
compression. The data was analysed as followslyitke effect of each template on
the fluid loss from the gel was determined. Thiswane by comparing the value at
each minute of compression with the previous ome ifniinute 2 to minute 1 etc.).

Second part of the analysis was done by compahnegyalues at each minute
between the treatments.

The first part of the analysis showed the effecthef micro-moulding on the
progression of the process, whereas the secondnpiazated when the influences of
the templating became significant compared to tmepression without the template.

The analysis of the percentage fluid loss fromrnthero-moulded gels showed
similar general trend regardless of the dimensiohthe template. Data is shown
graphically in Figure 4. The recurring feature tbé compression curves for all

micro-moulded 10.6 mm gels was the disappearancthefdistinctive ‘jump’ at



173

minute 2, observed when gels of this height werapressed without the moulding
template. At minute 2 of compression, gels micrailded with the 100 um template
lost 62.5+2.5 % of weight. Gels, compressed withys0 lost 60.8+5.4 % of fluid

content. Compression with the 25 pm template le®3®+3.2% fluid loss at this
time-point. Increase was significant compared toute 1, p=0.01 for all template
dimensions. Mean fluid loss from the gels, comprdssithout the template at this
time-point was 44.1+9.6%, giving an increase ofrappnately 16% with the addition

of the templates.
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Fig. 4 Graph, showing the dynamics of fluid loss tm the micro-moulded

constructs made of the 10.6 mm gels during the firS minutes of the of plastic
compression process; Fluid loss from the gels at & minute of the process is
presented in percent of initial weight. *-statisti@lly significant difference

compared to the previous time point (p<0.05). Cure for the non-moulded
compressed 10.6 mm gel was added for comparison. tddhe disappearance of
the characteristic ‘kink’ from the curves of the maulded gels.

During the third minute fluid loss from the gelsngpressed with the 100 pm
template was 75.8+2.6%, with the 50 um templatel2#1.44% and with 25 pm —
73.3+7%, significant increase compared to minutg(p20.02 for all template

dimensions). At minute 4, gels compressed withllb@ um template lost 85+2.5% of



174

fluid content. Gels, compressed with 50 pum lost383.1 % of initial weight.

Compression with the 25 pm template led to 80.842fliid loss at this time-point
(significant increase compared to minute 3, p=0i@1all template dimensions).
During the fifth minute of compression, weight lof®m the 10.6 mm gels
compressed with the 100 um template was 89.2+1#%, the 50 um template —
90£2.3% and with 25 pm — 89.5+2.8%.

The effects of micro-moulding on the total fluidséo and the nominal
compression-point were determined by the weight fosm the gels during further 5
minutes of compression (minutes 5 to 10). The tdkald loss from the gels
compressed with the 100, 50 and 25 pm templates1(22 92.5£2 and 92+3%
respectively) did not differ significantly betwediiferent template dimensions.

However, there was a difference in the nominal a@sgion point of the
micro-moulded gels compared to those without a tatepThe nominal compression
time-point for the gels of 10.6 mm initial heiglas determined in Chapter 5, was 20
minutes. When gels of the same height were comgdesgth the impermeable
template no change in the weight of absorbent paer noted after 10 minutes of
compression, effectively reducing the compressioe by 50%.

Analysis of the fluid loss at each minute during thrst five minutes of
compression between the gels, compressed with@Be 50 and 25 pm templates,
showed no significant differences between the \&lunlicating that the dimension of

the template does not affect the fluid loss fromglels at the time-points investigated.

Figure 5 shows the percentage fluid loss from tierayrmoulded gels and the
gels, compressed without the template as a bat.chlluid loss from the non-
moulded gels at minute one of compression was fgigntly less (34.7+7.7%

compared to an average of 40%, an approximate aseref 5%) compared to the
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gels, compressed with the templates of all dimessigp=0.02). Same was true at
minute 2.

Fluid loss from the non-moulded gels at this tinogap was 44.1+9.6%
compared with the average of 60.8+1.6% from themessed with the templates of
all dimensions, a decrease of 16% (p=0.002 foteafiplate dimensions). This trend
continued at minute 3 of compression, when 66.2464f initial fluid loss was
recorded from non-moulded gels and an average @+I48% from the moulded
gels, a decrease of 7%. The difference betweemth@ded and non-moulded gels
was significant (p=0.02). Fluid loss from the noouided gels at minute 4 and 5 did

not differ significantly.
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Fig. 5 Bar chart showing the effect of the micro-molding on fluid loss (in % of

initial weight) from the 10.6 mm gels during the fist 5 minutes of plastic
compression process compared to the non-moulded gebf the same height. *-
significant difference between non-moulded and modkd gels at each time point
(p<0.05).

Both analyses showed that compression of the 1% gels with the

impermeable templates led to higher percentagd fass at minutes 1 to 3 compared
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to the non-moulded gels. These changes in the floid suggest formation of an
extra fluid leaving surface during the first minude compression as a result of the
introduction of the impermeable template and défiédluid flow from the gel which
can lead to the earlier blockage of the primary FO®is in turn results in
disappearance of the distinctive ‘jump’ in the coegsion curve at minute 2 as at this
point secondary FLS is already formed in the mitraulded gels.
Effect of the template dimensions on the parameifefse resulting grooves

In order to evaluate the effect of different tenplalimensions on the
parameters of the resulting grooves, templates thighrungs of 25, 50 and 100 um
width and uniform 75um height were used. Each tateplvas used to mould gels of
10.6 mm height. The process of micro-moulding @& $ingle-layer collagen gels in
the 12 well-plate format is described schematicallifigure 1. As had been shown in
Chapter 4, features, moulded into the fluid leavsngface of the plastic compressed
gels exhibited high fidelity to the moulding temjglaand were stable in tissue culture
condition. Therefore, in this study all templatesks were moulded onto the FLS.
Resulting constructs were processed for routinéolloigy, sectioned and stained.
Depth and width of the grooves, made by using ¢neptate of each dimensions was
assessed from the resulting images. Width of thewgs was measured as length of
the line drawn through the widest part of the gedvepth was measured as length of
the line drawn perpendicular to the surface of abestruct from the bottom of the
groove. The expected dimensions (width and depththe grooves were 25x75,
50x75 and 100x75 pm, based on the dimensions ohthading template.

Moulding of the 25x75 um template onto the FLStted 10.6 mm collagen
gels resulted in the grooves of 22.9£2.3 um wi®2% of the expected value). The

depth of the grooves, made using the template isfdimensions was 22.1+2.8 um,
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which was only 29% of the expected value of 75 ftherefore, although the width of
the grooves was very close to the expected vahe,depth was compromised.
Similar results were obtained when the template0of75 pm was used. The width of
the resulting grooves was 46.7+4.7 um, which wa% 3 the expected value.

However, measured mean depth of the grooves wds28. um, only 33% of the

expected value of 75 um. Therefore, when this tatephas used, close fidelity to the
width of the template was achieved, but not thetldephe histological and SEM

images show the 10.6 mm constructs moulded withidheplate of 50x75 pum with

the resulting grooves of 46.7+4.7 um width and 28.8 pum depth. As can be seen
from Figure 6 (right-hand panel), use of the tergaoduced parallel grooves in the
collagen construct, indicated on the upper imagehleyarrows. Next image in the
panel shows transverse view of the individual geav the FLS of the construct,

showing impression of the template in the collages,a result of collagen fibrils

moulding around the template.

When the template of 100x75 pum dimensions was tsedicro-mould the
fluid leaving surface of the 10.6 mm gels followidgmensions of the grooves have
been achieved. The mean width of these groove6£5® um), as with the templates
of other dimensions, was very close to the expectdde of 100 um (97% of the
expected value). More surprisingly, the depth @f ginooves (34.3+4.8 um) was also
closer to the expected value of 75 um (45%) contpémethe templates of other
dimensions. Although depth fidelity was still pabhad increased from almost 1/3 to
% of expected value. SEM images of the grooves,entgdusing the mask of this

dimension can be seen in Figure 6 (left-hand pahiehages).
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Fig. 6 Representative SEM images of the patternednstructs made of 10.6 mm
gels. Constructs were micro-moulded using 25x75 ptemplate (left-hand panel),
and 100x75 pum template Right-hand panel). Upper @ of images shows surface
of the patterned constructs with parallel groovesjndicated by arrows. Middle
panel shows images of the individual grooves in tresverse view, indicated by
arrows. Bottom row of images shows surface of theafterned constructs, with
the branching of the templating rungs from the midde and upper supportive
bars on the template (shown in the inserts).
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As can be seen from the bottom row of images iruféig6 areas where
templating bars diverged at 90° from the supportbags on the template were
patterned with excellent resolution. Therefore, ptax, branching pattern (e.g. blood
vessels) can be produced by micro-moulding of tieagen gels with the specially
designed template. This provides an important agggnof this method of pattern
generation, especially combined with the ‘roofettacnel formation, as complex
patterns in the compressed collagen constructsotabe produced using other
methods, such as lost fibre technique.

Analysis of the depth of the grooves, made by usémgplates of 25, 50 and
100 um width and uniform 75um height (Figure 7)owéd that using the template
with the widest rungs results in significantly deegrooves in the collagen construct
(p=0.01 compared to 25 and 50 um templates). Thesdts show that use of the
templates of the examined dimensions in the 12 feethat produces constructs with
the grooves that strongly conform to the widthhad template but not the depth, with
the relatively deeper grooves produced by usingvidest template.

As pattern on the FLS of the compressed gels eésaltrof the deflected fluid
flow and deposition of the collagen fibres, thessuits suggest that formation of the
pattern in case of the narrow and wide templatesormewhat different and will be
discussed later.

Effect of the initial gel height on the grooves éirsions

As has been shown, formation of the pattern orilthe leaving surface of the
plastic compressed collagen gels depends on flonvd ffom the gels and moulding of
the collagen fibrils, Therefore, the absolute antairiluid and protein in the gels can
potentially affect the resulting pattern. To tdss thypothesis, gels of the initial height

of 5.3, 10.6 and 13 mm were micro-moulded with tdraplate of 50x75 pm and the
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dimensions of the resulting grooves compared beatwiee gel heights. The fidelity of
the resulting grooves to the template was alsouawadl based on the patterning
coefficient, calculated as described in Chaptdpatterning coefficient (a measure of
fidelity = expected value:actual dimensions) wasudated by dividing groove depth
by width and compared to this of the template, Whicas 1.5 for the 50x75 pm

template.
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Fig.7 Bar chart showing depth of the grooves in peentage of expected value
(thickness of the template, 75 um, taken as a 100%}rooves were micro-
moulded into the 10.6 mm gels using templates wittungs of 25, 50 and 100 pm
width. *-statistically significant difference (p<0.05).

The width of the grooves, achieved by using 50xi@btgmplate was 48.5+3.2
pm when 5.3 mm gels were used, 46.7+£4.7 um in @& rhm gels and 45.7+5.2 pm
in the 13 mm gels. Differences between values wetestatistically significant. Mean

depth of the grooves in the gels of different alitieight was 25.2 £ 4 um in the 5.3

mm gels, 25.1+3.8 um in the 10.6 mm gels (33% efethpected value in both cases)
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and 27.8 £ 3.9 um (37% of the expected value) engéls of 13 mm initial height.
Although differences were not significant, margipaleeper grooves were achieved

when 13 mm gels were used.
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Fig. 8 (a) Bar chart, showing average depth and wttl of the grooves, made using
50x75 um template in the 5.3, 10.6 and 13 mm ge{b) The respective fidelity of
the pattern, based on the depth to width ratio, tothe moulding template. * -
statistically significant difference (p<0.05).

All gel heights showed little fidelity to the tenapé based on the patterning

coefficient due to the compromised depth of theultes pattern. Thus, patterning

coefficient for the 5.3 mm gels was 0.5+0.05, foe t10.6 mm gels — 0.54+0.1 and
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0.54+0.09 for the 13 mm gels, compared to the earpecalue of 1.5 based on the
dimensions of the template. Based on these resldigdimensions of the pattern did
not depend on the initial height of the gel. Inadkes the width of the grooves was
within 90% of the expected value; however deptthefgrooves was less than half of
the expected value. This has a negative effecthenfitelity of the pattern to the

template.

Fig. 9 Representative histological images (SiriusRestaining) of the grooves

(transverse view) made using 50x75 pum template ihé (a) 5.3 mm gels, (b) 10.6
mm gels and (c) 13 mm gels. Inserts show grooveshagh magnification. Dashed

areas outline grooves, dashed arrows point at theesondary FLS, solid arrows

indicate collagen fibrils accumulation in the vicinty of the groove.
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Dimensions of the’roofed’ channels

The method of multi-well plastic compression anchbmation of the micro-
moulding technique and multi-layering (as descrilvethe previous chapter) provides
an exciting opportunity of fabrication of layereallagen constructs with the channels
of controlled dimensions and geometry. These cHanwdl consist of two parts,
where base layer of collagen contains the groovbagh will form the base and the
walls of the channel and the upper layer of coltegél act as a roof.

The hypothesis under test was that the upper legkgigen solution will be
too viscous to fill the grooves in the bottom lgygiwen their narrow dimensions. For
the same reason, compression of the upper layerr@bf’) will not have detrimental
effect on the dimensions of the underlying groo\&saces between the grooves will
ensure interlayer connection due to integrationtha upper and lower layers by
mechanisms discussed in the previous chapter. Stathies hypothesis, two layered
constructs, made of the 10.6 mm gels in each lagee made as shown schematically
in figure 2. The base layer was micro-moulded with templates of 25, 50 and 100
pm width and uniform 75um height. The resultindagén constructs were incubated
with PBS for 5 minutes without removing the temel&t avoid pattern deformation.
After the template was taken, liquid was removednfthe wells and a second gel was
set and compressed on top of the first, patterfeger. The dimensions of the
resulting channels were measured from the histodbgimages. Formation of
continuous channels was confirmed by examinatiah@ftonstructs using SEM.

Histological and SEM examination of the resultingnstructs confirmed
formation of the open channels made using thisniecie with the base, patterned
layer retaining the grooves following compressidrihe second layer on top. Width

of the channels was measured in the widest patieothannel. Depth was measured
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as a distance from the bottom of the groove to ttye layer of collagen. The
dimensions of the channels were compared withébpactive width and depth of the
grooves in the single patterned construct madéd thm gels as described earlier in

the Results section of this chapter.
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Fig. 10 Bar charts showing the dimensions of thehannels (depth and width),
made by micro-moulding 10.6 mm gels (base layer) drcasting and compressing
fresh gel of the same height on top (upper layer,oof of the channel). The
dimensions of the grooves in the single layer arelgited for comparison. (a)
25x75 pm template, (b) 50x75 um template, (c) 10&pm template.
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Use of the 25x75 pm template resulted in the foignabf square channels
which were 21.7+1.7 pym wide (compared to 22.9+203 ip the single layer) and
22.9+2.9 um (compared to 22.1+2.8 um in the sitagler) deep. Dimensions of the

channels did not differ from the dimensions of gneoves in the single layer.

Fig. 11 Representative histological images (low antigh magnification, inserts)
of the open channels (transverse view, SiriusRed ashing) made by micro-
moulding 10.6 mm gels (base layer) and casting ammpressing fresh gel of the
same height on top (upper layer, roof of the chanme (a) 25x75 pum template, (b)
50x75 pum template, (c) 100x75 um template. Solidraws indicate the open area
of the channel, arrow heads point at the collagenildrils, protruding into the
channels from the upper layer (the ‘roof’).
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When the template of 50x75 pm was used to pattexrbase layer, channels
of the following dimensions were achieved. The meadth of the channels was
47.8+2.6 pm (not different from those in the sinigiger of 46.7+4.7 um). The depth
of the channels was 22.9+2.9 um (compared to 25818 in the single layer). The

differences were not significant.

Width of the channels, made with the use of 100xifB template was
93.7+6.4 um (value for the single layer was 96.8tfm). Depth of these was
36.4+8.3 um (value for the single layer was34.344n8). Again differences between
the dimensions of the grooves in the single laygmat differ significantly from the
dimensions of the two-part channels. These reslitsv that pattern, formed by
micro-moulding of the fluid leaving surface of tlkellagen gels in the multi-well
format is stable enough to withstand pressurestemteby the compression of the
second collagen gel. Possible mechanisms will bpgsed in the Discussion section
of this chapter
Effect of the embedded cells on the dimensiortsegjrooves in culture

It has been shown in Chapter 4 that grooves, miwoaided into the fluid
leaving surface of the plastic compressed cell-s@eanbllagen constructs are stable
over 2 weeks in culture. The question asked here itvthe same applies to cell-
seeded collagen gels, which were micro-moulded mudti-well plate format and
using rectangular cross-section template. Gels@®fl0.6 mm initial height, with the
cells seedeth situwere compressed with the 100x75 um template aridredl under
standard tissue culture conditions for two weeksnsructs were fixed at 1 and 2
weeks and the dimensions of the grooves assessagl ingage analysis. Resulting
data were compared to that for the grooves in defludar constructs patterned with

the template of the same dimensions. The dimensibtie grooves after one week in
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culture did not differ from those in the acellutaonstructs (Figure 12 a). The mean
width of the grooves was 96.7+5 um (compared t®&£H9 um in the acellular

constructs), the mean depth of the grooves was+3gl6um (compared to the

34.3£4.8 um in the acellular constructs).

After two weeks in culture, the mean width of theoayes remained
unchanged with the value of 96.2+6.2 um. HoweVex,mean depth of the grooves in
the cellular constructs after two weeks decreadmghtly from 36.6£3.4 pum to
30.3£3.1 um. This was not significant comparedhi® value at week one or to the
acellular constructs.

As can be seen from the histological images in Frgure 14 b and c,
topological features were present in the cell-sdammstructs after both one and two
weeks in culture. Clear signs of cell-matrix rembdg were evident (indicated by
dashed ovals on the Figure 14 based on the chastictélacy’ appearance of the
construct, which developed over time in cultureisTihdicates that cells were active
and viable deep in the construct over prolongetgdsr

These results show that micro-moulding of the togiglal features into the
fluid leaving surface of the cell-seeded collagetsgn the 12 well plate format
results in the grooves stable for at least two warkculture conditions, confirming

results reported in Chapter 4.
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Fig.12 (a) Bar chart showing the dimensions (deptiand width) of the grooves,
made in the single-layered constructs using 100x78utemplate. Dimensions of
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the grooves in the cell-seeded constructs, culturgdr 1 week and 2 weeks are
compared with the dimensions of the grooves in thacellular constructs at time
0. (b) Representative histological images (H&E staing) of the patterned
cellular constructs at week 1 and 2. Dashed ovalsdicate areas of cellular
matrix remodelling, arrows point at the grooves inthe constructs surface.
Efficiency of the cell delivery into the groovesidg the micro-moulding of the gels.

Direct delivery of the cells into the micro-chamer micro-grooves in the
collagen constructs is of potential benefit for ieegring of construct with micro-
vasculature. It is also an important step in thelgof the effects of surface topology
on cell behaviour in soft native materials. To thigd, the efficiency of novel cell-
delivery technique has been investigated. In theshiod, the cells were seeded on the
micro-moulding template.

After micro-moulding process was completed and pagern formed, the
template was left on the construct for 2 hoursrnabée cells to transfer attachment to
the collagen substrate. The hypothesis was thatpléegen is a natural extracellular
matrix polymer rich in RGD (Arg-Gly-Asp) sequenceells will over time
preferentially attach to the collagen and not ® skinthetic template. To test this, the
number of the cells, collected on the templaterpag was counted using live-dead
assay. This value was compared to the number t&f icethe grooves following the
micro-moulding. The template of 100x75 um was uged cell delivery and
patterning, as larger surface area would resuligher number of captured cells.

To assess the efficiency of the delivery methadtlfi mean number of cells,
seeded onto the rungs of the template was estatllighing live-dead staining assay
(see Chapter 2). The mean number of cells, seedethe rungs (n=20 rungs, 3
templates) after 2 hours of incubation with the selspension was 27+5 cells per

rung. This was not surprising given that templateupied only 11.6% of the surface

area of the well. Indeed, examination of the wethere templates were incubated
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with the cells showed that cells mostly settlethatbottom of the well. First image in
the Figure 13 (a) shows HaCat cells (green), seeddde rungs of the template prior
to delivery, and it can be seen from the cell-shiapend) that the cells did not firmly
attach to the template yet, making it more posdibt®r them to preferentially attach
to collagen surface after delivery into the grooves

Following the micro-moulding and two hours of triaisfrom the template
(cell side facing the grooves) to the patternedagein construct, the mean number of
cells in each groove of the construct was 5x2 gleve (n=20 grooves, 3 collagen
constructs). Based on the mean number of cellb®mungs prior to delivery it gives
approximately 18.5% efficiency of the delivery madh Middle image in Figure 13
(a) shows representative photograph of the liveai@€lls in the groove immediately
following the delivery procedure. As can be seemfthe image, cells are confined to
the groove and still retain round shape. The samnebe seen from the SEM images
of the cells in the grooves in Figure 13 b. Alsoni the SEM images in Figure 13 b it
is clear that following two hours transfer peridin the template onto the collagen),
cells start to extend processes and attach todlegen surface. This suggest active
(‘crawl’ from the rung), rather than passive (id¥op from the rung) mode of cell
delivery.

At day 1 of culture (Figure 13a, last image), theslls changed shape from
round to slightly elongated with some cells detédeyond the boundary of the
groove. This was expected, as it is known that Ha€ls are highly motile (Kehe et
al., 1999) and the depth of the grooves (approxma®0 um) was evidently not
enough to prevent these cells from leaving it.

The results indicate that it is possible in thecpss of micro-moulding to

deliver live cells into the grooves. Indeed, livead assay showed no dead cells in the
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grooves following the micro-moulding suggestingtttiee process was cell-friendly.

Therefore, this technique merits further investmat Several ways to improve the
efficiency of the direct delivery method will begmosed in the discussion section of
this chapter.

With regards to the fabrication of the cell seededro-channels, a small pilot
study has been conducted, where cells were detiveesedescribed before and a two-
part channel was formed by adding top layer of c@sged collagen. Constructs were
cultured for 1 week, fixed, sectioned and staine&E method, see Chapter 2).
Reflecting low number of cells in the grooves, nmigyoof the observed channels did
not contain cells. However, some channels contagedld at high density, as shown
in Figure 14. Cells were contained in the channel, did not migrate out of the
groove and between the layers after 1 week in rlflihis was in stark contrast with
the behaviour of these cells in the grooves.

As shown on the last image in Figure 13 a, aftdy @4 hrs culture period
some cells migrated out of the grooves.

Evidently, interlayer connection (as discussed ajiler 6) created a tight seal
between layers 1 and 2 (between groove and raad))ttas bond prevented cells from
leaving the confinement of the channels even dfteeek in culture. There were no
obvious signs of cell remodelling of the collageratnx, and based on the
morphological images, cells were proliferating dodmning lining of the channel.
This behaviour of epithelial cells in tubes (chdepbas been described previously by
Riehle et al. (1998). These promising preliminagults indicate that with the further
development of the technique it can be used toigeoeellular (endothelial cells)
lining to the micro-channels as a first step toieegr primitive micro-vasculature in

the collagen constructs.
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a Prior to delivery Day O after delivery Day 1 after delivery

Fig. 13 (a) Images of the live HaCat cells (greenktained using live-dead
protocol. Left — cells on the rungs of the templatefollowing 2 hrs incubation
with the cell suspension. Middle and right are imags of the cells in the grooves,
taken at time 0 and 24 hrs of culture period. Daskd lines indicate the rung of
the template (left image), and grooves (centre anight images). (b) SEM images
of the cells, delivered in the grooves following dect cell delivery protocol at time
0. Insert — higher magnification of the cell in thegroove showing cell, attached to
the collagen surface. Arrows on the image on theight point at the groove
borders. Open arrows show cell filopodia attacheda the collagen fibres.
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Fig. 14 Histological image of the channel in the didle-layered collagen
construct, with the cells (HaCat), delivered usinghe direct cell delivery protocol,
and cultured for 1 week. Layer 1 (patterned layer)was made of 10.6 mm gel,
layer 2 (roof of the channel) was made of 5.3 mm PeDashed line indicates
interface between layers, arrows point at the charel lumen.

Discussion

The importance of the surface patterning in themah{polymer constructs has
been discussed in Chapter 4. Also, methods ofrpaite the fluid leaving surface of
the PC collagen construct have, compressed usiggar method, been developed
and discussed (see Chapter 4) Mechanisms ofatterp formation in this system
(i.e. on the single FLS) have been proposed irséime chapter. In this study, pattern
formation on the primary FLS of the collagen gelempressed using multi-well
plastic compression system (see Chapter 5) has bealnated. In addition, the

possibility of fabricating two and three layerednstiucts (see Chapter 6) with

incorporated channels has been explored.
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We have hypothesized that use of the impermeabiplége in the multi-well
compression format will affect the fluid flow patts of the compressed gels. To test
this hypothesis following parameters have beenstigated: (i) average fluid loss
against time of compression from the collagen geth the templates of different
dimension, end time-point of full compression wittie templates of the same
dimensions and effect of micro-moulding on the dgits of fluid loss from the
compressed gels compared with the non-moulded gels.

Another unknown was the effect of the template disnens and of collagen
gel height on the resulting pattern fidelity. Tiwseer this question, width and depth
of the grooves, made using the templates of difted@mensions in the gels of the
same height and width and depth of the grooves maeieg template of one
dimension in the gels of different heights was sssd. These were than compared to
the dimensions of the ‘roofed’ channels, producgdnbcro-moulding double and
triple-layered collagen gels to answer the questibchannel survival after setting
and compressing of the ‘roof’ layer.

Additionally, stability of the in the constructs thvithe embedded cells in
culture was assessed. Finally, we have developgdested new method of direct cell
delivery and tested its performance both in theges and in the ‘roofed’ channels.

As discussed previously, the stable patterns omitigde FLS are formed as a
result of fluid flow from the collagen gels arouad impermeable template. This
seems to lead to the re-moulding of collagen &batound the template as the gels
shrinks, eventually creating a stable topologyhi& tonstruct. However, this was true
in the system where single FLS is formed, wheraate multi-well format multiple

fluid leaving surfaces are potentially created tu¢éhe small surface area of the gels
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and resulting pressure build-up (Chapter 5). Tioeee the effect of the secondary
FLS formation on the patterning of the gels wa®sitigated here.

As the templates were impermeable, therefore reduthe fluid leaving
surface area, it has been hypothesised that miowdelimg will affect fluid flow from
the collagen gels, as permeability of the FLS w#kcrease faster compared to the
non-moulded gels. To test this theory, gels (ef18.6 mm height) were used as their
compression curve has a distinct feature (‘jumphis probably corresponding with
the formation of the secondary FLS at the bottorthefgel at minute 2 (see Chapter
5, discussion). Therefore, this ‘jump’ in the cumwas used as a reference point in
comparing with compression curves of moulded gels.

It was shown in this study that use of the impefnegemplates of all
dimensions led to disappearance of the ‘jump’ fribra compression curves of the
gels compressed with the templates. It appeardthegducing the surface area of the
primary FLS by approximately 10% secondary FLS fation was triggered earlier,
probably during the first minute of compressionisTts supported by the fact that
fluid loss from the micro-moulded gels was gredib@n that from non- moulded gels
during first minutes of compression. Formation lué secondary FLS so early in the
process was probably also the reason for fastempssion of the moulded gels.
Therefore, the crucial time-period for pattern fatman on the primary FLS was the
first minute of compression. However, it is notspible to determine if during the
rest of the process fluid flow is confined soletythe secondary FLS or distributed
between the two, in other words if patterned fezgwindergo further remodelling or
are fully formed in the first minute of the procesmndering the primary FLS virtually
impermeable. However, the fact that micro-mouldofgthe 5.3 mm gels led to

formation of the secondary FLS, evident from th&tdibgical images seem to support
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the first theory, as gels of this height do notrissecondary FLS when compressed
without the template (see Chapter5).

Further investigation supported the theory of thstant formation of the
grooves, when using the multi-well compressionaystAnalysis of the dimensions
of the grooves showed that neither dimensions eftéimplate nor the height of the
gel (i.e. the total amount of protein present) badeffect on the resulting features.
Therefore, the dimensions of the grooved are detexinduring the first minute,
when the open (between rungs) area of the primg8ytad become impermeable.

In all cases, the width of the grooves closely mdsded the width of the
template; however the depth of the grooves wasiderably less than expected. This
is in a contrast with the pattern fidelity repori@edChapter 4. In this study grooves
produced by 25, 50 and 100 um wide rungs, hadenbist case half of the depth
(template — 75 um). When glass fibres were usquhttern single FLS in Chapter 4,
an excellent degree of pattern fidelity was achdeveThe differences in pattern
fidelity in two studies could be due two reasonglifferent cross-section of the
template and multiple fluid flow directions in theulti-well format.

The patterning mask, used in Chapter 4, had alaircross-section, whereas
in this study the cross-section of the template reasangular. It is possible that the
fluid movement around a cylinder will differ frorhe flow around a parallelepiped at
the micron level. The difference in the fluid flaavound a cylinder with the circular
and rectangular cross-section is well documented arodelled in literature.
However, these models are based on a steady flundih an ideal system and so
difficult to apply here.

Plastic compression is a dynamic process, with dddemplexity of

accumulation of collagen fibres on the FLS and fibet that fluid is essentially
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flowing through a mesh of nano-fibres that compawtsr time. Therefore, it is
challenging to mathematically model the fluid flanound a template in this system,
where all these factors will need to be taken mtoount. However, it seems to be
possible to propose at least three consecutivetdires of fluid flow, which could
explain why the depth of the grooves was less thapected. The proposed
mechanism is shows as a diagram in Figure 15.

Firstly, it seems reasonable to predict that ab#ginning of the compression,
when templates are placed on the gels and logabiged, full depth of the grooves is
achieved. At this point the thickness of the ter®lis irrelevant compared to the
initial height of gel (e.g. 75 um thick templatesngared to 5300 pm (minimum)

high gels).

template

collagen gel

Fig. 15 Diagram, showing proposed mechanism of pattn formation in the

multi-well format. Immediately after contact with absorbent and loading, fluid
starts to flow out of the gel towards the absorben{primary flow). However,

presence of the impermeable template results in fes blockage of the primary
FLS due t the process of ultrafiltration. Followingthat event, fluid starts to leave
the gel through the bottom part (secondary flow), eating secondary FLS. This
is blocked as well due to the same ultrafiltratiorprocess. Fluid, still left in the gel
by this point can leave through the only unblockedsurface — bottom of the
grooves (tertiary flow). This potentially leads toslight lift off of the template and
possibly collapse of the walls of the grooves, rdsing in shallower than expected
features.

The primary fluid flow (primary FLS) is formed, a®scribed before, at the

surface in contact with absorber, and becauseetin@lates are impermeable, water



198

will initially flow through the inter-rung interval This will continue, until these

spaces become blocked by the collagen fibrils (ssudsed in Chapter 5), and, as
already has been proposed, will happen within itisé fininute of the process. At this
point, primary FLS is formed.

The rest of the fluid in the gels will flow throughe bottom of the gel,
forming a secondary FLS, as proposed in Chaptétdsvever, when this exit route
becomes blocked, an additional, tertiary fluid legvdirection can be hypothesised,
through the bottom of the grooves (evidence of whaan be seen from the
histological images). This event can lead to twssgade outcomes, which may lead to
reduced depth of the grooves. First, lift of théttwm part of the groove as collagen
fibrils accumulate there and second collapse of dherstretched walls as liquid
leaves around the template. This last could alguaéx occurrence of trapezoid-
shaped grooves in some cases (as opposed to thetexpectangular cross-section).

Dimensions of the grooves tested in the presenceabfix-remodelling cells
in culture conditions did not change compared ®itiitial, which was in agreement
with the results, reported in Chapter 4. Therefathough mechanisms of pattern
formation in the multi-well format are somewhatfelient (multiple fluid exit points
compared to single in the original method) fromsehaising the original method of
PC, the resulting features were stable in cultored@ions making it a useful tool, in
particular to study cell-pattern interactions oe tatural polymer.

The stability of the pattern and possibility of fi@ation of multilayered
constructs in the multi-well format created an @&Rrg opportunity to make
multilayered constructs with predetermined channgtch channel consisted of the
bottom and side walls (groove in the base, temglktger) and the roof (top layer of

collagen). The hypothesis was that viscosity of ¢cbbagen in the upper layer and
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micron width of the grooves in the bottom layer Wbprevent occlusion of the lumen
of the channel. Indeed, open channels were produsied) all template dimensions
on the base layer. More importantly, the dimenswinte produced channels did not
differ from those of the grooves in the single-l@ge constructs, suggesting
considerable mechanical strength of the supposiiig walls of the grooves.
Formation of the open channels using this technigaa serve as an
alternative to the method, described in Chaptewi®&re channels were formed by
incorporation of soluble fibres in the bulk of thenstruct. It has been shown that
incorporation of such channels into the PC collagemstructs leads to the increased
oxygen perfusion through the layers of a spiraigeanbled scaffold (Cheema et al.,
2010). Although this method is useful, there areew disadvantages. Firstly, the
thickness of the resulting construct is determigdthe FLS area, and therefore
limited. Secondly, although the phosphate basedsgfibres chemistry can be
modified to have little detrimental effect on thesident cells; there are still concerns
about their usean vivo (Skelton et al., 2007). Therefore, formation o€ tstable
channels in the collagen constructs, ultimatelyhweimbedded cells, that do not
require any additional treatment (eg. cross-linkanglissolution) is advantageous.
Several methods have been reported by other grtmugseate controllable
micro-channels is to layer micro-patterned sheststhat pattern in the underlying
layer is covered by the next layer of biomater@gating open channels. However,
this approach has been generally used for synthetianers, such as poly-(glycerol
sebacate) (Fidkowski C. et al., 200pplydimethylsiloxane (Shin M. et al., 2004,
Mata et al., 2009), poly(L-lactic acid) (Pappenbetgal., 2009), poly (lactide-co-
glycolide), polyg-caprolactone-co-glicolide), poly(dioxanone) and rdoril® (Ryu

et al., 2006). The two parts of the channels (thitepned layer and the upper cover)



200

are held together by uncured polymer (PMDS, Matalgt2009), treatment of the
interface by oxygen plasma (Fidkowski C. et alQ20Shin M. et al., 2004), solvent
vapour bonding (Ryu et al., 2006) or by physicatijing patterned stacted sheets in a
tube (Pappenburg et al., 2009). Although, thesehoakst successfully create open
channels, use of synthetic materials and additistegds needed to hold the patterned
sheets together make these methods less attractivengineering living tissue
equivalents.

In the method described here, next module is reatibched to the previous
one (as discussed in Chapter 6) and assembly ofvHme construct is serial as
opposed to the parallel reported by other group&nother advantage of this
technology is a possibility to fabricate a ‘livingonstruct, where each layer, the
surface of the construct and potentially each cebhoan be seeded with the different
cell type and used as model tissues (eg. replademkeranimal experiment).
Therefore, this model merits further work is evédutne mechanical properties of the
whole scaffold and the channels as well as stalohfithe channels in the cell-seeded
constructs.

It has been shown that channels in the PC constmesult in increased
oxygen diffusion through the construct comparedh® constructs without channels
(Cheema et al., 2010). As such, channelled mudrieyy constructs, assembled using
multi-well plastic compression system, should pdevsufficient degree of oxygen
diffusion to the embedded cells in the centre ef ¢bnstructs. However, for in vivo
survival of the deep cell population, inosculat{@onnection with the blood system
of the host) of the construct may be beneficial.this end, the direct cell delivery
method has been tested in the current study asdad pf principle as a first step to

creating a primitive micro-vasculature. Cells sued the process, and were confined
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to the grooves after process was completed. Wealsaddemonstrated that cells can
be trapped in the channels and successfully cualfuakthough further experimental
work is needed to test these data.

Greater delivery efficiency can be achieved by iogathe carrier masks with
the thermo-responsive polymer (e.g. poly(N-isoptaprylamide (Hannachi, Yamato
and Okano, 2009) and culturing the cells to comft@eon the masks prior to delivery.
When cell-sheet is ready, the process of delivarylwe performed as reported in this
chapter with the temperature drop at the end ofpzession so that the sheet of cells
will be deposited directly at the bottom of the @res. Second layer of collagen (the
roof) can be added at this stage, so that cellsarined to the channel.

The main advantage of this technique is that cellvdry and constructs
fabrication happen simultaneously and cell-indepetlg, offering great saving on
time and high degree of control over the resultpgftern compared to other
conventional methods of cell patterning. Among tfiger methods of cell patterning
is use of patterned extracellular matrix proteiBbedtia et al., 1997), ink-jet printing
(Roth et al., 2004) and use of stencils (FolcH.e2Q00, Wright et al., 2007).

Although useful, these methods have certain disadges. Patterning of the
ECM proteins usually used for patterning cells te synthetic constructs. The
rationale behind this approach is that by contgllthe adhesive pattern one can
create patterns of cells, as they will adhere pgredetermined areas on the surface
of the construct. However, this method is highlpeledent on cells adhesion, coupled
with the protein denaturation and synthetic natofethe constructs bulk. Ink-jet
printing allows for precise deposition of ECM piioeand cells; however the method
is still in the development stage and suffers fidagging by the proteins and inferior

cell viability. Use of stencils as a direct celllidery, although allowing for
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controllable cell patterning when stencils are ontact with the surface of the
construct, but after stencils are removed cellsrardonger confined to the pattern
which effectively disappears (Campbel and Weig¥)72 Hannachi, Yamato and
Okano, 2009).

Proposed method can be potentially used for linihg channels with
endothelial cells as a model of primitive capillasystem, to study stem-cells
behaviour and for improvement of nerve repair bynly the channels with Schwann
cells. A further investigation into compatibility the process with these cell-types is
needed. In conclusion, the new method of micro-mhiogl channels and grooves into
the multi-layered collagen scaffolds opens new ojpdties to engineer complex

tissue equivalents, both for vitro andin vivo use.
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Chapter 8.

Summary, conclusions and further work.

Summary and conclusions

Collagen type | is the main structural proteinhe mammalian body. As such
this material is the ideal candidate for tissueimegring purposes, providing native
structural environment to the embedded cells, aposgd to using synthetic
substitutes. However, in the form of hyper-hydratgel, this material has poor
mechanical characteristics, being too weak, indeeable, to withstand mechanical
loading or manipulations. The ability of plasticngoression to produce dense, bio-
mimetic collagen structure is valuable for fabricat of the dense tissue-like
constructs, with superior mechanical propertieanmared to the hyper-hydrated
collagen gel.

The main mechanism of PC is the uniaxial removdlud under load, which
does not return upon load removal, giving the psedts name as plastic (irreversible)
compression. The major advantages of this are igje Viability of the embedded
cells, and, at the same time, its complete indepeca from the cell activity.

Collagen density increases from 0.2% in the hyydndted collagen gel to
approximately 12% following the compression procg®wn et al., 2005, Cheema
et al., 2007). In the cell-containing gels collaglmsity following compression rose
as cells contribute to the liquid content and vatuaf the initial gel, with final cell
densities of 10-20% depending on the initial segdiansity and spherical cell shape
(i.e. cells are unattached). Generally, it is dassio extrapolate the eventual cell
density in the PC scaffold by multiplying the iaiticell number by fold volume
change, which corresponds to 58 based on the seram collagen concentration

(Brown et al., 2005, Bitar et al., 2007, Cheemalet2007, Cheema et al., 2008).
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Human dermal fibroblasts, embedded into the PGgeh constructs remained viable
for up to 5 weeks in culture. Constructs at threetipoint were morphologically
compatible to the early connective tissues witleghs of considerable cell death or
matrix disintegration (Brown et al., 2005).

Material properties of the compressed collagen tcocts have been further
investigated using mechanical testing. Acellularadly rolled PC constructs, tested
in tensile mode showed typical toe and linear Ibadring regions, yield and
maximum break-stress levels. These constructs tmactibnally useful mean tensile
break strength of 0.6+0.11 MPa with a modulus &+0.36 MPa. Interestingly,
cellular constructs, tested in the same mode shdh&dalthough there was initial
reduction in yield strength and modulus (71 and 3d8pectively), after two weeks in
culture mechanical properties of these construatsraved to the level of acellular
samples. This phenomenon can be taken as a sigmafonal collagen remodeling
of the matrix by the resident cells (Brown et 2005)

Spirally rolled PC collagen sheets, tested undeonofined compressive load,
showed typical response of densification behavierere strain increases rapidly
with the increase in stress. As this test reprasenéffect further compression, there
was an initial linear region in modulus (0.03MNmwhich was replaced by a rapid
increase in modulus as constructs became more essgi (Cheema et al., 2007).

This method has already been used for skin, boaedér and nerve tissue
engineering. The main goal of this study was ttheerr advance the methodology with
the particular aim of formation of the stable miar@hitecture in the constructs (both
external and internal) and to understand the mesimsnof the formation of these
features. The hypothesis under test was that dtaiite deflection of the fluid out

flow from the gel, during compression, will resuitthe permanent and predictable
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deformation of the fibril architecture and distrilmm on the micron-scale, giving
stable topological features with predictable dimems and geometry.

The overarching hypothesis of this project sounakedbllows: dense collagen
constructs with a viable cell population and engred microarchitecture (i.e. surface
topology, internal microchannels and defined istegs) will be a valuable tool for
clinical and pharmacological applications as wallam easy-to-use model of basic
biological processes. The technique describedisnvibrk has been already proposed
for corneal tissue engineering to fabricate lim&taim cell niches in the PC collagen
constructs as well as for peripheral nerve regeioerand microvascularisation of the
dense collagen implants.

One of the ways to introduce the internal micraxsures into the compressed
collagen matrix is to incorporate soluble glassefd) of known dissolution time,
diameter and direction, into the collagen gel ptmicompression. The geometry of
these fibres can be reduced along their lengthiggotying more of the glass from
one end and less at the other. This is achievedhmersing in PBS and gradually
reducing the length of the immersed fibre, givingreater dissolution time at one end
than the other (see Appendix 1). Gradual reduahatiameter of the resulting fibres
along their length has been confirmed together lid change in shape of the
channels in the PC construct compressed with thiess from cylindrical to conical.
Incorporation of such fibres into the PC constigctiesigned to result in controlled
directional ingrowth (both in time and space) of tissue into the construct, as the
thicker end of the fibre will block the ingrowth ahe end, whereas on the opposite,
thinner end will disappear faster, opening up anaeafor ingrowth. This will in time
create a permissive channel for cell ingrowth fritna thin to thick end. This would

be of a particular use for nerve tissue engineetioth peripheral and central, where
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timing and direction of axons ingrowth is crucial Successful repair of the damaged
tissue.

Formation of the pattern on the surface of the aesged collagen constructs
was investigated next. In this study, particulaterdtion has been given to the
mechanisms of pattern formation. The plastic cosgiom process creates an internal
anisotropy in the construct with the higher densiyer of protein on the primary
fluid leaving surface compared to the opposite,-thaid leaving surface. By placing
the shaped template between the gel and absothbenpattern was formed on the
FLS, either simultaneously with compression ordaihg partial fluid removal. In
both cases, resulting features (in this case gsjoskesely resembled the template
(glass fibres of the known diameter). In contragten the template was placed on the
non-fluid leaving surface, either before compressiw at the final stages of the
process, the resulting grooves had low fidelityhte template, being much shallower
and wider than expected. The discrepancy in théematwas explained by the
different densities of collagen in the two surfawdsch may have different pattern-
retaining properties. Pattern formation on the M stable over 2 weeks in culture
in both cellular and acellular constructs. The pascof the pattern formation on the
FLS, which is formed by moulding of the collagebriis around the impermeable
template has been named here micro-moulding.

To further advance the original methodology, a nadescaling-up the PC
constructs fabrication has been developed and aeslu The new technique was
based on the same general principle of uniaxiad ftemoval from the collagen gels
under load. However, gels were set in the multii@mat, using standard tissue-
culture grade 12 well-plates. This provided inhéradvantages of convenience,

speed, economy but particularly reproducibility eTiesulting constructs remained in
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the wells, reducing handling, which is of a pargeibenefit when cellular constructs
are made, greatly reducing contamination and damdgeeover, our results show
that PC of cell-containing collagen gels in the nsystem does not affect cell
viability or their ability to remodel the matrix.h€ technique developed here can be
used for compression in other formats (6, 24, 96 plates) in common use. Most
importantly, the new system greatly reduces vadrtgldetween the constructs (as a
function of their weight, thickness and total fluabss) whilst effectively multiplying
the speed of production dramatically. This in tadds to the reproducibility of the
results of this and subsequent studies, basedagtipptompression of collagen.

Here, the absorbent and the load were placed oofttpe gels, inverting the
position of the FLS, compared to the original metiBrown et al, 2005), so that it is
on top of the newly cast gel.

It has been shown previously that the ratio of Fb.&e height of the gel can
affect the process of plastic compression (Hadpyaet al., 2010), where a single
FLS was formed at the bottom of the gel. To tesaihe was true for the new system
collagen gels of different volume to surface ara&@or(height) have been compared.
We have shown that increasing the height of geisifstantly changes the dynamics
of the compression process and affects morpholbgyearesulting constructs.

Based on these results we have proposed a new migchaf multiple FLS
formation during collagen gels compression in tlesvformat. According to this
theory the gel which is set in a non-permeable well placed under load can be
considered as a column of fluid under pressureéhdnfirst instance, fluid will leave
predominantly through the primary FLS (upper swgjaavhich is in contact with the
absorber. However, this FLS becomes blocked by Hegisity of collagen fibrils in

the course of compression (Hadjipanayi et al., 20I8e rest of the fluid in the gel
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remains under pressure. This makes it increasiligdly that alternative exit points
(i.e. bottom of the gel and/or its sides) will bemsecondary/tertiary FLSs

The dynamics of fluid flow from the gels and grogiresistance of the fluid
leaving surface also allowed for calculation of dntical collagen concentration per
surface area. This allowed us to estimate the gatialensity which triggers slowing
down of the fluid outflow, and so the PC end-poimhis approach has added
significantly to understanding of the PC procesd allows mechanistic prediction
and design of the effects of the gels dimensionghenproperties of the resulting
constructs.

The described method was used to design and buikknai-automated
machine by an industrial partner (TAP Biosciendegyston, UK; see Appendix 2).
The machine allows automated setting and comprgsdinollagen gels in a selection
of standard multi-well formats (currently 96 andw@ll plates).

The described methodology has been used for fdiomcaf the multilayered
constructs, which is not possible using the origmathodology. In the new system,
upward direction of the principle fluid flow meatisat after the process is completed,
a new gel can be cast and compressed on top @ir¢lveous, with its new FLS open
to the absorbent so that each layer is compressskly and predictably in highly
repetitive manner. In this manner process can peated indefinitely, making it
possible to fabricate thick multilayered collagesnstructs. In the original method,
where fluid was removed downwards, a new gel is @ad compressed on top, fluid
needed to be forced though its own forming Fu®l through the previous layer’s
fluid leaving surface. In the multi-well compressiformat, this obstacle is easily

avoided.



209

Moreover, this way of multi-layering leads to swalrhtegration between the
layers, probably due to the reswelling of the deatetl FLS in the previous layer
during and with fibril aggregation as the uppeesfr collagen gel is set. This leads to
the formation of a tight bond between layers, vathlagen fibrils knitting the two
together. Examination of the compression profiléshe gels, which are set and
compressed on top of the previously compressed, dedsto the conclusion that
multilayering affects the progression of the praeces particular, it appears that
secondary fluid leaving surface was formed eartiethe upper gels than in the base
ones. This could be attributed to the reswellihthe primary FLS of the base layer
which triggers earlier fluid outflow from the upp&yer and also suggest certain
degree of interlayer fluid exchange. This, howeved no obvious effect on the
overall construct morphology and up to ten layeredstructs can be fabricated with
the proportionally increased thickness.

Multilayered cellular constructs can be fabricatedhis system and cultured
up to 3 weeks without layer separation and obvartsimental effect on cell activity.
The developed method of multilayered collagen-basedstructs is therefore a
valuable tool for fabrication of thick tissues istandardised and controlled manner.

Finally, it has been shown that micro-moulding bé tstable topographical
feature is possible in the new multi-well format.hlas been anticipated that the
mechanisms of topography formation will differ frahose using the original method
due to the formation of primary and secondary Flfsl @robably shape of the
template (rectangular as opposed to circular csestion).

The width of the grooves showed good fidelity te templates in all cases;
however depth of the grooves was less than expeetgddless of the widths of the

template of the total protein content of the ghlsght). These data allowed proposing
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following mechanism of the pattern formation. Aase three subsequent fluid flow
directions were formed during patterning. Firstlytough the primary FLS, which
becomes blocked faster than without a templateindisated by the compression
profiles of the templated gels. Therefore, a seaon®&LS was formed earlier in the
process and becomes blocked in turn, as greateurgnod fluid needed to be forced
through it.

By that time in the process the width of the testglbars was already
permanently moulded into the constructs. The regtefluid, still trapped in the gel
remains under pressure. The easiest way for @aee appeared to be from under the
template, forming tertiary FLS. That would rise thg base of the grooves. As a
result, walls of the grooves would collapse, resglin less than expected depth.

Patterned collagen constructs were used as a bgse When fabricating
‘roofed’ channels. Channels between the layers ¥reed by compressing collagen
gels on top of the patterned base layers, creatingpf’ over the grooves.

Additionally, cell delivery into the grooves durimgicro-moulding was tested.
The cells survived this process and were confiredhe bottom of the grooves
immediately after process completion. However |aighe culture period some cells
escaped confinement of the grooves probably duleetonotile nature of the cell-type
used (HaCat cell line) and shallowness of the geso\rhis was not seen when cells-
seeded grooves were covered by the roof. Indeésl wele confined to the channel
even after 1 week in culture, showing signs of iferdtion and possible lining of the
channels. These findings make this technology wdutther investigation and
development, in particular for creating cell-linedannels for micro-vascular tissue

engineering.
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In conclusion, the starting hypothesis partiallyveted in the course of this
study. By controllably deflecting fluid flow fronhé collagen gels during the process
of plastic compression stable and predictable matezind external topological features
can be introduced into the PC collagen construrces gontrollable manner. However,
formation of the additional FLS was not taken iattwount when starting hypothesis
was developed. That new factor offers new questiand avenues for further
development, in particular with regard to the fotima of the pattern on this
additional surface. By understanding the mechanismd limitations of these
processes it is possible to fabricate living tisegaivalents with the complex micro-
architecture, closely mimicking that of the nattissues. Current study outlined basic
characteristics and mechanisms of the formatiothese topological features and
following directions for the future work can be gegted to further progress the
knowledge, gained up to date.

Recommendations for further work.

1) Does conical shape of the soluble fibres translatésto directional opening
of the channel?

1. Determine the rate of dissolution of the conicérds included in the
compressed collagen at set time-points to monfenmg of the channels.
2. Test the dynamics of tissue ingrowth into the cledsmt both thick and
thin endin vitro using dorsal root ganglia as a model tissue.
2) How does cross-section of the template affects tt@imensions of the
topology in the PC constructs with single FLS?
1. Test the effect of the cross-section of the tenepteat the resulting features
with the rectangular template.
3) How formation of the additional FLS affects mechargcal properties of the

PC constructs?
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1. Test mechanical properties of the resulting cowesiriand compare to
those, made using the original method. It is pdssibhat formation of the
secondary FLS will have an effect on this parameter

2. Test the possibility of pattern formation on the@adary FLS.

4) What are the precise mechanisms of interlayer bontbrmation and their
effect on the construct mechanical properties and dhaviour of the
embedded cells?

1. Investigate interlayer fluid movement.

2. Test the migration of cells between layers.

3. Test the mechanical strength of the interlayer ectian.

5) What are the mechanical properties of the roofed dmnnels and their
stability in the presence of the embedded, matrixeamodelling cells and
epithelial cells?

1. Test mechanical (burst) strength of the channels.
2. Test stability of the channels made in the cellatarstructs.

3. Further development of the cell-delivery technique.
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RAFT

Real Architecture For 3D Tissue

New system for creating realistic 3D fissue
models for drug discovery research.

TAP
Biosystems
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Real Architecture FoBD Tissue
New system for creating realistic 3D tissue
models for drug discovery research.

Introduction

There are striking differences in the morphologg an
biological response of cells in a 3D environmenhpared
to standard 2D culture, including differentiation,
proliferation and drug metabolism. Adoption of 3D
technologies into routine use has been slow because
they are technically demanding, labour intensive: @am
give variable results.

TAP Biosystems has recognised this need and RAFT —
Real Architecture For 3D Tissue — is designed tiresk
these specific problems, and enables researchers to
produce truly biomimetic tissue models simply and
conveniently.

The RAFT System is based on a novel, patented gsoce
using collagen to mimic closely @&mvivo environment.
The RAFT workstation, consumables and reagents
together allow multi-cellular 3D tissue models ® b
made rapidly and consistently in standard platméis.
RAFT process

Cells and neutralised collagen are mixed and ineuba
to create a cell seeded hydrogel. Some of thediguthe
hydrogel is then removed gently by absorption which
results in a strong transparent tissue model madells
encapsulated in a biomimetic fibrillar matrix ofllegen.
The RAFT System provides scientists with an extigme
flexible way to make well defined 3D tissue models.
Complex multilayer tissue models can be formed with
different cell types or seeding densities in eagfet.

Up to 96 tissue models can be made in a standate pl
format with minimal hands on time. The tissue ramean
the same well from creation until the end of thpezkment,
and can be analysed using a wide variety of standar
imaging, biochemical, histological and '‘omics
techniques.

RAFT functions

 Rapidly produces 3D tissue models

» Uses collagen — the ideal material for formingti8due
models

» Enables up to 96 tissue models to be made
simultaneously

* Tissue models can be made in standard well ptates
permeable membrane inserts for barrier assays or
culture at the air / liquid interface

 Supports complex cell co-culture — the user idls f
control of cell type(s) and cell densities

RAFT benefits

* Realistic — provides the cells with a more ndtura
environment



* Flexible — supports a wide range of assay maaiadis
analytical techniques

» Reproducible — create consistent 3D tissue models
» Rapid — no cross linking agents are used, arid ast
present from the start so can be used immediately
Applications include

* Cell based screening

* Target validation

* Lead Optimisation

* Cell biology

« Safety pharmacology

To learn more about the RAFT system contact:

Dr Grant Cameron, RAFT Development Director,
TAP Biosystems

York Way, Royston, Herts, SG8 5WY

United Kingdom

Telephone

+44 1763 227200

Email

info@tapbiosystems.com

Visit

www.tapbiosystems.com
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RAFT 96-well workstation



