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Abstract

Bioresorbable highly porous polymer scaffolds play a pivotal role in tissue engineering
applications. Ideally, the degradation rate of these scaffolds should match the tissue
regeneration rate so that there is a gradual transfer of mechanical loads from the scaffold
to the regenerated tissue. In this study the degradation behavior of porous and non-
porous poly(L-lactide) (PLLA), polgfcaprolactone) (PCL) and poly(lactide-go-
caprolactone) (PLCL) in phosphate buffered saline (PBS) at 37 °C for a period up to 18
weeks was investigated. The calculated degradation raig3 (Kthe samples studied,

from the fastest to the slowest, was: PLCL>PLLA>PCL. On the other hand, the porous
structures displayed slower degradation rates with respect to their non-porous
counterparts. Finally, the bioactivity of a porous PLLA scaffold filled with 0, 15 and 30
vol.% of bioactive glass particles was confirmed by the deposition of an apatite layer on
the surface of the material. Even in the scaffold filled with 15 vol.% of bioactive glass
particles the precipitation of the apatite layer was observed in 14 days, whereas in the
scaffold with 30 vol.% of bioactive glass this layer appeared just 3 days after being

submerged in simulated body fluid (SBF).

Keywords: poly(L-lactide), polytcaprolactone), poly(lactide-coeaprolactone),

hydrolytic degradation, bioactive glass.



1. Introduction

Tissue engineering is defined as an interdiscipfifie@ld that applies the principles of
engineering and life sciences in the developmebiabgical substitutes that restore,
maintain or improve tissue functions [1]. For teeanstruction of critical size bone
defects, that is those that do not heal spontaheand are filled with fibrous
connective tissue instead of new bone [2, 3], ésmgineering is considered as a
promising alternative to the autografts and allftgrénat are currently employed. In this
sense, metallic, ceramic or polymeric scaffoldspalor in combination with cells, can
be satisfactorily employed to promote bone regditerand facilitate the
reconstruction of critical size defects [4-9].

Ideally, the scaffolds used for bone tissue engingeshould have a three-dimensional,
highly porous structure with an interconnected pa®vork that allows cell growth and
at the same time permitise flow of nutrients and metabolic waste [10]. Thaterials
used for the creation of these scaffolds should laésbiocompatible and bioresorbable,
displaying a controllable degradation and resorptade that matches the cell/tissue
growthin vitro and/orin vivo. Synthetic biodegradable polyesters, such as lpoly(
lactide) (PLLA) and poly{-caprolactone) (PCL), are of great interest in tielsl

because of their biocompatibility, biodegradabibtyd the ease with which they can be
formed into complex shapes. These polyesters undrrllx degradation in aqueous
environments due to the random-scission of thearémkages [11]. It is well known,
however, that crystalline regions in the polymeudire are highly resistant to
hydrolytic degradation in regard to amorphous regiand thus, the degradation and
reabsorption rates of these homopolymers are velgtslow due to their high

crystallinity.



To overcome this problem, lactide and caprolactmased copolymers (PLCL) with
reduced crystallization capability are being depetb[12, 13]. Depending on their
composition and chain microstructure the crystation capability of lactide and
caprolactone units is reduced giving rise to matemvith higher degradation rates.
The lack of bioactivity of the polymers mentiondabae can be a disadvantage in some
medical applications. For this reason compositéegsys made of biodegradable
polymers filled with bioactive particles are armgsinterest, particularly in bone tissue
engineering applications. Among the available iaoig bioactive particles, bioactive
glasses (e.g., Bioglass45S5) present a rapid bomdiry and are therefore considered
as Class A bioactive materials [14]. Bioactive glesan osteoproductive and
osteoconductive material. In contrast to Classdattive materials it also forms a
chemical/biological bond with soft tissues, avoglany relative movement
(micromotion) of the implanted material and prowda improved long-term survival
period for the implant [15]. The dissolution protkiof bioactive glass have a direct
effect on the deposition of a hydroxyl carbonatatia layer on the surface of the
material [16] and on the gene-expression profilsusfounding cells [17], inducing
osteoblast proliferation and differentiation. Recgtmdies have also reported the pro-
angiogenic properties of bioactive glass filledypoéric scaffolds, leading to greater
vascularization and a higher percentage of blo@gdelan the constructs [18].

In this work, sponge-like scaffolds of PLLA, PCLARLCL containing 0 or 15 vol.%
of bioactive glass particles were prepared by stleasting/particulate leaching and
their hydrolytic degradation behaviour was compacetthe degradation behaviour of
their non-porous counterparts in phosphate buffeatide (PBS) for a period up to 18
weeks. Molecular weight, thermal transitions andsrass were monitored during the

invitro degradation study by means of gel permeation catognaphy (GPC),



differential scanning calorimetry (DSC) and weighgasurements. Finally, the
bioactivity of a PLLA scaffold filled with 0, 15 @h30 vol.% of bioactive glass was
evaluated, with the formation of a Ca-P deposibarthe surface of the composites
after being submerged in simulated body fluid (SBF37 °C being monitored. The Ca-
P deposition was characterized by means of X-risadtometry (XRD), Fourier

transform infrared spectroscopy (FTIR) and scaneiegtron microscopoy (SEM).

2. Materials and methods

2.1. Materials

PLLA of a weight average molecular weight,(JVf 160,000 and polydispersity index
(PDI) of 1.70, PCL of a M of 120,000 and PDI of 1.61 and PLCL of LA/CL molar
weight ratio approximately 70/30, a,Mdf 190,000 and PDI of 1.67, were kindly
supplied by Purac Biochem (The Netherlands).

The 45S5 Biogla$sparticles were kindly supplied by Novab8n@$s). The
composition of Bioglass(in wt.%) was 45.0% Si§) 24.4% NaO, 24.5% CaO and
6.0% ROs. The size of the particles was <60 pum, with a npaaticle size of 9 um,
with a density of 2.75 g cth The particles were dispersed in ethanol to meatatir
size distribution and after sonicating for 15 masia few drops were placed on a
microscope glass slide. Finally, the sample wasnxed in a microscope and the size

distribution was determined using ImageJ software.

2.2. Preparation of the samples
Porous scaffolds were prepared by solvent castamtidplate leaching using chloroform
(Panreac, Spain) as solvent and NaCl (Sigma AldB8giain) particles (200-355 um) as

porogen. Briefly, a dissolution of polymer in chdéorm was mixed with salt particles



in a 1:9 polymer to salt weight ratio. In the ca$scaffolds loaded with bioactive glass
particles, 15 or 30 vol.% of particles were addethe mixture and then ultrasonicated
for 15 minutes to obtain an homogeneous distriloubiobioactive particles in the
solution and to avoid the formation of agglomerakesally, theywere transferred to a
square Teflon mold (100 x 100 Myand after evaporation of the chloroform, sheéts o
~1.2 mm were obtained. Circular samples of 10 muehiameter were punched out from
these sheets and placed in distilled water for &8lbach out the salt particles. In the
case of non-porous films no salt was added duhegritanufacturing and the final films

had a thickness of ~0.2 mm.

2.3. Hydrolytic degradation study

For the hydrolytic degradation study, samplesi@hweight, W~ 20 mg) were placed
in Falcon tubes containing phosphate buffered sgmBS) (pH = 7.2, Sigma-Aldrich,
Spain) maintaining a surface area to volume ragigaéto 0.1 crif. The samples were
then stored in an oven at 37 °C. At different pisiof time (0, 3, 7, 14, 28, 42, 55, 76,
104, 132 days), three samples from each group reereved from the PBS and
weighed wet (W) immediately after wiping the surface with a filfgaper to absorb the
surface water. These samples were air-dried ovetraigd vacuum-dried for another 24
h. After this they were weighed again to ascertiaendry weight (W). Water

absorption (%WA) and remaining weight (Y%0RW) werkgkated according to

equations 1 and 2:

%WA = 224100 1)

d

%RW = VMV/—Z 100 ()

The pH of the medium was measured using a pH-nid&ENNA, HI-8314).



The molecular weight of the samples was determinye@PC using a Waters 1515
GPC apparatus equipped with two Styragel colum@s-(1L0* A). Chloroform was
used as an eluent at a flow rate of 1 mL framd polystyrene standards (Shodex
Standards, SM-105) were used to obtain a primdigration curve. Samples
containing bioactive glass were filtered prior t@bysis using syringe filters
(Acrodis®®, 0.45 pm, Waters).

The thermal properties were determined on a DS®© ZB2 Instruments). Samples of
5-10 mg were heated from -90 to 210 °C at 20 °C'niitis first scan was used to
determine the melting temperature,J Bnd the heat of fusior\Hs) of the polymers.
After this first scan, the samples were quenchdderDSC and a second scan was
collected from -90 to 210 °C at 20 °C fhiin this second scan the glass transition

temperatures () were determined from the inflection point of theat flow curve.

2.4. Bioactivity study

For the bioactivity study, porous PLLA scaffoldiefd with 0, 15 and 30 vol.% of
bioactive glass were submerged in simulated badg {ISBF) at 37 °C and at a surface
area to volume ratio equal to 0.1 ¢nSBF, with solution ion concentrations similar to
those of blood plasma [19], was prepared by digsglkeagent-grade chemicals of
NaCl, NaHCQ, KCI, K;HPQ,- 3H,O, MgCh-6H,0, CaC}, NaSO, and buffered at a
pH value of 7.4 at 37 °C with tris-(hydroxymethyhimaomethane) [(CEDOH)sCNH;]

and hydrochloric acid (HCI). Complementary stud23 indicate that the SBF must be
changed regularly because the concentration afrtiecreases during the
experiments owing to chemical change in the sampidsis study the SBF was

changed every 3 days.



At different periods of time (0, 3, 7, 14 and 28 shathree samples from each group
were taken out of the SBF and rinsed in abundaondeed water before drying at room
temperature for 24 h and a further 24 h in vacuum.

The Ca-P layer that developed on the surface opksmwvas characterized using
scanning electron microscopy (SEM) (HITACHI S-340®amples were fractured after
being frozen in liquid nitrogen. Then they wereteoawith a 150 A layer of gold in a
JEL lon Sputter JFC-1100 at 1200 V and 5 mA.

The chemistry of the mineral layer formed was exsdiusinga Fourier transform
infra-red spectrometer (FTIR). A small amount ofvoer was scratched from the
surface of the incubated samples and then milléll MBr and pressed into a disc.
Infrared spectra of these samples were recordedMinolet AVATAR370 FTIR.
Spectra were taken with a resolution of 2'camd were averaged over 64 scans. The
absorbance of all the studied samples was witl@mrahge where the Lambert-Beer law
is obeyed.

The formation and crystallization of hydroxyapatitas confirmed by means of X-ray
difrafctometry (XRD). The X-ray powder diffractigratterns were collected by a
PHILIPS X’"PERT PRO automatic diffractometer opergiit 40 kV and 40 mA, in
theta-theta configuration, secondary monochromaiibr Cu-Ko radiation § = 1.5418

A) and a PIXcel solid state detector. Data weréectéd from 10 to 50°€2 (step size =
0.026 and time per step = 0.8 s/channel) at roompéeature. A fixed divergence and

anti-scattering slit to produce a constant volurhgample illumination were used.

3. Results and discussion

3.1. Hydrolytic degradation study

3.1.1. Hydrolytic degradation of non-porous samples



Figure 1 displays the DSC curves of the first sa#nmson-porous PLLA, PCL and
PLCL samples at different degradation times. PLEA isemi-crystalline polymer,
showing a melting peak at ~166 °C and an initigstallinity fraction () of 35%,

which was calculated using equation 3:

X¢= 100AH/AH% (LA") (3)
whereAH;"= 106 (J @ of PLLA) is the enthalpy of fusion of PLLA cryssahaving the
infinite crystal thickness [21] and (LA*) is thetaal lactide mass fraction in the
(co)polymer (equal to 1 in the case of PLLA). Agidalation occurred the %f PLLA
gradually increased and reached 58% at day 132€ld¢teanges in PLLA are related to
the reduction in molecular weight which brings ab@aecrease in molecular
entanglement and an increase in chain mobilityaBse of this higher mobility, the
chains could reorganize themselves to a more grdeatromolecular arrangement and
therefore, the crystallinity of PLLA increased [2R]oreover, since the hydrolysis
occurs preferentially in amorphous regions [23]iremease in the crystallinity fraction
of PLLA samples over time was expected.

PCL is also a semi-crystalline polymer with meltpgnt of ~64 °C and an initial JOf
59%, which was calculated using equation 4:

X¢= 100AH/AH% (4)
whereAH;? = 142 (J & of PCL) is the enthalpy of fusion of PCL crystaving the
infinite crystal thickness [24]. In contrast to PALthe X; of the PCL samples stayed

more or less constant throughout the degradatiadyst



Exo. —
NN A AR
EYANG N AN

Days Xc (%) Days  Xc (%) Days  Xc(%)
a o0 a o0 59 a o0 -
b 3 b 3 62 b 3 1
c 28 c 28 65 c 28 4
d 76 d 76 67 d 76 19
e 132 e 132 64 e 132 28

— T T T T T T T T T T — T T
0 25 50 75 100125150175200 -75 -50 -25 0 25 50 75 100 -25 O 25 50 75 100 125 150

Temperature (°C) Temperature (°C) Temperature (°C)
Figure 1. First DSC scans of non-porous PLLA, PCL and PLOhslas at different
degradation times.

PLCL was initially totally amorphous, displayingiagle glass transition temperature
(Tg) at ~17 °C and no melting peak. However, as shavngure 1, the copolymer
displayed a doublegbehavior and a melting peak was observed at ~358teC 3 days
submerged in PBS. The firs} Tould be associated with the hybrid amorphousibiesc
lactide-caprolactone phase, whereas the secgnthy be ascribed to the presence of
phase separated amorphous lactide domains. Asrtberimersed in PBS increased the
first Ty moved toward lower values and thgiXcreased, indicating the migration of
lactide sequences from the lactide-caprolactoneibiesphase to the lactide crystalline
domains. In this sense, the firgtffad a value of 17 °C on day 3 and dropped to@rC
day 132, whereasincreased from 1% on day 3 to 28% on day 132. The
microstructure of this copolymer wabaracterized by nuclear magnetic resonance
(NMR) in a previous study by our group [25]. Accimiglto this earlier study the
copolymer has an average sequence length of ld&a¢th) equal to 3.45 and a

randomness character close to 1 (R = 0.92), indgat random distribution of
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sequences. This PLCL was able to maintain its ahwarp character when it was stored
at room temperature for a period up to 5 monthsvéier, in the hydrolytic
degradation study presented in this work, micrastmal rearrangements occurred
faster and lactide sequences were able to crystaflifew days due to the presence of
plasticizing water and the higher mobility of slewrthains produced during the
hydrolytic scission [26, 27],.

Figure 2 represents the evolution of lpef non-porous PLLA, PCL and PLCL over
degradation time. The experimental data followdkponential relationship between
molecular weight and degradation time, previouglgalibed in literature for polyesters
degrading under bulk degradation, satisfactoriBj]2

In My = In Mo — Kpw- t (5)
t12=In 2/Kyw (6)
where M, is the weight average molecular weight,d\t the initial weight average
molecular weight, I, is the apparent degradation rate apdd the half degradation

time.
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Figure 2. Evolution of remaining weight, water absorption &mé,, of non-porous PLLAQ),
PCL (m) and PLCL (¥) samples at different degradation times.

The slope of each fitting curve was employed tcwate Ky, and corresponding;sof

the studied materials. In this sense, the obtakggvalues for PLLA, PCL and PLCL

were respectively 0.0112, 0.0006 and 0.0227 dayth corresponding.tof 62, 1155

and 31 days. The degradation rate of PCL was tiveesit of the materials studied. In

fact, My, of PCL dropped slightly from the initial value 125000 to 112000 g nibht

day 132, whereas no mass loss was monitored dilmengourse of the study. In this

sense, the remaining mass of PCL films at the émigecstudy (day 132) was 99.5 +

0.02%. One should bear in mind that the degradatigolyesters occurs by hydrolysis

of the ester bonds and that crystalline regiorth@épolymer structure are more resistant

to hydrolytic degradation than amorphous ones. &itsehigh crystallinity and the fact
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that, of the materials studied, P@Gas the lowest ester group densiithin its

backbone, and so the results obtained were expg9gdValin et al. [30] observed no
molecular weight decrease in PCL plates after bsidgnerged in PBS at 37 °C for up
to 70 days, that is in accordance with the reqbitained in this work.

In contrast, PLCL showed the fastest degradatitenabthe materials studied. As
shown in Figure 1, incorporation of caprolactonégsudisrupts the chain regularity of
crystallisable lactide sequences, resulting in terra with reduced crystallinity,
compared to PLLA and PCL. It is well known that ergbenetrates amorphous regions
easier than crystalline ones, leading to a fastgratlation of amorphous regions in
comparison to crystalline domains [31]. For thigs@n, both highly crystalline PCL and
PLLA displayed slower degradation rates than PLKZbreover, these hydrolytically
highly resistant crystalline residues can remaithiwithe body for years and cause a
foreign-body reaction [32-34]. Therefore, bioresde polymers that are able to
maintain their amorphous character during degradatie desirable for biomedical
applicationg13]. The mass of non-porous PLCL samples stayadstl constant until
day 76. It then suffered a sharp mass reductionasdaccompanied by an increase in
water absorption. In this sense, remaining weigbppled from 97.6 + 0.3% on day 76
to 76.6 £ 1.2% at day 132, whereas water absorpticeased from 0.9 + 0.3% to 14.9
*+ 1.9% over the same period.

The mass of non-porous PLLA samples decreasecifirth week to 96.0 + 0.6% but
during the period of the study any further changeserved were only minor, reaching
90.7 £ 0.6% on day 132. Water absorption of norepsPLLA samples was
maintained almost constant until day 76, whenathed a value of 1.2 £ 0.7%. Then, it
increased sharply and took a value of 8.8 = 1.6%eaend of the study.

3.1.2. Hydrolytic degradation of porous samples
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The microstructural rearrangements described inrEid for non-porous samples were
also observed in porous counterparts (data notishdw particular samples of PCL and
PLCL showed very small differences between non-®nd porous samples in the
calculated X values, suggesting that the presence of poresttiacffect on the
aforementioned thermal transitions during hydrolgegradation. In this sense, PCL
reached 64% of gfor both non-porous and porous samples on dayAS8&entioned

in the previous section, the. ¥f PLCL increased with degradation time and red@t
and 25% for non-porous and porous samples, respgton day 132. In contrast, large
differences were observed between non-porous Plampses and their porous
counterparts. To illustrate this point, at the ehthe study (day 132) the.%f non-
porous PLLA was 58%, whereag &f porous PLLA was 45%. The results obtained for
PLLA suggest that degradation of porous and nolymssamples was occurring in a
very different way. This hypothesis was confirmdaew Ky, and {,,values were
calculated (Table 1).

Table 1.Kw, tizand remaining weight (on day 132) of the studiexteays.

Kww (days™) ty, (days) Remaining wt. (%)
Non-porous PLLA 0.0112 62 90.7 £ 0.6
Porous PLLA 0.0049 141 93.4+0.6
Porous PLLA+BG 0.0123 56 68.3+4.4
Non-porous PCL 0.0006 1155 99.5+0.1
Porous PCL 0.0004 1733 974+24
Porous PCL+BG 0.0005 1386 88.3+0.6
Non-porous PLCL 0.0227 31 76.6 1.2
Porous PLCL 0.0192 36 835+26
Porous PLCL+BG 0.0170 41 81.5+14
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As can be seen in Table 1, porous samples degsholedr than non-porous samples. It
should be noted that chain scission results irfidhmation of acidic by-products which,
owing to their acidic nature, will enhance the ratéurther hydrolysis [11]. In non-
porous samples, the diffusion of these acidic mdpcts to the outside medium is
hindered and the autocatalytic effect enhancedjrigdo a faster degradation rate with
regards to porous structures, where the diffusidhase by-products is facilitated [35,
36]. Particularly significant was the case of PLw#ich showed a large difference
between the calculated4t and corresponding,sfor non-porous and porous samples.
In this sense, the/t of porous PLLA was 2.3 times longer than that®hion-porous
counterpart. This fact may justify the differenodéserved in Xbetween non-porous
and porous PLLA samples during degradation. In parous PLLA samples, shorter
chains with higher mobility are produced as a ttesiuthe faster degradation. For this
reason, they hawe higher mobility and reorganization capabilitygdeng to a higher X
value at the end of the study when compared tte®edegraded porous samples.
Weight loss measurements confirmed the slower datjen of porous samples,
compared tmon-porous samples. In this sense, non-porous RAMdAPLCL presented
a remaining weight of 90.7 £ 0.6 and 76.6 = 1.Deesively on day 132, whereas their
porous counterparts showed 93.4 + 0.6 and 83.5.#Hhwever, PCL samples did not
suffer any significant weight losses during thersewf the study due to its extremely
slow degradation rate.

The results of hydrolytic degradation for sampl#ed with bioactive glass particles
did not follow a general trend, making the intetpten of the results difficult. Ignoring
the case of the PCL sample, where degradationwaesso small that comparison
between the samples was meaningless, two oppatiiagiens were observed in PLLA

and PLCL. In the case of PLCL porous samples filléth bioactive glass particles, the
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Kww Was slightly lower than in the unfilled porous RLEGounterpart (k. = 0.0170
days’ for a PLCL porous sample filled with bioactive sgacompared to aw, =

0.0192 day?3 for unfilled PLCL porous sample) indicating thhetincorporation of
bioactive glass slowed the hydrolytic degradatibthe copolymer down. Blaket al.

[37] and Boccaccingt al. [38] found similar results for poly(D,L-lactidefPDLLA) and
poly(lactide-co-glycolyde) (PLGA) porous scaffoliiled with bioactive glass
particles.lt has been proposed that bioactive glass parfuieduce a rapid exchange of
protons in the water for the alkali in the glasevding a pH buffering effect that
neutralizes the acidic degradation by-products ypeced during hydrolysis, thus
preventing the autocatalytic effect. The case di&#°kamples is in clear contrast; with
the incorporation of bioactive glass particles doqus PLLA samples the result was a
faster degradation raf&uw = 0.0123 day$ for PLLA porous sample filled with
bioactive glass compared toka, = 0.0049 days$ for unfilled PLLA porous sample).
This result is difficult to explain since most bktstudies seen in the bibliography
indicate that the incorporation of bioactive glesduces the degradation rate of porous
samples due to the aforementioned pH bufferingcefféowever, some authors [39, 40]
have found that the incorporation of bioactive glparticles enhances water absorption
which accelerates the ester hydrolysis of the pelymatrix. On the other hand,
incorporation of bioactive glass particles slightgluces the porosity of PLLA samples
from 92.4 + 0.3% to 89.9 + 0.5%. Considering tlem#icant effect porosity has on the
degradation of PLLA, the slight decrease in poyogrbduced by the incorporation of
bioactive glass particles may have hindered tHesidn of acidic by-products to the
outside medium, enhancing the autocatalytic efiadtaccelerating the degradation of

bioactive glass filled porous PLLA samples. Whatdte reason, as stated above, the
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obtained results for porous PLLA samples filledhabioactive glass particles were
totally unexpected.

Figure 3 displays remaining weight of unfilled dndactive glass filled PLLA, PCL
and PLCL porous samples as a function of immerSioa in PBS. Samples containing
bioactive glass suffered 8-10% weight loss durhmgftrst 14 days of immersion, this
can be ascribed to the dissolution or loss of lieaglass particles [37, 41].
Afterwards the weight of the samples stayed constatil day 76 for PLLA and day
104 for PLCL, when weight losses associated tormpelymass loss occurred. In the
case of PCL samples, no additional weight lossescested with polymer degradation

were seen due to the slow degradation rate opttiismer.
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Figure 3. Evolution of remaining weight of unfilled (solichie) and bioactive glass filled
(dashed line) porous PLLAJ, PCL @) and PLCL ¥ ) samples at different degradation times.

The pH of the medium was also monitored duringnydrolytic degradation study. The
medium containing unfilled porous samples displagguH value of ~7.2 which stayed

more or less constant over degradation time, wkdreamedium containing bioactive

glass filled porous samples had pH values of ~Sug¢h a small difference may be

related to the dissolution of alkaline ions frorodutive glass particles that locally
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compensate for the acidification of the medium tuthe release of acidic degradation
by-products. Such a buffering effect is thoughbécanother benefit of using bioactive
glass particles in composites with the aim of av@diny possible inflammatory

response due to the acidic degradation of the pelgi88].

3.2. Bioactivity study

The bioactivity study was carried out in PLLA scddis filled with 0, 15 and 30 vol.%
of bioactive glass particles. In the SEM microgmphFigure 4, the Ca-P depositions
are clearly seen in the scaffolds containing bivadjlass. Moreover, the deposition
occurred faster and to a greater extent as thelgacbntent increased. Some Ca-P
depositions were observed after 28 days submerg88¥ for the PLLA scaffold filled
with 15 vol.% of bioactive glass (Figure 4c), wheesehe surface of the PLLA scaffold
filled with 30 vol.% of bioactive glass was almasimpletely covered by a Ca-P layer
(Figure 4f) at the same time. On the contrary,uhiled PLLA scaffold maintained its

smooth surface and no depositions were observed.
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Figure 4. Scanning electron micrographs of an unfilled PLIc&féold at day 0 (a) and after 28
days submerged in SBF (b); a PLLA scaffold filledhwi5 vol.% of bioactive glass after 28
days submerged in SBF (c); a PLLA scaffold filledhwB0 vol.% of bioactive glass after 14

days (d,e) or 28 days (f) submerged in SBF. (Qailgmagnification x 1000 except in €), where

the magnification was x 3000).

These results were confirmed by means of FTIR.e&nsn Figure 5, the FTIR spectra
of the scaffolds submerged for 0, 3, 7, 14 and&& dndicate the growth of an apatite
layer within the scaffold. The peaks at 874, 1480 &458 crit are indicative of the,
andvs vibrations ofC02~. The sharp peaks at 564 and 606'cmhich correspond toy

vibrations ofP03~, indicated the apatite formation [42].
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Figure 5. FTIR spectra of a PLLA scaffold filled with 30 vé#.of bioactive glass submerged
for 0, 3, 7, 14 and 28 days in SBF.

Each of these peaks increased over incubationirtherespect to the carbonyl peak at
1759 cni', representing the growth of a carbonated apaiiteral. The carbonyl peak
is characteristic of the polymer, whereas the Vibng of PO3~ are characteristic of the
apatite. The ratio of apatite/polymer, which carebgmated by the ratio of these peak
areas, has been represented in Figure 6. As olobseyV8B8EM, the higher the bioglass

content the faster the apatite formation.
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Figure 6. Ratio of apatite (HA) to PLLA for PLLA scaffolddléd with 0, 15 and 30 vol.% of
bioactive glass as a function of immersion tim&BF, determined by the ratio of areas under
the peaks in Figure 5.
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Finally, to demonstrate the gradual crystallinifylee apatite forming on the foam
surface over time in SBF, an XRD analysis was n{&dgire 7). As can be seen, the
intensities of apatite peaks (at 32° and 26°) agad with incubation time in the SBF

compared to the PLLA peaks (at 17° and 19°).
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Figure 7. XRD patterns of a PLLA scaffold filled with 30 v&b. of bioactive glass after
immersion in SBF for different times, showing tleerhation of crystalline apatite.

According to other studies these particles fornajpatite layer that bonds chemically
with living bonewhen they come into contact with body fluidsaomix of several
solutionsin vitro. The deposition of this layer starts with the fation of a silica gel
layer on the surface of the bioactive particleis fovides chemisorption sites forCa
andPO;~ thanks to its low isoelectric point and high sadarea [14]. Finally, the
crystallization of the amorphous CaQ@cR film takes place with the incorporation of
OH andC03~ (from solutions) to form a crystalline hydroxylrbanate apatite layer.
The results obtained confirmed that the depositad@ of the apatite layer increased

with a higher amount of bioactive glass particléthin the polymer matrix. This effect
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has been reported by other authors [43]. Howeliel, heeded larger quantities of
bioactive glas§50 wt.%=~ 25 vol.%) and longer periods (21 days) for therfation of

the apatite layer to be observed. Jaakkb&. [44] worked with PLCL samples loaded
with 40 and 70 wt.% of bioactive glass of varioies (<45 um and 90-315 um). So
this study concluded that the higher the glasserdrdnd the glass surface/volume ratio
in the matrix, the faster the Ca-P formation. Im case, even the scaffold filled with the
lowest bioactive glass content (15 vol.%) showedgdtecipitation of the apatite layer
after just 14 days. In the case of the scaffoldhaitigher content of bioactive glass (30
vol.%), the apatite layer was observed after 3 daysnerged in SBF. All these results
indicated the high bioactivity of the composite eratls producednd confirmed their

potential as bone tissue-engineering scaffolds.

4. Conclusions

This study investigated the hydrolytic degradatddnon-porous and porous PLLA,
PCL and PLCL samples. The results obtained sholebtlowing sequence in the
degradation rate (from the fastest to the slow&tL >PLLA>PCL. PCL, owing to its
high crystallinity and the lowest ester group dnsithin its backbone, experienced
the slowest degradation rate and no mass loss wagared during the course of the
study. PLCL, which was initially totally amorphobast turned semicrystalline during
the period of the study, showed the fastest degjoadeate owing to its reduced
crystallinity compared to PLLA and PCL.

Porous PLLA, PCL and PLCL samples degraded mokelglihan their non-porous
counterparts. The porous structure enables thesiifi of acidic by-products, which
reduceshe autocatalytic effect. Particularly relevant wae large difference between

PLLA porous and non-porous samples. For exampjealculated for porous PLLA
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samples was 2.3 times higher than that of non-moRULA. The incorporation of
bioactive glass particles delayed the degradattsmaf PLCL, probably due to the pH
buffering effect provided by bioactive glass pdescthat neutralize the acidic
degradation by-products and prevent the autocataffect. However, unexpected
results were found for bioactive glass filled p@®LLA. In this case, incorporation of
bioactive glass particles accelerated the deg@uadie of the polymer matrix.

The pH of the medium was maintained slightly higinethe case of bioactive glass
filled samples. Such an effect has been considerbd another benefit of using
bioactive glass particles in composites so as ¢adaany possible inflammatory
response due to the acidic degradation of the pedym

Moreover, the bioactivity of PLLA porous scaffolfiéed with 0, 15 and 30 vol.% of
bioactive glass particles was studied in this wdtke results obtained confirmed apatite
layer formation on the surface of bioactive glaksd porous samples. What is more,
this deposition occurred faster and to a greatngas the particle content within the
polymer matrix increased.

In summary, it can be concluded that 3-dimensisnaffolds with different degradation
rates have been successfully creabegbrinciple, the degradation rate of the scaffold
should match the rate of tissue formation. Theeeftor specific applications great care
must be taken when deciding on which material iss@mployed as it is morphology
dependent. In addition, the bioactivity study conid the high bioactivity of the
composite materials employed and assessed theinfpadtas bone tissue engineering

scaffolds.

23



Acknowledgment

The authors are thankful for funds from the Basgogernment, Department of
Education, Universities and Research (GIC13/16632-13) and Dept. of Health (ref.
2007111061, SANO7/01). A. L. thanks the Universityhe Basque Country (UPV-

EHU) for a pre-doctoral grant.

References

1. Langer R, Vacanti JP. Tissue Engineering. $ei®93; 260: 920-926.

2.  Schmitz JP, Hollinger JO. The Critical Size &#fas an Experimental Model for
Craniomandibularfacial Nonunion. Clincial Orthopesdand Related Research
1986; 205: 299-308.

3.  HonmaT, Itagaki T, Nakamura M, Kamakura S,afashy |, Echigo S, Sasano
Y. Bone Formation in Rat Calvaria Ceases withinmiled Period Regardless of
Completion of Defect Repair. Oral Diseases 2008454-464.

4.  Damien C, Parson R. Bone Graft and Bone Grdfstutes: a Review of Current
Technology and Applications. Journal of Applied Biterials 1991; 2: 187-208.

5. Petite H, Viateau V, Bensaid W, Meunier A, d@dldk C, Bourguignon M,

Oudina K, Sedel L, Guillemin G. Tissue-Engineer@h® Regeneration. Nature
Biotechnology 2000; 18: 959-963.

6. Bruder SP, Kraus KH, Goldberg VM, Kadiyala &eTEffect of Implants Loaded
with Autologous Mesenchymal Stem Cells on the Hepdf Canine Segmental
Bone Defects. Journal of Bone and Joint Surgerg;180A: 985-996.

7.  Sikavitsas VI, van den Dolder J, Bancroft GBinsen JA, Mikos AG. Influence of

theln Vitro Culture Period on thi Vivo Performance of Cell/Titanium Bone

24



10.

11.

12.

13.

14.

15.

Tissue-Engineered Constructs using a Rat Craniat&lrSize Defect Model.
Journal of Biomedical Materials Research 2003; 694%-951.

Liao SS, Cui FZ, Zhang W, Feng QL. HierarcHicBiomimetic Bone Scaffold
Materials: Nano-HA/Collagen/PLA Composite. JouroBBiomedical Materials
Research 2004; 69B: 158-165.

Lendeckel S, Jodicke A, Christophis P, HeidimgeWolff J, Fraser JK, Hedrick
MH, Berthold L, Howaldt HP. Autologous Stem Cellsd{pose) and Fibrin Glue
used to Treat Widespread Traumatic Calvarial Defécase Report. Journal of
Cranio-Maxillofacial Surgery 2004; 32: 370-373.

Hutmacher DW. Scaffolds in Tissue EngineeBoge and Cartilage.
Biomaterials 2000; 21: 2529-2543.

Edlund U, Albertsson AC. Polyesters Based @mtid Monomers. Advanced
Drug Delivery Reviews 2003; 55: 585-609.

Fernandez J, Larrafiaga A, Etxeberria A, SardRu&ffects of Chain

Microstructures and Derived Crystallization Capi&pibn Hydrolytic

Degradation of Poly(L-lactide/caprolactone) Copolymers. Polymer Degradation

and Stability 2013; 98: 481-489.

Fernandez J, Larraflaga A, Etxeberria A, SardBuA New Generation of
Poly(Lactide¢-caprolactone) Polymeric Biomaterials for Applicatiin the
Medical Field. Journal of Biomedical Materials Ras# Part Aln press.

Hench LL, Wheeler DL, Greenspan DC. Molec@antrol of Bioactivity in Sol-
Gel Glasses. Journal of Sol-Gel Science and Teolgdl998;13:245-250.

Cao W, Hench LL. Bioactive Materials. Ceranimgrnational 1996; 22: 493-

507.

25



16.

17.

18.

19.

20.

21.

22.

23.

Hench LL. The Story of Bioglass. Journal oftdfaals Science: Materials in
Medicine 2006;17:967-978.

Xynos ID, Edgar AJ, Buttery LDK, Hench LL, B&lJM. Gene-Expression
Profiling of Human Osteoblasts Following Treatmenth the lonic Products of
Bioglass 45S5 Dissolution. Journal of Biomedicaltéfieals Research 2001; 55:
151-157.

Gerhardt LC, Widdows KL, Erol MM, Burch CW,r&aHerrera JA, Ochoa I,
Stampfli R, Rogan IS, Gabe S, Ansari T, Boccac&Ri The Pro-Angiogenic
Properties of Multi-Functional Bioactive Glass Cargjpe Scaffolds. Biomaterials
2011; 32: 4096-4108.

Kokubo T, Takadama H. How Useful is SBF indieteng In Vivo Bone
Bioactivity?. Biomaterials 2006; 27: 2907-2915.

Blaker J, Gough JE, Maquet V, Notingher |, @uwxini AR.In Vitro Evaluation

of Novel Bioactive Composites Based on Bioglas&e#iPolylactide Foams for
Bone Tissue Engineering Scaffolds. Journal of Bidiced Materials Research
2003; 67A: 1401-1411.

Sarasua JR, Prud’homme RE, Wisnieski M, LgB®oA, Spassky N.
Crystallization and Melting Behaviour of Polylassl Macromolecules 1998; 31
3895-3905.

Gong Y, Zhou Q, Gao C, ShernnVitro andin Vivo Degradability and
Cytocompatibility of Poly(L-lactic Acid) Scaffolddbricated by a Gelatin Particle
Leaching Method. Acta Biomaterialia 2007; 3: 53D54

Lu L, Peter SJ, Lyman MD, Lai HL, Leite SM,riiada JA, Vacanti JP, Langer R,
Mikos AG. In Vitro Degradation of Porous Poly(L-lactic Acid) Foams.

Biomaterials 2000; 21: 1595-1605.

26



24.

25.

26.

27.

28.

29.

30.

31.

Labet M, Thielemans W. Synthesis of Polycagutaine: a Review. Chemical
Society Reviews 2009; 38: 3484-3504.

Fernandez J, Etxeberria A, Ugartemendia Jhkisd®eS, Sarasua JR. Effect of
Chain Microstructures on Mechanical Behavior anthggf a Poly(L-lactide-co-
g-caprolactone) Biomedical Thermoplastic-Elastonleurnal of the Mechanical
Behavior of Biomedical Materials 2012; 12: 29-38.

Saha SK, Tsuji H. Enhanced Crystallizatio®oly(L-lactide-coe-caprolactone)
in the Presence of Water. Journal of Applied PolyBmence 2009; 112: 715-
720.

Saha SK, Tsuji H. Effects of Rapid Crystaliiga on Hydrolytic Degradation and
Mechanical Properties of Poly(L-lactide-eeaprolactone). Reactive&Functional
Polymers 2006; 66: 1362-1372.

Wu L, Ding J. Effects of Porosity and PoreeSinin Vitro Degradation of Three-
Dimensional Porous Poly(D,L-lactide-co-glycolidejafolds for Tissue
Engineering. Journal of Biomedical Materials Rese&005; 75: 767-777.

Han X, Pan J. Polymer Chain Scission, OligoRreduction and Diffusion: A
Two-Scale Model for Degradation of BioresorbabléyBsters. Acta
Biomaterialia 2001; 7: 538-547.

Malin M, Hiljanen-Vainio M, Karjalainen T, Sp@la J. Biodegradable Lactone
Copolymers. II. Hydrolytic Study af-caprolactone and Lactide Copolymers.
Journal of Applied Polymer Science 1996; 59: 12898l

Jeong SlI, Kim BS, Kang SW, Kwon JH, Lee YMirK$H, Kim YH.In Vivo
Biocompatibility and Degradation Behavior of Elafioly(L-lactide-cae-

caprolactone) scaffolds. Biomaterials 2004; 25:%59346.

27



32.

33.

34.

35.

36.

37.

38.

39.

Bergsma JE, de Bruijin WC, Rozema FR, Bos RBRdkring G. Late
Degradation Tissue Response to Poly(L-lactide) Belages and Screws.
Biomaterials 1995; 16: 25-31.

Tams J, Rozema RF, Bos RRM, Roodenburg JLkkdl8 PGJ, Vermey A.
Poly(L-lactide) Bone Plates and Screws for Inteffizhtion of Mandibular
Swing Osteotomies. International Journal of Oral Braxillofacial Surgery 1996;
25: 20-24.

Tsuji H, Ikarashi Kin Vitro Hydrolysis of Poly(L-lactide) Crystalline Residuas
Extended-Chain Crystallites. Part I: Long-Term Hyjgsis in Phosphate-Buffered
Solutions at 37 °C. Biomaterials 2004; 25: 5449545

Pamula E, Menaszek I.Vitro andin Vivo Degradation of Poly(L-lactide-co-
glycolide) Films and Scaffolds. Journal of Matesi8icience: Materials in
Medicine 2008; 19: 2063-2070.

Dorati R, Colonna C, Genta I, Modena T, Cénticffect of Porogen on the
Physico-Chemical Properties and Degradation Pedoom of PLGA Scaffolds.
Polymer Degradation and Stability 2010; 95: 694-701

Blaker J, Nazhat SN, Maquet V, Boccaccini ABag-Termin Vitro Degradation
of PDLLA/Bioglass Bone Scaffolds in Acellular Sinatéd Body Fluid. Acta
Biomaterialia 2011; 7: 829-840.

Boccaccini AR, Maquet V. Bioresorbable andd&Btive Polymer/Bioglass
Composites with Tailored Pore Structure for TisBagineering Applications.
Composites Science and Technology 2003; 63: 2428.24

Rich J, Jaakkola T, Tirri T, Narhi T, Yli-Urpgl Seppald Jn Vitro Evaluation of
Poly(e-caprolactone-co-DL-lactide)/Bioactive Glass Comiass Biomaterials

2002; 23: 2143-2150.

28



40.

41.

42.

43.

44,

Wang Y, Liu L, Guo S. Characterization of Begdadable and Cytocompatible
Nano-Hydroxyapatite/Polycaprolactone Porous Soad$fad Degradatiomn Vitro.
Polymer Degradation and Stability 2010; 95: 207-213

Orava E, Korventausta J, Rosenberg M, JoKihelRosling A.In Vitro
Degradation of Porous Poly(DL-lactide-co-glycolidBL.GA)/Bioactive Glass
Composite Foams with a Polar Structure. Polymer&aagion and Stability

2007; 92: 14-23.

Kontonasaki E, Zorba T, Papadopoulou L, Paulil, Chatzistavrou X,
Paraskevopoulos K, Koidis P. Hydroxy Carbonate Ap&iormation on
Particulate Bioglask Vitro as a Function of Time. Crystal Research Technology
2002; 37: 1165-1171.

Lu HH, Tang A, Oh SC, Spalazzi JP, Dionisicd®mpositional Effects on the
Formation of a Calcium Phosphate Layer and the &tespof Osteoblast-Like
Cells on Polymer-Bioactive Glass Composites. Bi@nals 2005; 26: 6323-6334.
Jaakkola T, Rich J, Tirri T, Narhi T, Jokindn Seppala J, Yli-Urpo A. In Vitro
Ca-P Precipitation on Biodegradable Thermoplastim@osite of Poly-
caprolactone-co-DL-lactide) and Bioactive Glass3i&%). Biomaterials 2004, 25:

575-581.

29





