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ABSTRACT

The aim of this study was the in vitro investigation of the change in mechanical properties of a fast-
degrading electro-spun polymeric scaffold for the use in soft tissue regenerative implants. Tubular
scaffolds were electro-spun from a DegraPol® D30 polyesther-urethane solution (target outer
diameter: 5.0 mm; scaffold wall thickness: 0.99+£0.18 mm). Scaffold samples were subjected to
hydrolytic in vitro degradation for up to 34 days. The fibre network structure and fibre surfaces were
inspected on scanning electron micrographs. Following vacuum drying and determination of mass,
flat samples (9.69+0.21 x 18.47+2.62 mm, n = 5) underwent uni-axial tensile testing (5 load cycles,
strain € = 0 to 20%; final extension to failure) in circumferential scaffold direction after 5, 10, 14, 18,
22,26, 30 and 34 days of degradation. Scaffold mass did not change with degradation. Maximum
elastic modulus, maximum stress and associated strain were E ., = 1.14+£0.23 MPa, 6, = 0.52+0.12
MPa and g,,,= 176.8+£21.9% before degradation and E,,x = 0.43+£0.26 MPa, G,,.x = 0.033+0.028 MPa
and en.x = 24.643.0% after 34 days of degradation. The deterioration of mechanical properties was not
reflected in the ultrastructural surface morphology of the fibres. The current exploratory study
provides a basis for the development of constitutive computational models of biodegradable scaffolds
with future extension of the investigation most importantly to capture mechanical effects of
regenerating tissue. Future studies will include degradation in biological fluids and assessment of

molecular weight for an advanced understanding of the material changes during degradation.
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1. INTRODUCTION

Tissue engineering and tissue regeneration are prominent tools in regenerative medicine for the
treatment of diseases and injuries."” Biodegradable scaffolds have been used and have shown
promises for the future of tissue regenerative prosthesis. Implants need to be designed such that their
behaviour matches, in the ideal case both biologically and mechanically, that of the organ or tissue to
be replaced in its healthy state.' In tissue regenerative implants, porosity allowing the ingrowth of
cells and tissue is a key factor for the long-term success.”” Porous scaffolds have been manufactured
in different ways including phase inversion and porogen extraction,®” salt leaching,® gas foaming,’

extrusion-phase-inversion,'® thermally induced phase separation'' and electro-spinning.'>"*

While imperative for healing and tissue regeneration, porosity may adversely affect the mechanical
properties of the scaffold, in particular when viscoelastic polymeric materials are used. This, together
with the aim of providing implants that mimic complex physiological mechanics, increases the
complexity of the design of tissue regenerative implants. Thus, computational methods have been
employed for the development and optimization of implants."*'* These methods require the
knowledge of the mechanical properties of the scaffold which are typically determined in

: 15,19
experimental tests. >

For tissue regenerating implants, computational models need to account for the effects of the ingrowth
of cells and tissue on the structural properties of the implant. In the case of biodegradable scaffold
materials, the effect of the degradation process on mechanical and structural properties of the porous
scaffolds is yet another aspect to be considered. Both tissue ingrowth and biodegradation are transient
processes which change the mechanical and structural properties of the implanted device over time.
The ingrowth of cells and tissue typically results in an increase in structural stiffness®® whereas
scaffold degradation, occurring concurrently with tissue ingrowth, leads to loss of mechanical

properties and potentially to structural disintegration.



The optimal design of tissue regenerative prostheses, thus, needs to consider the mechanical
properties of the initial scaffold as well as effects of healing and bio-degradation on the structural
mechanics of the implant. Consequently, detailed knowledge is required of the mechanical effects of

tissue regeneration and biodegradation.

The mechanical characterization of biodegradable polymeric materials used for tissue regenerative
medical implants, has received attention from various research groups. Lendlein et al.>'* studied the
mechanical bulk properties of a degradable polyester-urethane (DegraPol®) prior to degradation and
during degradation, whereas electro-spun polyester-urethane membranes were mechanically
characterised by Riboldi et al.'* Kwon et al.”> determined structural and mechanical properties of
electro-spun biodegradable co-polyesters. Mechanical properties prior to degradation have also been
reported for electro-spun scaffolds using poly(e-caprolactone)*, poly(e-caprolactone)/collagen® and

poly(e-caprolactone)/poly-lactic acid.*

The change of mechanical properties associated with degradation has been studied for various
biodegradable polymers. Raghunath et al.”’ characterised solid sheets of biodegradable polyhedral
oligomeric silsesquioxane modified poly(caprolactone/carbonate) urethane/urea during accelerated in
vitro degradation of up to eight weeks. Kang et al.* studied the in vitro degradation of a porous poly(l-
lactic acid)/B-tricalcuim phosphate scaffold, fabricated by particulate leaching, of up to six weeks and

reported the effect on the compressive strength.

While the mechanics of electro-spun degradable scaffolds has been investigated prior to degradation,
the information on the effects of the degradation process on the mechanical properties is limited. Lee

1‘25

et al.” studied the maintenance of tensile properties of electro-spun poly(e-caprolactone)/collagen

scaffolds subjected to a perfusion bioreactor environment for up to four weeks. Henry et al.”®

mechanically characterised electro-spun meshes of a slow degrading polyester-urethane during

hydrolytic in vitro degradation of up to 346 days.

In this study, we investigated electro-spun fast-degrading polyester-urethane scaffolds. The fibrous

network of the scaffolds provides porosity required for cell and tissue ingrowth. This feature,



combined with the biodegradable nature of the polymer used, offers these scaffolds for potential
application in soft tissue regenerative therapies. The change of structural and mechanical properties of

the scaffold was studied during hydrolytic in vitro degradation of up to 34 days.

2. MATERIALS AND METHODS

2.1. Material

DegraPol® (ab medica S.p.A, Lainate, Italy) is a biodegradable polyester-urethane that consists of
poly(3-(R- hydroxybutyrate)-co-(e-caprolactone))-diol (hard segment) and
poly(e-caprolactone-co-glycolide)-diol (soft segment). Both polymer segments are biodegradable and
their degradation products are non-toxic.”’ By using different ratios of hard and soft segment the
mechanical properties of the final product can be modulated, whereas by changing the ratio of
e-caprolactone to glycolide the degradation characteristics can be modulated. This versatility,
combined with the non-toxicity and haemocompatibility makes DegraPol® a promising choice for
tissue engineering scaffolds. DegraPol® D30 has a g-caprolactone-to-glycolide ratio of 70:30 and a
hard-to-soft segment ratio of 40:60 (unpublished data). The electro-spinning solution was prepared by
dissolving DegraPol® D30 in chloroform with a 20% by weight concentration at room temperature

and subsequently sonicating in distilled water at 37°C for 90 min.

2.2. Electro-spinning and sample preparation

Eight tubular samples were prepared by electro-spinning the DegraPol® solution from a hypodermic
needle with a flow rate 1.437 ml/h (SE400B syringe pump, Fresenius, Bad Homburg, Germany) onto
a tubular target (hypodermic tubing, Small Parts, Loganport, IN, USA; outer diameter: 5.0 mm)
rotating at 400 RPM and bi-directionally translating orthogonal to the needle, over a length of 95 mm
at a speed of 2.6 mm/min (custom-made drive mechanism). The electrostatic field of 13 kV between
the hypodermic needle and the target (distance: 200 mm) was produced by a custom-made high
voltage supply. After completion of the spinning process, the electro-spun structure on the target
hypotube was submersed in ethanol for 5 minutes, cut open lengthwise, removed from the mandrel

and dried under vacuum (Townson & Mercer Ltd, Stretford, England; room temperature, 90min). Due



to the decreasing wall thickness in the end regions, 10 - 20 mm was cut off on either end of the
electro-spun tube and discarded. The remaining part of the tubular sample was cut into 10mm wide
strips yielding 10 x 18.5 mm rectangular samples (when unfolded) with the longer edge aligned with

spinning rotational direction of the target.

2.3. Invitro hydrolytic degradation

For in vitro hydrolytic degradation, single samples were placed in a container with 2 ml distilled water
and kept at 37°C (incubator, Scientific Engineering, Johannesburg, South Africa) for degradation time
periods of T =5, 10, 14, 18, 22, 26, 30 and 34 days (n = 5 samples at each time point). An additional
time point of T = 0 days refers to non-degraded reference samples. Since the polymer is fast-
degrading, non-degraded samples were not soaked, as this would have initiated degradation. After
degradation, the samples were removed from water and dried in a vacuum (Townson & Mercer Ltd,
Stretford, England; room temperature, 90 min). The pH of the degradation fluid of three samples was

measured twice a week (Jenway pH meter 3320, Bibby Scientific Limited, Staffordshire, UK).

2.4. Physical characterisation

Physical characterisation included microscopic inspection of fibre diameter and alignment,
measurement of mass and dimensions of the samples, determining scaffold porosity, and uni-axial
tensile testing. Samples for scanning electron microscope (SEM) analysis were sputter coated with
gold in a Polaron SC7640 (Quorum Technologies, East Grinstead, England). Images were taken of the
internal, external and cut surfaces of the samples with a JEOL JSM5200 scanning electron microscope
(JEOL Ltd, Tokyo, Japan) at 25 kV. Fibre diameter was measured with Scion Image for Windows
(Scion Corporation, Frederick, USA) on x2000 SEM micrographs (one image per sample, ten

measurements per image).

Wall thickness, width and length of scaffold samples were measured on images captured on a Leica
DFC280 stereo microscope using Leica IM500 imaging software (Leica Microsystems GmbH,

Wetzlar, Germany). Six thickness measurements were recorded on both length edges of each sample



as well as six measurements for sample width. The sample mass was determined using a Mettler

Toledo XS105S analytical balance (Mettler Toledo, Greifensee, Switzerland).

Fibre alignment of non-degraded and degraded samples was computed by analysing two-dimensional
Fast Fourier Transforms (2D FFT) of the X200 SEM micrographs in ImageJ (National Institute of
Health, Bethesda, MD, USA). All text and borders were cropped from the image prior to applying the
2D FFT. The FFT represents the frequency spectrum of the change in pixel intensity of an image.
When fibres are aligned (Fig. 1a), the frequency of pixel intensity change will be greater orthogonal to
the fibres than in line with them. By using the ImageJ] Oval Profile Plot plug-in (written by William
O'Connell), a radial summation of pixel intensity in a circular field on the FFT power spectrum (Fig.

1b) can be presented as the fibre alignment orthogonal to summation angle.'****'

By scaling the
summation results of all images to lie between 0 and 1, the difference in brightness, contrast and

number of fibres per image can be normalised.

Scaffold porosity, P, formed by the fibrous network, was calculated from total volume V1 and fibre
volume Vg of scaffold samples as P = 1 - Vg/V1. The total volume, i.e. volume of fibres and pores,
was determined from wall thickness, width and length of the samples (n = 3) measured as described
above. The fibre volume, defined as the volume occupied by the fibres excluding all open spaces
(pores), was determined by hydrostatic weighing typically employed for density determination. The
dry samples were weighed a) in air and b) while submerged in ethanol, eliminating all air from the
scaffold (Adam AAA250L analytical balance with Adam density determination kit, Adam Equipment
Inc, Danbury, CT, USA). The difference in mass of the scaffold sample measured in air, mg 4, and in
ethanol, mg ., caused by the buoyancy force exerted on the submerged scaffold, equals the mass of
the ethanol, mg, that is displaced by the fibres: mg = mg ,i; — mgs e The volume of the displaced
ethanol, Vg, was calculated from the mass, mg, and the known density of ethanol, pg, as Vi = Vg = mg
/ pg. Since the volume of the ethanol displaced by the fibres equals the volume of the fibres, the latter

is obtained as V¢ = Vg.



Tensile testing was performed on dry samples at room temperature on an Instron 5544 universal
testing machine (Instron, Norwood, USA) using custom made clamps. The test protocol comprised
five pre-cycles (0 to 20 % strain, 20 mm/min crosshead speed, data sampling at 0.1% strain intervals)
and a final extension until complete failure (20 mm/min crosshead speed data sampling at 0.1% strain

intervals).

2.5. Data analysis

The data recorded were maximum stress G,,,x and the associated strain &%, the stress at the upper
strain limit of € = 20% of each load cycle, 6%, , where i denotes the number of the load cycle with
i=1to 5, and the stress at € = 20% of the final loading, 6,0+ , with i = 6. The change in stress
associated with cycling was expressed as the ratio, Gage,6 / G20%.1 , Of the stress at € = 20% during the

final and the first loading.

The elastic modulus was determined as the slope of the stress-strain curves for the first and the final
loading at discrete strain values, E.; , where ¢ refers to the strain value with e =0, 4, 8, 12, 16 and
18%, and i refers to the number of the loading with i = 1 and 6. After smoothing of the stress-strain
data (moving average filter, half-width: 3), the slope was calculated for the strain range [¢ — 0.1%, € +
0.1%] and filtered (moving average filter, half-width: 5). This procedure resulted in elastic modulus
values averaged over a range of [¢ — 0.9%, € + 0.9%] for each discrete value of strain of € =0, 4, 8,

12, 16 and 18%.

2.6. Comparative fibre alignment analysis

For comparison purposes, the 2D FFT method described in Section 2.5 was applied to a SEM
micrograph published by Riboldi et al. (Fig.1a)" to determine the amount of fibre alignment of the

electro-spun scaffold used in that study.



2.7. Statistical analysis

For quantitative data, one-way ANOVA was performed when more than two groups were compared
by using Tukey HSD post-hoc analysis with p < 0.05 indicating statistical significance. Data are

expressed as mean values + standard deviation.

3. RESULTS

3.1. Dimensions and structure of electro-spun scaffolds

The average wall thickness of the tubular scaffolds was 0.99 £ 0.18 mm. The width and length of the
samples for tensile testing was 9.69 = 0.21 mm and 18.47 £+ 2.62 mm, respectively. The tensile test
gauge length was 10.40 = 0.31 mm. Fibre diameter was 6.80 &= 2.96 um, ranging between 1.73 pm

and 16.45 pm.

Figure 2(a, b) shows the cross-section of the electro-spun scaffold at low magnification whereas Fig.
2(c-f) depict the fibrous structure at higher magnification. The fibre alignment of the inner and outer
surface of the wall is illustrated Fig. 3. The graphs indicate predominant alignment of the fibres at an
angle of 85 to 90° (the latter value representing the circumferential direction of the electro-spun tube)
with a more pronounced alignment observed on the outer surface compared to the inner surface of the

tube. There was no difference in fibre alignment between non-degraded and degraded samples.

The fibre surfaces of scaffold samples after 14 and 34 days degradation prior to mechanical testing are
shown in Fig. 2(g, h). Figure 4(a,b) and (c,d) provide scanning electron micrographs of scaffold

samples that were degraded for 5 and 26 days, respectively, after mechanical testing to failure.

The scaffold porosity was determined to be 80 +£2%.

3.2. pH of degradation fluid

The degradation fluid had an initial pH of 7.2+0.1. At T = 6 days the pH had dropped to 5.9 + 0.2,

after which it remained in this level, ending at 5.7 + 0.4 at T = 34 days.
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3.3. Mass loss of scaffold

The scaffold mass did not change significantly over the degradation period. Figure 5 shows the
cumulative loss of mass as a percentage of the original sample mass at T = 0 days. The largest loss of
mass was observed between T =5 and 10 days, increasing from 0.04 + 0.08% to 0.54 £ 0.45%, while

it remained at that level thereafter.

3.4. Mechanical properties of scaffold

Stress-strain graphs are presented in Fig. 6(a) for the entire strain range of the tests for samples at
degradation time points T= 0, 10, and 30 days and in Fig. 6(b) for limited to the strain range of the
load cycles with upper limit of € = 20% for degradation time points of T = 0 and 30 days. (The graph
for T = 15 days was omitted from Fig. 6b to improve clarity). The maximum stress G, and
associated strain €,,,x versus degradation time T are illustrated in Fig. 7(a). The stress did not exhibit a
change after the first five days of degradation and decreased steadily thereafter. The maximum stress
ranged from 6. = 0.52 £0.12 MPa at T = 0 days to Gya = 0.033 £ 0.028 MPa after a degradation
period of T = 34 days. When compared to T = 0 days, the decrease in 6,,,, Was statistically non-
significant up to T = 14 days but became statistical significant thereafter. The strain &, decreased
statistically significantly between T = 0 days (na—= 176.8 £21.9%) and T = 14 days (gnax— 46.72
2.35%). After T = 14 days, the decrease of €,,,x to the minimum of 24.6 + 3.0% at T = 34 days

occurred at a reduced rate and was non-significant.

Figure 7(b) illustrates the stress o,,; for each repetitive loading event (i = 1 to 6) at each degradation
time point. Generally, the stress c,90,; decreased with repeated loading. The reduction in stress due to
repeated loading (cycling) was less pronounced, and not statistically significant, for the degradation
periods up to T = 18 days. During the sixth loading, the stress 69, ¢ reached between 92.4 + 2.1% (at
T =0 days) and 90.6 = 1.9% (at T = 18 days) of the initial value at the first loading 6.1, see

Fig. 7(c). At degradation of T =22 days and longer, the reduction of 6y,; due to repeated loading

increased with degradation time and the ratios 6,0+, 6/G20%,1 became statistically significant at T = 30
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and 34 days (p = 0.00016 and 0.00014, respectively, when compared to T = 18 days). At T = 34 days,

the ratios 62g¢,¢/ G20%,1 Was at a minimum of 28.5 + 16.4%.

Figure 8 shows the elastic modulus, E.;, plotted against strain € for the first and sixth loading for all
degradation time points T. During the first cycle, the elastic modulus exhibited an initial increase with
increasing strain but decreased after reaching a maximum between € = 4 and 8%, irrespective of the
degradation period. However, a steady increase of elastic modulus with increasing strain was typically
observed during the sixth loading. Overall, the key values of the elastic modulus for the first loading
were Egy, 1 = 0.48 £ 0.35 MPa, Egy,; = 0.92 £ 0.22 MPa and E;sy,; = 0.67 £ 0.29 MPa compared to the
values during the sixth loading of Ege, 6 = 0.19 + 0.19 MPa, Egy, ¢ = 0.58 + 0.35 MPa and Ego, 6 =

1.1 £0.42 MPa (all values grand means over all degradation time points). The maximum elastic
modulus during the first and sixth loading, E.x 1 and E,.x 6, Tespectively, is provided in Table 1 for

scaffolds prior to degradation and for different degradation times points T = 5 to 34 days.

4. DISCUSSION

In this study we investigated the changes in tensile mechanical properties of electro-spun
biodegradable polyurethane (DegraPol® D30) scaffolds for soft tissue regeneration due to hydrolytic
in vitro degradation of up to 34 days. The mechanical characterisation by means of uni-axial tensile
testing incorporated load cycling between 0 and 20% strain in an attempt to simulate the physiological

strain regime, or at least part thereof.

The mechanical properties of the electro-spun DegraPol® scaffold deteriorated dramatically during
the degradation period of 34 days. The maximum stress, G.x, did not change significantly during the
first 14 days of degradation but decreased steadily thereafter, dropping to 6.4% of the initial value
after 34 days. The strain, &y, associated with the maximum stress displayed a different change: from
the start of the degradation it decreased rapidly to 26.4% during the first 14 days and decreased
markedly slower thereafter to 13.9% after 34 days. The change in the strain g, coincided with the
specification of the manufacturer that indicates complete degradation of DegraPol® D30 with respect

to the mechanical properties within two weeks. With increasing degradation time, the electro-spun
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scaffold became more susceptible to load cycling. A reduction of the stress at a strain of 20% with
repeated loading was observed in all samples. For degradation times of up to 18 days, the stress
reduction was non-significant and resembled a mechanical conditioning which is also observed in
other materials such as Nitinol** and biological soft tissues.* For a degradation time of 22 days and
longer, the stress reduction became statistically significant, now governed by the reduced strength of
the material. The elastic modulus also decreased with degradation time, the change was however less
pronounced as that of the maximum stress and associated strain. The increase of the elastic modulus
with increasing strain observed during the 6™ loading cycle is typical feature of non-linear stiffening.
Such a mechanical behaviour is observed in biological soft tissues such as arteries’* and may be

1335 that aim at simulating

desirable for implant materials, e.g. biomedical coarse knit fabrics,
physiological mechanics. The deterioration of physical properties due to degradation was not reflected

in scaffold mass. The mass of the samples remained nearly constant over the entire degradation

period.

In order to assess the data of mechanical characteristics of the current study against that reported in
literature, scaffold structure and materials used need to be compared. The fibre thickness of the

scaffold was found to be similar to electro-spun DegraPol® scaffolds used in previous studies.'**

While the amount of fibre alignment appeared to be similar to that of the scaffold by Riboldi et al."*
from visual inspection of SEM images, the 2D FFT analysis indicated a lower amount of alignment in
the direction of rotation in the scaffold used in the current study. It was also found that the fibre
alignment was more pronounced on the outer surface than on the inner surface. This can be explained
with an increase in tangential velocity on the target surface during the spinning process that is

associated with the increase in target diameter due to scaffold build-up, and which has been reported

to affect fibre alignment.’'

The mechanical properties obtained for the non-degraded scaffold were lower compared to electro-
spun DegraPol® D15." The maximum stress, associated strain and elastic modulus reported were 4.8-
, 1.25- and 6.26-fold (Oyax = 2.52+0.17MPa, €5 = 220.40+£57.09%, E = 10.15+£0.69MPa) of that

values obtained in the current study. Since the ratio of hard- and soft segment of the two DegraPol®
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variants was identical (personal communications: S. Mantero, Politecnico di Milano, 23/06/2010; E.
Bonavoglia, ab medica S.p.A, 28/06/2010), the higher mechanical properties of the scaffold of
Riboldi et al." were ascribed to a more pronounced fibre alignment (Supplement Fig. A)."**' The
scaffold exhibited slightly higher mechanical properties, except for €y, after 5 days degradation
compared to the non-degraded state (see Fig. 7a for 6., Fig. 7b for 6,09,; and Table 1 for E). The
reason for this, although not statistically significant, difference may be the fact that the non-degraded
samples were not submerged in water prior to testing. The swelling of fibres during submersion could

affect the mesh structure irreversibly.”®

The elastic modulus of electro-spun DegraPol® has previously been reported as being constant up to
10% strain.'* Although a constant elastic modulus - be it in bulk or processed form of the material -

gives an indication of the material stiffness,'**'**

more in depth information is beneficial for
constitutive modelling and computational mechanics. The analysis carried out in the current study
indicated a variation of the elastic modulus both with the change in magnitude of strain and the
number of loadings. For the initial loading, the elastic modulus was found to increase on average by
91% with the strain increasing from 0% to 8% while it decreased from this maximum value by 27%
with the strain further increasing to 18%. A different characteristic was observed during the final
loading with the elastic modulus steadily increasing by 501% with the strain increasing from 0% to
18%. This pattern was found for the non-degraded scaffold as well as for all degradation time points.

Similar changes of the elastic modulus with strain and effects of load cycling were reported for

electro-spun polycaprolactone (PCL) for a strain up to 35%.**

The lack of mass loss indicated that the degradation occurred on a molecular level only but did not
progress far enough to cause a significant volume of fibres to dissolve or break off. This is supported
by the SEM micrographs which did not show significant fibre surface changes between samples after
34 days degradation and non-degraded samples. Lendlein et al.*' and Riboldi et al.'* reported a
reduction in molecular mass immediately after the start of the degradation. However, a reduction in
sample mass has been reported to commence only between 28 and more than 100 days after

degradation onset depending on the specific DegraPol® version tested.”' The reduction in molecular
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mass without loss in scaffold mass in the early stages of degradation has been reported to be caused
by random hydrolytic cleavage of the macromolecular chains. The loss of sample mass commenced
once the molecular mass dropped below a certain threshold at which polymer segments became small
enough to filter out of the bulk polymer.?' Furthermore, significant changes in mechanical strength
were reported in the same time period as molecular mass changes.'**'*® This indicates that a change
in mass, or lack thereof, of a sample is not an appropriate measure of the degree of degradation with
respect to mechanical properties. It is however important to investigate the loss in sample mass, and

material volume, as an indication of space available for ingrowth of cells and tissue.

During tensile testing of the scaffolds after longer degradation times, it was found that some samples
exhibited severe plastic deformation (see Fig. 4 b, d), disintegration and, in some instances, failure
during one of the load cycles, i.e. prior to the final loading. For future studies, a decrease of the upper
strain limit of € = 20% for the load cycles may be considered to prevent excessive plastic deformation
during cycling and to determine the change of the elastic limit of the scaffold with progressing
degradation. When evaluating the increasing lack of structural stability of the degrading scaffold, the
potential mechanical effect of tissue regenerating in the scaffold needs to be considered. For the
design of a tissue regenerating implant, the structural degradation of the scaffold needs to be adjusted
to the rate of tissue regeneration so as to prevent structural failure of the implant. If this is not feasible,
alternatives designs need to ensure structural integrity of the implant, for example composite

structures comprising two or more components.

Apart from the limited amount of research on the mechanical characterisation of biodegradable
electro-spun scaffolds in literature, the comparison of the results of the current study with previous
work was also intricate due to differences in materials and study parameter e.g. of the scaffold
manufacturing. Despite the similar approach of preparation of scaffolds and samples, a dissimilar
target shape for the electro-spinning of the current study and those used by Ayres et al.’’ may have

contributed to the difference in mechanical properties observed.

This study is a first step to extend the research in mechanics and constitutive modelling of degrading

tissue regenerative scaffolds. Future studies with extensions of the work presented, e.g. use of
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physiological degradation solution such as phosphate buffered saline, characterisation of molecular
weight of the scaffold, and changes thereof during degradation, will provide important additional data.
With the aim of developing comprehensive constitutive models for scaffold-based soft tissue
regeneration, further research will also address important aspects such as strain rate sensitivity of the

scaffold material, effect of tissue incorporation and application-specific mechanics.
CONCLUSIONS

The mechanical characterisation of rapidly degrading polymeric porous scaffolds for tissue
regenerative application is important to prevent the failure of such implants due to the loss of
structural integrity before regenerated tissue can provide sufficient mechanical support. These time-
dependent processes need to be considered during the development of tissue regenerative implants.
The results of the current study are a first step in the characterisation of the effects of biodegradation
on the mechanical properties of such scaffolds. They can provide a basis for the development of
constitutive models of biodegradable scaffolds and the extension to capture mechanical effects of

regenerating tissue.
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TABLES

Table 1. Maximum elastic modulus (mean + stdev) of the electro-spun scaffold at the first loading

(Emax,1) and sixth loading (E.x ) prior to degradation (T = 0 days) and after different times of

degradation (T =5 to 34 days).

T Emax,l Emax,6

(days) (MPa) (MPa)
0 0.99+0.16 1.14+0.23
5 1.29+0.35 1.64+0.56
10 1.23+£0.16 1.54+0.17
14 0.98+0.09 1.21+0.20
18 0.99+0.12 1.19+£0.13
22 1.03+0.14 1.30+£0.05
26 0.99+£0.34 1.15+041
30 0.95+£0.20 0.82+0.13
34 0.76 £0.10 0.43+£0.26
All Grps  1.02+0.24 1.17+0.42
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Figure 1. Example of alignment measure a) Example of fibre pattern with predominant alignment in
one direction; b) FFT power spectrum of example fibre pattern (a) showing perimeter of circular
summation field and one radial summation line; c) Normalised amount of fibre alignment of example

fibre pattern
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Figure 2: Gross photographs and micrographs of non-degraded (a-f) and partially degraded (g, h)
electro-spun scaffold samples. The magnification and scale bar length are provided in parenthesis for
each micrograph. a) Low magnification cross-sectional view of sample with longitudinal cut (x1, 5
mm); b) View of portion of cross-section used for measurement of the wall thickness (x4, 2 mm); c)
Outside surface of scaffold (left portion of image) with cut edge. (x50, 500 um); d) View of inner
surface used for analysis of fibre alignment (x200, 100 um); e) High magnification image used for
measurement of fibre thickness (x2000, 10 pm); f) Section of single fibre of non-degraded sample
(x7500, 1 um); g) Section of fibre after 14 days of degradation (x7500, 1 um); h) Section of fibre after
34 days of degradation (x7500, 1 um). There was no change of the fibre surface between degraded

and non-degraded samples.
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Figure 3: Normalised amount of fibre alignment on the outer surface (a) and inner surface (b) of the
electro-spun scaffolds versus analysis angle. The analysis angles of 0° and 180° coincide with the

longitudinal axis of the target mandrel, and electro-spun tube, whereas the angle of 90° refers to the

circumferential direction.
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Figure 4: Scanning electron micrographs of scaffold samples after mechanical testing to failure
following degradation for 5 days (a: x50, 500 pm; b: x2000, 10 um) and 26 days (c: x15, 1 mm; d:

x2000, 10 pm). The magnification and scale bar length are provided in parenthesis.
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Figure 5: Cumulative loss of mass, as a percentage of the original sample mass at T = 0 days, versus

the degradation time.
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Figure 6: Graphs of tensile stress, 6, versus tensile strain, €, representing a) Five initial loading-
unloading cycles and final loading until failure of non-degraded sample (T = 0 days) and samples
degraded for 15 and 30 days, respectively (T = 10, 30 days) and b) Close-up of five initial load cycles
of non-degraded sample (T = 0 days) and samples degraded for 30 days (T = 30 days), showing
decrease of stress at upper limit of cyclic strain of 20% with increasing number of cycles. The graph

for the sample with T = 10 days degradation was omitted to improve clarity of the illustration.
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Figure 7: Characteristic stress and strain data versus degradation time in non-degraded samples (T =0
days) and degraded samples (T = 5 — 34 days): a) Maximum stress, G.x, and corresponding strain,
€max, versus degradation time; b) Stress 6,90,; Of the five initial loading cycles (i =1 to 5) and the final
loading (i = 6) versus degradation time; c) Ratio of stress at 20% strain of final loading to stress at

20% strain of first cycle, 6290v.6 / G20%,1 , versus degradation time.



28

First load Final load
2 - -
1 'ZP—I\I_{ . 0
0 ¥ %

[
=

G

- = 14

i
_\

Elastic Modulus (MPa)
_l
»
Degradation Time (Days)

1Tt T2

o]
()

- 26

?
g

) -
1 Tﬁ\kﬂ i 30
0 + }
2 4
1 - 34
0 :m 1 _rzﬂ 1

(=] < S o [=] o

— 1 =1 ~
Strain (%)

Figure 8: Elastic modulus of the scaffold versus strain during the first loading (E. ;) and the final

loading (E.¢) at various degradation time points.
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SUPPLEMENTS
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Figure A: Normalised amount of fibre alignment versus analysis angle for an electro-spun scaffold
(outside surface) of Riboldi et al. determined with 2D FTT analysis of a published SEM micrograph
14:Fie-1a The analysis angles of 0° and 180° coincide with the longitudinal axis of the target mandrel,
and electro-spun tube, whereas the angle of 90° refers to the circumferential direction. The
distinguishing characteristic between the alignment distribution of Riboldi et al. compared to the

current study is a increased concentration of alignment in spinning direction (90°) and absence of

alignment in perpendicular direction (0, 180°).





