
 

Document downloaded from: 

 

This paper must be cited as:  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The final publication is available at 

 

 

Copyright 

 

Additional Information 

 

http://dx.doi.org/10.1016/j.msec.2015.12.068

http://hdl.handle.net/10251/80292

Elsevier

Vikingsson, L.; Antolinos Turpín, CM.; Gómez-Tejedor, JA.; Ferrer Gallego, G.; Gómez
Ribelles, JL. (2016). Prediction of the  in vivo  mechanical behavior of biointegrable acrylic
macroporous scaffolds. Materials Science and Engineering: C. 61:651-658.
doi:10.1016/j.msec.2015.12.068.



Materials Science & Engineering C  (2016), pp. 651-658                  doi: 10.1016/j.msec.2015.12.068

Prediction of the “in vivo” mechanical behavior of
biointegrable acrylic macroporous scaffolds 

L. Vikingsson1, *, C. M. Antolinos-Turpin1, J.A. Gómez-Tejedor1, G. Gallego

Ferrer1, 2, J.L. Gómez Ribelles1, 2

1Centre  for  Biomaterials  and  Tissue  Engineering  (CBIT),  Universitat

Politècnica de València, Camino de Vera s/n, 46022 Valencia, Spain.
2Biomedical Research Networking Center in Bioengineering, Biomaterials

and Nanomedicine (CIBER-BBN), Valencia, Spain.

*Corresponding  author.  Tel.:  +34  963877007,  ext.88939;  fax:  +34

963877276. E-mail: livi1@upv.es

Key  words: Poly(Ethyl  Acrylate)  (PEA),  Poly(2-  Hydroxyl  Ethyl  Acrylate)

(PHEA), Poly(Vinyl Alcohol), Freezing and thawing, Mechanical properties,

Scaffold.

Abstract

This study examines a biocompatible scaffold series of random copolymer

networks  P(EA-HEA)  made  of  Ethyl  Acrylate,  EA,  and  2-Hydroxyl  Ethyl

Acrylate,  HEA.  The  P(EA-HEA)  scaffolds  have  been  synthesized  with

varying crosslinking density and filled with a Poly(Vinyl Alcohol), PVA, to

mimic the growing cartilaginous tissue during tissue repair.  In  cartilage

regeneration the scaffold needs to have sufficient mechanical properties to

sustain  the  compression  in  the  joint  and,  at  the  same  time,  transmit

mechanical signals to the cells for chondrogenic differentiation. Mechanical

tests show that the elastic modulus increases with increasing crosslinking

density of P(EA-HEA) scaffolds. The water plays an important role in the

mechanical  behaviour  of  the  scaffold,  but  highly  depends  on  the

crosslinking density of the proper polymer. Furthermore, when the scaffold
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with hydrogel is  tested it  can be seen that the modulus increases with

increasing  hydrogel  density.  Even  so,  the  mechanical  properties  are

inferior  than  those  of  the  scaffolds  with  water  filling  the  pores.  The

hydrogel inside the pores of the scaffolds facilitates the expulsion of water

during compression and lowers the mechanical modulus of the scaffold.

The P(EA-HEA) with PVA show to be a good artificial cartilage model with

mechanical properties close to native articular cartilage.

1. Introduction

Tissue  Engineering  applies  biology  and  engineering  to  regenerate

damaged tissue and provide function to damaged organs1. Current tissue

engineering techniques use three-dimensional porous scaffolds of natural

or synthetic origin, sometimes previously seeded with cells. The scaffold

material,  pore  architecture  and  cell  source  depend  on  the  tissue

application.  Care  is  taken  to  develop  materials  that  offer  a  suitable

biomechanical environment, in such way that stress transmission to the

cells hosted in the scaffolds pores is similar to  surrounding tissue2.  The

cells inside the pores of the scaffold use mechanotransduction as one of

the  signalling  paths  to  maintain  their  phenotype  and  produce  the

adequate extra-cellular matrix, ECM, components3 4 5. Accordingly, scaffold

design is important since mechanical and physicochemical characteristics

influence tissue response  6 7.  Although  cartilage is an  anisotropic tissue,

most papers than can be found in the literature for cartilage regeneration

are based in isotropic 3D scaffolds and in some cases, some efforts have

been  done  in  the  development  of  anisotropic  materials  for  cartilage

regeneration8 9 10 11 12 13 14 15. Mechanical properties of the scaffold can be

tailored  by  for  example,  modifying  material,  scaffold  architecture  or

supplying  chemical  compounds.  Articular  cartilage  is  a  tissue  with

relatively  few  cells  embedded  in  a  dense  extra  cellular  matrix  mainly

composed of collagen type II and proteoglycans 16 17 18 19 20. Chondrocytes

receive  and  respond  to  mechanical  stimuli  by  multiple  regulatory
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pathways that control extra cellular matrix production and function 21 22 23

24 25 26 27 28.  Studies  show  that  chondrocytes  cultured  under  static

conditions tend to loose chondrocytic phenotype and produce less extra

cellular matrix components specific of articular cartilage, while dynamic

culture under compression increases the amount of glycosaminoglycans

produced of chondrocytes. The cellular effect depends on the applied load,

the strain and frequency. 29 30

An important but often forgotten factor when designing and characterizing

biomaterials is that the scaffold in a cartilage defect does not withstand

the  load  in  the  joint  by  it  self:  in  vivo pores  are  being  filled  with

physiological  liquid,  cells  and  extra  cellular  matrix.  In  normal  articular

cartilage in humans tissue fluid represents between 65-85% of the total

weight. Water is the most abundant component of articular cartilage. 31

Water and extra cellular matrix components contribute to the mechanical

properties of the scaffold/cell construct and are time-depending, since the

tissue is growing and get denser. Then, to comprehensively characterize a

scaffold  it  is  not  sufficient  to  measure  the  mechanical  modulus  of  the

empty  material,  instead  liquid  immersed  scaffold  and  ECM-like  filled

scaffold should be characterized.  In  a  previous study we developed an

experimental  model  to  test  the  properties  of  macro  and  micro-porous

scaffolds  based  on  a  Poly(Vinyl  Alcohol),  PVA,  filling.  This  model  was

applied  to  predict  the  mechanical  properties  of  Polycaprolactone,  PCL,

scaffolds implanted in articular cartilage defects  32.  The  stiffness of  the

scaffold/hydrogel  construct  could  be  adjusted  by  different  number  of

freezing  and  thawing  (f/t)  cycles  and  a  mechanical  response  of  the

PCL/PVA construct close to native articular cartilage was obtained. PVA is a

well  studied  polymer  for  tissue  engineering  applications  and  hydrogels

produced by freezing and thawing, f/t, have interesting characteristics. By

repeating cycles of f/t the aqueous solution of PVA crosslink by crystallite

formation, and the crystallites increase in number with each cycle f/t 33 34 35

36 37 38. 
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In this study we aim to use this experimental model to analyze the effect

of crosslinking density on the mechanical response of macroporous acrylic

polymers.  Poly(Ethyl  Acrylate),  PEA,  is  a  hydrophobic  biocompatible

polymer that has been tested for different tissue engineering applications.

The cell response of PEA cultured supports has been favourable both in

monolayer and in three dimensions, for human umbilical vein endothelial

cells,  conjunctival  epithelial  cells,  fibroblasts,  chondrocytes  and

osteoblasts 39 39 40 41. In particular it has been shown that PEA membranes

are able to induce fibronectin fibrillogenesis in absence of cells, influencing

cell adhesion, ECM organization and degradation, and cell differentiation 42

43 44.  In this study a series of scaffolds made of ethyl acrylate, EA, and

hydroxyethyl acrylate, HEA, copolymers with weight proportion 90:10 have

been prepared with varying amount of crosslinking agent Ethylene Glycol

Dimethacrylate,  EGDMA.  By  introducing  a  hydrophilic  component

favourable  biological  response  can  be  obtained  8 9.  The  amount  of

crosslinking density is varied to be able to tailor the three dimensional

structure and mechanical properties of the scaffold.  PEA and P(EA-HEA)

macro-porous scaffolds have been previously proposed for the anchoring

ring of the cornea prosthesis 10. In a recent study, a P(EA-HEA) scaffold has

been used for cartilage regeneration in a rabbit model, showing that the

scaffold  guided cartilaginous tissue growth  in  vivo 45.  In this study, the

P(EA-HEA) scaffold series has been filled with an aqueous solution of PVA

and subjected  to  different  cycles  of  freezing  and  thawing  to  tailor  the

mechanical properties. The role of the PVA hydrogel is to fill the P(EA-HEA) pores to

simulate the ECM growing inside the pores, and in this way, to understand the mechanical

response  of  the  scaffold  after  implantation.  In  a  future  application  of  this  materials  for

cartilage  regeneration,  the  P(EA-HEA)  will  be  implanted  without  the  PVA.  Unconfined

compression  test  was  made  to  evaluate  the  mechanical  properties  of

empty and hydrogel  filled  scaffolds,  while  the  scaffold  morphology has

been  assessed  by  Scanning  Electron  Microscopy  before  and  after

mechanical assays.
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2. Materials and Methods

2.1 Scaffold preparation

Scaffold  series  were  prepared  with  a  template  technique  previously

reported  elsewhere  46 9 47.  Templates  were  synthesized  by  use  of

Poly(Methyl Methacrylate),  PMMA, microspheres (Colacryl DP 300, Lucite

International,  UK)  with  diameter  between  80  and  120  µm.  Porogen

microspheres were placed in a metal mold and subjected to successive

compressions  at  150  ºC  in  a  hot  plates  press  (CUMIX  TO-250/20).

Templates were obtained in sheet form approximately 2 mm thick with a

suitable  interconnection  of  porogen  particles.  Mixtures  of  90  %  Ethyl

Acrylate  (99% Sigma-Aldrich,  Spain),  and  10% 2-Hydroxyethyl  Acrylate

(Sigma-Aldrich 96%, Spain), with 0.5 % Benzoine (98% Scharlau, Spain)

and 1,  3 and 5% of crosslinking agent, Ethylene Glycol  Dimethacrylate

(99% Sigma-Aldrich, Spain) were prepared. The copolymers will be named

P(EA-HEA)  1/3/5  to  refer  to  each  scaffold  of  the  series.  The  monomer

solutions were poured into transparent molds and radical polymerization

took  place  for  24  hours  under  ultra  violet  radiation.  A  24  hours  post

polymerization in 90ºC followed to ensure maximum monomer conversion.

The sheets thus obtained were washed in acetone (99.9% Fluka, Spain) for

4 days at room temperature under stirring to eliminate the PMMA porogen

microspheres. Acetone was changed three times. Porous three dimensional

scaffolds  were  obtained  by  a  slow  acetone-water  solvent  exchange  to

extract  the  acetone  and  avoid  pore  collapse.  Once  obtained,  water

immersed scaffolds were left in water during 24 hours to assure no leftover

traces of acetone. P(EA-HEA) membranes were cut into 3 mm diameter

and 2 mm high scaffolds with circular stamps and surgical scalpels. 

Porosity  of  both  the  porogen  template  and  the  P(EA-HEA)  scaffolds  (6

replica of each sample) was calculated using equation 1 where,  m is the

template weight of PMMA/scaffold, ρ is the polymer density and t, w and l

are the height, width and length of the template, respectively 48.
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ϕ=1−
m / ρ
t·w·l

                                                (1)

Density  of  the  PMMA  template  was  determined  through  Archimedes

principle. A Mettler AE 240 balance and Mettler ME 33360 accessory with

sensitivity of 0.01 mg was used in measurements as described in others

studies according to equation (2)  49 50. Dry samples were weighed in air

(mair) and in n-octane (moctane) (95% Fluka, =0.702 g/cm3) three times per

sample. Density was calculated as sample mass in air (mair)  divided by

displaced volume of n-octane (Vdisplaced). The density value is 1.19 g/ for the

PMMA spheres (supplier’s value).

ρ=
mair

V displaced

(2)

V
displaced=

mair−moctane

ρoctane

2.2 Hydrogel preparation

A 10% aqueous solution of PVA,  average molecular weight, Mw, 130,000

Da  and  99+%  hydrolyzed  (Sigma  Aldrich,  Spain)  was  prepared  by

continuously stirring at 90°C for 1 hour and then let cool down to room

temperature.  The solution  was  poured  into  with  5  mm diameter  wells.

Hydrogels were obtained by freezing the solution for 12 hours in -20°C and

then thawed to room temperature for 8 hours in a chamber with saturated

humidity. The  f/t cycles was repeated for 1, 3 and 6 times. 

The water content in the hydrogels after 6 f/t cycles was determined for

six samples. Samples were freeze dried with -80°C and pressure < 100

mbar  (Lyoquest,  Telstar).  The mass  before  and after  freeze drying was

measured  and  the  difference  was  considered  to  be  water.  A  Thermo

Gravimetric Analysis (TGA/StarSystem, Mettler Toledo) to 400°C was done
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to evaluate resting amount of water in the gel. The mass loss until 180°C

was considered to be water.

The  crystallinity  in  hydrogels  after  1  and  6  number  of  f/t  cycles  was

evaluated  through  Differential  Scanning  Calorimetry,  DSC,  analysis.  As

control  an  aqueous  solution  of  PVA  was  cast  to  a  Petri-dish  and

immediately frozen and freeze dried. DSC heating scans of the freeze dried

gels  and  solution  were  performed  at  20ºC/min  in  a  PYRYS-DSC  8000

equipment  (Perkin  Elmer)  under  flowing  nitrogen  atmosphere  between

-80ºC and 280 ºC. The first scans revealed remaining water, especially for

the  low  crosslinked  hydrogels  and  a  second  scan  was  recorded.  The

samples were then heated to 100 ºC to remove the water contained by the

samples and then a scan -80ºC and 280 ºC was done.

2.3 Scaffold/hydrogel construct

The PVA solution was introduced into the previously water-immersed P(EA-

HEA) scaffolds by vacuum injection and the scaffold and gel constructs 

were frozen and thawed under the same conditions as the PVA gels. The 

effectiveness of the PVA filling was calculated with porosity calculations 

based on weight and dimensions of the samples according to equation 3. 

Porosity was calculated as volume of pores (Vpores) divided by total volume 

(Vtotal). The volume of pores was estimated as the difference in mass of 

scaffold with (mwith PVA ) and without PVA solution (mdry), divided by PVA 

solution density (ρPVA solution) The volume of the scaffold (Vscaffold) is calculated

as the scaffold dry weight (mdry) divided by the polymer density (ρP(EA-HEA)). 

The density of the PVA solution was estimated from a 10% PVA aqueous 

solution with a pure PVA density of 1.30 g/cm3 51. The density of P(EA-HEA) 

was calculated as described above.

ø=
V pores

V total

=
V pores

V scaffolds−V pores
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V pores=
mwithPVA−mdry

ρPVAsolution

(3)

 V scaffold=
mdry

ρP( EA−HEA )

2.4 Scanning Electron Microscopy

The morphology of the P(EA-HEA) scaffolds, the scaffold/gel construct and

pure hydrogel was examined using a  Scanning Electron Microscope SEM

(JEOL JSM-5410, Japan) equipped with a cryogenic device. Samples were

frozen at -90 °C, broken to see the cross-section of the samples and then

sublimated  during  40  minutes.  The  samples  were  gold  sputtered  and

images were taken at an acceleration voltage of 10 kV. 

2.5 Mechanical testing

The mechanical assays were performed using a  Microtest SCM 3000 95

Universal Testing Machine (Spain) with a 15 N load cell at a strain rate of 1

mm/min. The samples were subjected to unconfined compression cycles to

15%  strain  at  a  rate  of  1  mm/min,  considering  the  physiological

deformation  of  natural  cartilage  52 53 54,  in  a  custom-made device  that

allowed the samples to be immersed in water during the procedure. The

results of this test were used to make a stress-strain representation and to

calculate  Young´s  modulus  at  the  slope  of  2%  deformation  and  the

maximum  stress  at  15%  deformation.   55.  The  mechanical  data  was

analyzed  using  ANOVA  and  where  statistical  difference  was  found  an

unpaired t-test was done. For each assay 6 samples of each group was

tested. One way ANOVA can compare differences between more than two

groups and the t-test is considered a special case of the one way ANOVA

and can only compare two groups. The statistical differences are marked in

the figures with asterisks to distinguish the groups.
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3. Results and Discussion

3.1 Results

The  porosity  calculations  for  the  porogen  template  and  the  P(EA-HEA)

scaffolds are listed in table 1. The calculated density for P(EA-HEA) is 1.136

g/cm3 .  Porosities for scaffolds filled with PVA are all close to 0 and not

shown. In table 1 it can be seen that the porosity is increasing slightly with

increasing crosslinking density. The porosity of the PMMA template is 9 ± 5

which gives P(EA-HEA) scaffolds a theoretical porosity of 90%. The final

porosity is slightly smaller, showing a certain contraction of the scaffold

during template extraction. Materials with higher crosslinking density are

closer to this value. 

Material 

P(EA-HEA) 1% 78 ± 4

P(EA-HEA) 3% 83 ± 3

P(EA-HEA) 5% 87 ± 4

PMMA template 9 ± 5

Table 1. The porosity of the porogen template and the P(EA-HEA) scaffolds without PVA 
hydrogel.
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Figure 1. The morphology of the P(EA-HEA) 90:10 immersed scaffolds surface before (a-c)

and after (d-f) compression tests: (a) and (d) 1% EGDMA, (b) and (e) 3% EGDMA and (c)

and (f) 5 % EGDMA. Scale bar is valid for all pictures and corresponds to 600 m 

All  the  P(EA-HEA)  scaffolds  (Figure  1a-c)  present  an  interconnected

structure with spherical pores before compression tests. It is also possible

to observe that the scaffold pores are more open and interconnected, with

thinner  trabeculare,  for  higher  crosslinking  density.  The  pore  size  was

estimated from SEM images, taking 100 measuraments for each sample.

The P(EA-HEA) 1% scaffolds show a pore size of 70±20 m, the P(EA-HEA)

3% scaffolds  79±20  m and the P(EA-HEA) 5% scaffolds  71±18  m. The

measured pore size between 70 and 80  m is slightly smaller than the

initial porogen size (between 80 and 120 m) due to the contraction of the

scaffold  in  the  acetone-water  solvent  exchange.  Figure  2  shows  the

histograms  of  the  pore  size  distribution.  We  can  observe  that  the

distributions are right-skewed: the distribution is concentrated on the left

of the figure, i.e., most of the pores are in the range of 50-80 m for P(EA-

HEA) 1% and 5% scaffolds, and in the range of 60-90 m for P(EA-HEA) 3%

scaffolds.  Porosity  values (Table 1)  show that the porosity  is  increasing

slightly with increasing crosslinking density.  After compression tests all

materials  show  a  slight  morphological  change  at  the  scaffold  surface
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(Figure 1 d-f), such as broken trabeculae. This effect is seen independently

of the crosslinking density. 

Figure 2. Pore size distribution for (a) the P(EA-HEA) 1% , (b) the P(EA-HEA) 3% and (c)

the P(EA-HEA) 5% scaffolds. 

The influence of crosslinking density on the mechanical properties of the

porous scaffold has been assessed by comparing the scaffold with and

without water in the pores. It is worth noticing that the P(EA-HEA) scaffold

in this study is hydrophilic. The effect of water on the P(EA-HEA) scaffolds

can only really be evaluated by testing the scaffolds without water in the

macro-pores, but when the scaffold has absorbed water into the polymer.

In this way, water in the macro-pores is the only difference between water-

filled  and  water-absorbed  samples.  Consequently,  the  scaffolds  were

immersed in water, and then the water in the macro-pores were removed

by absorption on filter paper. Both the modulus for the P(EA-HEA) scaffolds

immersed in water and for the scaffolds with empty pores increases with

increasing  crosslinking  density  (Figure  3a-c).  On  the  other  hand,  the

scaffolds  with  empty  pores  (Figure  3a-c  )  show  mechanical  properties

inferior to the water-immersed samples. 

Another important observation is that the relationship between the elastic

modulus of the water absorbed samples and the water filled samples for

different crosslinking density differ. For increasing crosslinking density, 1%-

3%-5%  EGDMA,  the  modulus  for  the  water  absorbed  samples  is

approximately: 0.05 - 0.1 - 0.3 MPa respectively. For the water immersed
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samples the same scaffolds have modulus of approximately: 0.35 - 0.55 - 1

MPa. Consequently, the increase is not in the same order for the different

samples. P(EA-HEA) 1% increase the modulus 7 times by having water in

the pores, P(EA-HEA) 3% by 5 and P(EA-HEA) 5% increases the modulus 3

times. 

 

a)

b)
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Figure  3.  The  elastic  modulus  (MPa)  and  stress  for  15%  strain  in  the  unconfined

compression tests for the  P(EA-HEA) series, water absorbed, water immersed and filled

with PVA hydrogel for 1, 3 and 6 cycles f/t: (a) P(EA-HEA) 1%, (b) P(EA-HEA) 3% and (c )

P(EA-HEA) 5%. Black columns represent modulus (MPa) and grey stress for 15% strain

(kPa).  ANOVA statistical  analysis  and  unpaired  t-test  (p<  0,05)  were  made  between

groups and significant difference is marked with an asterisk (black between modulus and

grey between stress for 15% strain) in comparison with 1 cycle f/t.

c)
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Figure 4. PVA gel subjected to 1, 3 and 6 cycles of freezing and thawing in unconfined

compression tests in immersed conditions. Black columns represent modulus (MPa) and

grey stress for 15% strain (kPa). ANOVA statistical analysis and unpaired t-test (p< 0,05)

were made between groups and significant difference is marked with an asterisk (black

between modulus and grey between stress for 15% strain) in comparison with 1 cycle f/t. 

In figure 4 it can be seen that the mechanical properties of the pure PVA

gels increase with the number of freezing and thawing cycles. The water

content of the pure PVA hydrogels after 6 f/t cycles was measured as mass

loss after freeze drying followed by TGA analysis. The water content after

freeze drying was calculated to 86.7 %. TGA analysis show that the freeze

dried samples still contained 4.1 % water. Hence, total amount of water in

the initial samples were 87.2 %.

The  crystallinity  of  the  pure  PVA  gels  after  0,  1  and  6  f/t  cycles  was

calculated from DSC scans as melting enthalpy divided by Hm for a pure

crystalline  PVA  sample,  150  J/g  56.  Results  are  shown  in  table  2.  The

crystallinity varied from 46 % to 54 % from solution to 6 f/t cycles. This is

14
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coherent  with  others  results,  that  report  crystallinity  values  of  56% in

hydrogels after 10 cycle f/t 57. 

Sample Crystallinity (%)

PVA 0 cycles f/t 46.4 

PVA 1 cycles f/t 48.6

PVA 6 cycles f/t 54.7

Table 2. The crystallinity of the PVA solution and hydrogels calculated from DSC scans. 

When  the  PVA  solution  is  introduced  into  P(EA-HEA)  1% scaffolds  and

subjected to 6 cycles of f/t (Figure 5a) it can be seen that the hydrogel

enters  all  the  scaffolds  pores.  SEM images  of  the  cross-sektion  of  the

scaffold/hydrogel  construct  after  compression  tests  (Figure  5b)  show  a

slighly  different  morphology,  with  a  dense  gel  that  seems  affected  by

compression. SEM images of pure PVA hydrogel after 1, 3 and 6 cycles f/t

show a porous structure with a disperse pore size (0.5-2 μm) for all cycles

of  f/t.  Figure  5c  shows  the  hydrogel  after  6  cycles  f/t,  which  is

representative for all cycles f/t.

Figure 5. (a) The cryoSEM images of the cross-section of P(EA-HEA) 1% scaffold filled with

PVA 6 cycles f/t. The scaffold is completely filled with hydrogel. Scale bar 80 m.  (b) The 

cryoSEM image of P(EA-HEA) 1% filled with PVA 6 cycles f/t after compression tests. The 

hydrogel is indicated with black arrows. Scale bar 80 m. c) The crySEM image of the 

pure PVA hydrogel before compression tests, for 6 cycles of freezing and thawing. Scale 

bar 4 m.
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The  mechanical  modulus  of  the  hydrogel-filled  scaffolds  increases  for

increasing number of freezing and thawing cycles. However, the modulus

is  lower  than  for  the  water-immersed  scaffolds.  When  the  hydrogel  is

densely crosslinked, after 6 cycles of freezing and thawing, the modulus

reach the same value as for the water-immersed scaffold. 

3.2 Discussion

For the P(EA-HEA) scaffolds with different crosslinking density it is seen a

small pore size, and porosity increase with increasing crosslinking density

(Table  1).  This  phenomenon  is  produced  during  the  solvent  exchange

process from acetone to water in the scaffold synthesis. The material with

higher  crosslinking  density  absorb  less  acetone  which  maintains  the

material  rigid  during  the  the  solvent  exchange,  and  the  result  is  an

interconnected  and  open  pore  structure.  The  scaffolds  with  smaller

crosslinking  density  can  absorb  greater  amount  of  acetone  and  soften

during the solvent exchange, which will close the pores.

When the scaffolds mechanical properties were evaluated in unconfined

compression  tests,  in  water  immersed  and  water  absorbed  conditions

interesting features could be seen. The scaffolds with empty pores (Figure

3a-c ) show mechanical properties inferior to the water-immersed samples.

This indicates that it is foremost water movement inside the scaffold pores

that determines the mechanical properties of the scaffold.

Another interesting observation is made comparing the elastic  modulus

values of the water immersed and water absorbed samples for different

crosslinking  density.  The  different  samples  increase  the  modulus

differently, depending on the crosslinking grade. P(EA-HEA) 1% increase

the modulus 7 times, P(EA-HEA) 3% by 5 and P(EA-HEA) 5% increases the

modulus  3  times.  This  means  that  the  stiffness  of  the  proper  polymer

network influence the effect of water on the mechanical properties. As the
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polymer network becomes more crosslinked, and consequently stiffer, the

effect of water filling is less important for the mechanical outcome. On the

other hand, there is also a difference in porosity and pore-size between the

samples. The decrease in porosity increases tortuosity of the water flowing

through the scaffold during compression. This makes the water passage

more difficult and hence, the compressive modulus increases.

Unmistakably, the capacity of reaching realistic conclusions about the  in

vivo behavior of  the scaffolds is  limited with these measurements. The

scaffold, when implanted in a chondral defect, will be filled progressively

by cells and ECM molecules that form a dense tissue. The PVA hydrogel

inside the pores of the scaffold therefore gives a realistic simulation of the

in vivo situation. By subjecting the scaffold/hydrogel construct to repeated

number of freezing and thawing cycles the PVA becomes stiffer and can be

compared  to  repair  tissue.  The  PVA  stiffness  can  be  tailored  from  an

almost viscous solution to a hard hydrogel, simulating the growing tissue

inside the scaffold pores.

In  this  study  the  macro  porous  P(EA-HEA)  scaffolds  with  different

crosslinking  density  were  filled  with  an  aqueous  solution  of  Poly(Vinyl

Alcohol)  and  subjected  to  1,  3  and  6  cycles  of  freezing  and  thawing.

Porosity results and SEM images show that the PVA enters all pores in the

scaffold.  The mechanical  properties of  the pure PVA hydrogels  increase

with increasing number of f/t cycles (Figure 4), and the same pattern can

be  seen  for  the  hydrogel  filled  scaffolds  (Figure  3),  albeit  not  always

significant differences are found. In all P(EA-HEA) scaffolds filled with PVA

the  elastic  modulus  increases  with  respect  to  the  pure  PVA  gel.

Interestingly enough the mechanical properties for the PVA filled scaffolds

decrease  compared  to  the  scaffolds  immersed  in  water.  When  a  soft

hydrogel  is  inside  the  scaffold  pores,  the  water  flow is  facilitated  and

expulsed more easily why also the mechanical properties decrease. Only

for samples with 6 cycles of f/t the mechanical properties are as for the

water immersed scaffolds. 
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The increase in elastic modulus in the water filled samples, in comparison

to the empty scaffolds, is explained by the water expulsion through the

scaffold. The decrease in elastic modulus in the hydrogel filled samples is

also explained by the water flow through the sample. The presence of a

soft gel inside the pores makes the water flow easier and thus, increases

the compliance of the scaffold. It is worth to notice that the situation is

quite different from that of a scaffold with both macro and micro-pores. In

previous studies with a Polycaprolactone scaffold filled with PVA hydrogel
32 58 59, there was no difference in the elastic modulus for dry and water

immersed scaffolds. The PCL scaffold is fabricated with a freeze extraction

and particle leaching method  60 61 62 63 64 that generates both macro and

micro-pores in the scaffold walls. The fact that the water immersed and

dry  PCL  scaffold  showed  similar  mechanical  properties,  whereas  the

macro-porous P(EA-HEA) scaffold showed a significant difference between

the dry and water immersed samples reveals the role of micro-porosity on

water flow and mechanical properties. In the case of the macro and micro-

porous PCL scaffold, a relative high compression velocity makes the water

expulsion from the pores fast and the modulus is similar for samples with

and  without  water.  The  micro-porosity  seems  to  increase  the  water

expulsion and hence, lower the elastic modulus. Considering that the P(EA-

HEA)  only  have  macro-pores,  water  expulsion  is  not  that  fast  and  the

elastic modulus increases. Once filled with a densely crosslinked hydrogel,

the scenario is different, since all the pores are filled with hydrogel. The

elastic modulus for the hydrophobic PCL increased significantly filled with

PVA 6 f/t cycles, on the contrary the P(EA-HEA) scaffolds filled with PVA 6

f/t have the same modulus as the water immersed samples. This can be

due to that hydrophilic P(EA-HEA) samples filled with hydrogel makes the

water expulsion easier,  compared to hydrophobic PCL scaffolds. On the

other  hand  when  the  micro-pores  are  filled  with  densely  crosslinked

hydrogel,  water expulsion is impeded and this double pore architecture

can prevent water flow even more and increase the modulus.  
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These results are interesting since they indicate the performance of the

scaffold  once  implanted  in  a  chondral  defect.  Immediately  after

implantation,  the  scaffold  pores  would  be  filled  with  fluid  and  cells,  a

scenario similar to the water immersed scaffolds. When the tissue grow,

the scaffold/tissue can be compared to  the scaffold/hydrogel  model  for

different  cycles  of  f/t.  Apparently,  the  initial  modulus  of  the  P(EA-HEA)

scaffolds would be similar to the water immersed scaffolds. Then, it would

decrease in the fist stages of tissue regeneration and with time increase,

when the repair tissue inside the scaffold impede water flow through the

porous structure.

Comparing the values of elastic modulus to articular cartilage in a rabbit

model,  0.41 ± 0.12, MPa 65 and human, 0.581 ± 0.168  MPa 66, it can be

seen  that  the  P(EA-HEA)  1%  reaches  values  of  the  rabbit  model  for

immersed samples. P(EA-HEA) 1% filled with PVA 6 cycles f/t  and P(EA-

HEA) 3% and 5% immersed in water or filled with PVA 6 cycles f/t have

values close to those of human articular cartilage.

4. Conclusions

This  study  evaluates  the  mechanical  properties  of  P(EA-HEA)  scaffolds

made with a porogen template technique for different crosslinking density.

The scaffolds have been tested empty, water immersed or filled with PVA

hydrogel subjected to different number of freezing and thawing cycles. It

can be seen that the P(EA-HEA) scaffolds have increasing porosity with

increasing  crosslinking  density,  due  to  the  solvent  exchange  in  the

synthesis method. Furthermore it can be observed that the PVA hydrogel

enters  all  the scaffold  pores,  confirmed by porosity  measurements  and

SEM  photos.  The  PVA  hydrogels  show  increasing  crystallinity  and

decreasing water content with increasing number of freezing and thawing

cycles.  The  SEM  images  show  that  the  compression  test  have  not

damaged or collapsed the scaffold pores. The elastic modulus increases

with increasing crosslinking density for the P(EA-HEA) scaffolds. The results

are interesting as they allow tailoring P(EA-HEA) scaffolds with different
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amount  of  crosslinking  agent.  When excess  water  is  removed and  the

scaffolds are tested in dry conditions the modulus decreases, which show

the effect of water inside the scaffold pores. When the scaffolds are filled

with a soft hydrogel, the elastic modulus is in the same range as for the

dried samples. The soft hydrogel facilitates water flow out of the scaffold

during  compression and the  modulus  decreases.  When the  hydrogel  is

more  crosslinked,  the  modulus  increases  but  only  to  values  of  water

immersed scaffolds. This indicates that the water flow inside the scaffold

pores is a key factor for determining mechanical properties. The results

from hydrogel filled samples give a realistic approximation of the  in vivo

behavior of the scaffolds. PVA is a good cartilage model simulating ECM

growth inside the scaffolds pores. The mechanical modulus for the P(EA-

HEA)/PVA constructs is similar as for native articular cartilage. 
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