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Abstract

In the present study, the relationship between molecular structure and mechanical
properties for a medium chain length polyhydroxyalkanoate (mcl-PHA) composed of 3-
hydroxyoctanoate and 3-hydroxyhexanoate was elucidated. The mcl-PHA was
crystallized from the melt at four different temperatures between its glass transition and
melting point (37, 21, 3 and -21 °C) and its molecular structure was analysed by means
of differential scanning calorimetry (DSC) and wide-angle X-ray diffractometry
(WAXD). The mechanical properties, which were analysed via tensile-tests and
dynamic mechanical analysis (DMA), were clearly affected by the selected
crystallization temperature and corresponding molecular structure of the polymer. In
this sense, samples crystallized at 37, 21 and 3 °C displayed higher secant moduli
calculated at 2% (E24~20 MPa) than the sample crystallized at -21 °C (E,~7 MPa) due
to their higher crystallinity. Even.if samples crystallized at 37, 21 and 3 °C had very
similar degree of crystallinity, their secant moduli calculated at 50, 100 and 200%
(Eso%, E1000% and E2o00) and yield strength (oy) were clearly affected by the selected
crystallization temperature, showing a positive correlation (i.e., higher crystallization
temperatures and corresponding more ordered crystalline domains with narrower crystal

distributions resulted in higher Esoo, E1000 and E2ooe Values).
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1. Introduction

Polyhydroxyalkanoates (PHAS) are a group of biodegradable and biocompatible
thermoplastic polyesters which are synthesized by numerous microorganisms as
intracellular carbon and energy storage compounds [1-4]. Unlike other conventional
biodegradable synthetic thermoplastic polymers, in which great efforts are being made
to either diminish the amount of residual catalyst in the final polymer [5-7] or to employ
alternative catalysts with less toxicity [8, 9], there are no catalyst residues in PHAs
thanks to a completely biosynthetic process. Additionally, PHAs with a wide range of
physico-chemical, thermal and mechanical properties can be prepared via further
physicochemical strategies such as copolymerization [10], blending [11], fabrication of
composites [12, 13] or by tuning the biosynthesis conditions and monomeric units
present [14]. For all the aforementioned reasons, PHAS have attracted increasing
interest as biomaterials in various biomedical applications (e.g., vascular grafts [15],
heart valves [16], nerve regeneration conduits [17], neuroelectrodes [18], as scaffold for
hard- and soft-tissue engineering [19, 20], or as drug delivery vehicles [21]).

Among the PHA biomaterials in study, medium chain length PHAs (mcl-PHAS) (i.e.,
those that have between 6 and 14 carbon atoms in their structure) are of particular
interest for those biomedical applications demanding elastomeric materials with soft
mechanical properties thanks to their low crystallinity, low glass transition temperature
and associated low tensile strength and high elongation at break [22]. In our previous
work [23], a mcl-PHA copolymer composed of 94% and 6% of 3-hydroxyoctanoate and
3-hydroxyhexanoate [P(3HO-co-3HH)], respectively, was thoroughly characterized in
terms of physico-chemical, thermal and mechanical properties. The studied material
exhibited a glass transition temperature (Tg) of ~-35 °C and a melting point (Tr) in the

range between 48 and 62 °C. Because of the low T4 and the low crystallization kinetics,



the polymer chains in the amorphous phase underwent supramolecular rearrangements
which resulted in the development of crystalline domains. As a consequence, the
strength related mechanical properties increased when the polymer was stored at room
temperature for 16 weeks [the secant modulus at 2% (E2q) increased from 8.3 to 36.2
MPa and ultimate tensile strength (o) from 6.4 to 16.3 MPa].

Herein, in order to assess the suitability of a mcl-PHA as an elastomeric biomaterial, the
effects of a thermoplastic conformation process on the physical and mechanical
properties of P(3HO-co-3HH) is evaluated in order to elucidate the relationship between
molecular structure and mechanical properties in this semicrystalline thermoplastic
elastomer. Several works in the literature have already investigated the effect of thermal
history and associated outcomes (e.g., crystallinity, lamellar thickness, etc.) on the
mechanical properties of traditional thermoplastic engineering polymers (e.g.,
polypropylene [24, 25], polyethylene [26], polyethylene terephthalate [27]) and
biodegradable thermoplastic polymers [28-30]. Regarding PHAS, the majority of
published studies have been focused on polyhydroxybutyrate (PHB) and PHB
copolymers with hydroxyvalerate [31-35]. It has been reported that these (co)polymers
undergo a dramatic embrittlement upon storage at room temperature, which can be
ascribed to the development of secondary crystallization [36, 37] and associated
vitrification of the rigid amorphous fraction [38-41]. In order to overcome this problem,
copolymerization of hydroxybutyrate with medium chain length comonomers (i.e.,
hydroxyhexanoate) has been explored [42, 43]. Here it has been observed that for those
copolymers with a fraction of hydroxyhexanoate higher than 10 mol.%, secondary
crystallization was hampered due to steric hindrance and, accordingly, ductile
mechanical behaviour was preserved for a period up to 60 days. However, these

aforementioned studies were performed at room temperature and with short chain length



PHAs (scl-PHAS). In the study presented herein, P(3HO-co-3HH) was isothermally
crystallized from the melt at four different temperatures between the T4 and the Tr, (37,
21, 3 and -21 °C) and the resulting molecular structures were analysed by differential
scanning calorimetry (DSC) and wide-angle X-ray diffractometry (WAXD).
Subsequently, the mechanical properties of these samples were analysed by tensile-tests
and dynamic mechanical analysis (DMA). Finall the ability of these co-polymers to
support cell viability was assessed in vitro through exposing L929 fibroblast cells to
extraction media from mcl-PHA.

2. Materials and Methods

2.1. Materials

The P(3HO-co-3HH) employed in this work was kindly supplied by Neol Biosolutions
(Spain) and synthesized as previously described [23]. Briefly, P(3HO-co-3HH) was
produced by P. putida, a Gram-negative, saprotrophic bacterium, from octanoic acid
and glycerol in a fed batch fermentation. The dried biomass was extracted with an
organic solvent to obtain the raw polymer. In order to purify the raw material, it was
mixed with a non-solvent which induced precipitation of the polymer. As determined by
gel permeation chromatography (GPC), the synthesized P(3HO-co-3HH) showed a
weight-averaged molecular weight (My) of 125 x 10% g mol™ with a polydispersity
index of 1.68. *C NMR results revealed that the synthesized P(3HO-co-3HH) was a
copolymer with 94.3 and 5.7% of 3-hydroxyoctanoate and 3-hydroxyhexanoate,

respectively.
2.2. Methods
2.2.1. Sample Preparation

Sheets of ~1 mm thickness were prepared by compression moulding in a Collin"s

P200E hydraulic press at 140 °C and 240 bar. Subsequently, the samples were



crystallized from the melt at four different temperatures: 37 °C (oven), 21 °C (room
temperature), 3 °C (fridge) and -21 °C (freezer) and incubated at that temperature for 2
or 4 weeks until subsequent characterization. Samples were immediately transferred
from the hydraulic press to the selected temperature to avoid crystallization during the

transfer.
2.2.2. Differential Scanning Calorimetry (DSC)

Thermal transitions of P(3HO-co-3HH) were studied on a DSC 2920 (TA Instruments),
which was equipped with a refrigerated cooling system (RSC 90). The calibration of
enthalpy (cell) constant was performed with indium. The calculated heat of fusion of
this standard was compared to the theoretical value and the cell constant was calculated
from the ratio between these two values. Temperature calibration was also performed
with indium. The extrapolated onset of the recorded melting point of this standard was
compared to the known melting point and the difference was calculated for temperature

calibration.

For the experiments, samples of 5-10 mg were first heated from -90 to 140 °C at 20 °C
min™ to erase the thermal history of the bulk polymer. Afterwards, the sample was
cooled down from the melt and maintained isothermally at the selected temperature (37,
21, 3 or -21°C) for 24 h. Finally, the sample was quenched within the DSC and a second
scan was performed from -90 to 140 °C to determine the Ty, Trm and heat of fusion (AHy)

of the polymer.

A heating DSC scan of the samples stored at the selected temperatures (37, 21, 3 or -

21°C) for 2 and 4 weeks was also performed from -90 to 140 °C at 20 °C min™.

2.2.3. Wide-angle X-ray Diffractometry



XRD data were collected on a Bruker D8 Advance diffractometer operating at 30 kV
and 20 mA, equipped with a Cu tube (A= 1.5418 A ), a Vantec-1 PSD detector and an
Anton Parr MRI low-temperature chamber. The powder patterns were recorded in 260
steps of 0.033° in the 10°<260<40° range, counting for 1s per step. Data sets were
recorded isothermally at 37, 21, 3 and -21 °C during 24 h after a 10 °C/min cooling

ramp.

The X-ray diffraction signals were evaluated using the Diffrac Plus Evaluation EVA
software. After extracting the amorphous halo in the 16-18° 26 range, the raw area and

half-width parameter of the diffraction maxima of the crystal part were calculated.

The deconvolution of the principal diffraction maxima was used to calculate the
broadening of the diffraction lines for the 21.5° 26 overlapped peak positions using the
peak-fit option of WinPLOTR. The average size of the crystalline domains (coherently
diffracting domains) of the sample was extracted from the broadening of the signal

using the Scherrer equation [44]:
Pra = k'ﬂ’/l—hkl -c0s ¢

where Bk is the broadening of the diffraction line measured at half the line maximum
intensity (FWHM) taking into account instrumental contribution (Bins=0.1°), A is the X-
ray wavelength, Ly is the crystal size and 6 is the diffraction angle. k is the Scherrer

shape factor (k=0.9 was assumed).
2.2.4. Tensile test

After an incubation at the selected temperatures (37, 21, 3 or -21°C) for 2 and 4 weeks,

tensile tests of dumbbell-shaped samples were performed with an Instron 5565 testing



machine at a crosshead displacement rate of 10 mm min™. This test was performed at

21+2 °C and 50+5% relative humidity following ISO 527-2 (I1SO 527-2/5A/1).
2.2.5. Dynamic Mechanical Analysis (DMA)

Dynamic mechanical measurements of samples stored at the selected temperatures (37,
21, 3 or -21°C) for 4 weeks were carried out using a DMA/SDTA861e (Mettler Toledo)
in tensile mode. The samples (length: 5.5. mm, width: 4 mm, thickness: 1 mm) were
heated from -60 to 5 °C at 3 °C min™". The displacement and force amplitude were

adjusted to 25 pumand 1.5 N, respectively, with a frequency of 1 Hz.
2.2.6. Evaluation of the Cytotoxicity

Mouse fibroblast (L929) were purchased from the American Type Culture Collection
(ATC, USA). L929 cells were cultured in Minimum Essential Medium (MEM) (Gibco,
USA) supplemented with 2 mM L-glutamine (Gibco, USA), 1% non-essential amino
acids (NEAA) (Gibco, USA), 1.5.g L™ of sodium bicarbonate (Gibco, USA), 1 mM
sodium pyruvate (Gibco, USA), 100 Ul mI™ penicillin (Biochrom AG, Germany), 100
ug ml™ streptomycein (Biochrom, Germany) and 10% fetal bovine serum (FBS)
(Biochrom AG, Germany). Cultures were maintained in a humidified atmosphere (5%

COg, 95% relative humidity) at 37 °C. The cell medium was replacd every 2 days.

For in vitro cytotoxicity tests, P(3HO-co-3HH) samples were first sterilized by ethylene
oxide. Subsequently, following 1SO 10993-12 [45], extract fluid was prepared by
submerging the samples in culture media for 24 h at 37 °C in a humidified atmosphere
containing 5% CO,. To provide the basis for a comparison of the effect of the test
material, culture medium, a negative control (i.e, its leachables have been demonstrated
to be no cytotoxic: high-density polyethylene, USP Rockville, USA) and a positive

control (i.e., its leachables have been demonstrated to be highly cytotoxic: polyvinyl



chloride, Portex Ltd, UK) were also employed. To assess the cytotoxicity of P(3HO-co-
3HH), ISO/EN 10933 part 5 guidelines were followed: medium extraction with a 24 h
extraction period and MTT assay to establish the possible toxic effect of leachables
released from polymers during extraction [46]. L929 cells were plated in 96-well plates
at a density of 4000 cells/well. After 24 h, the cell medium was replaced by extract fluid
and cells were incubated for an additional 24, 48 and 72 h. Toxicity was then
determined by a colorimetric assay (Cell Proliferation Kit MTT, Roche, Switzerland).

In this assay, metabolically active cells are able to reduce the MTT to formazan
pigment, which is dissolved in 100 pL dimethyl sulphoxide (DMSO) after removal of
the culture medium. The metabolic activity of cells was finally determined by

measuring the absorbance at 540 nm on a plate reader.
3. Results and Discussion
3.1. Short-term Crystallization

In order to study the effect of crystallization temperature on the supramolecular
organization and on the crystallization kinetics of P(3HO-co-3HH), samples were first
crystallized from the melt at the temperatures of interest (37, 21, 3 or -21°C) for 24 h
within the DSC. Afterwards, a heating scan from -90 to 140 °C was performed to
elucidate the thermal transitions of the polymer (Figure 1). The crystallization
temperature did not have any significant effect on the T4 of P(3HO-co-3HH), which was
~-35 °C in all the cases. However, the T, gradually increased with the crystallization
temperature. For example, T, was 39.5 °C when the crystallization temperature was -21
°C, whereas it took a value of 62.5 °C when the crystallization temperature was 37 °C.
Moreover, the melting peak became more defined at higher temperatures. It has been
widely reported that when the crystallization occurs closer to the melting point, polymer

chains reorganize themselves into more ordered crystalline domains with narrower



crystal distribution [28, 30]. This results in an increased lamellar thickness that shows
increased melting points and narrower melting peaks [47]. A trend in AHs with
crystallization temperature was not clearly observed for P(3HO-co-3HH), which

appeared to be maximum when the crystallization temperature was 3 °C (AH¢= 26.2J 9

1).

Exo. up

Sample | T, (°C) | AH, (Jg")
21°C | 395 | 220
3°C | 505 | 262
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Figure 1. DSC thermograms of P(3HO-co-3HH) crystallized at the temperatures of interest for 24 h. T,

indicates the temperature at which the isothermal crystallization was performed.
Figure 2a and 2c shows the evolution with time of the integrated area of the WAXD
diffractograms after subtracting the amorphous halo for P(3HO-co-3HH) crystallized
from the melt at the temperatures of interest (37, 21, 3 or -21°C). As it can be concluded
from this graph, samples crystallized at 3 and 21°C underwent the fastest rate of
crystallization, being that of samples crystallized at 3°C slightly faster than at 21°C. The
estimated coherent diffraction domain in these two cases was approximately 15 nm. In
contrast, samples crystallized at 37 and -21°C needed more time to develop crystalline

domains. In this sense, first peaks in the diffractograms were observed after ~500 and



~350 min respectively for the samples isothermally crystallized at 37 and -21 °C. The
samples crystallized at 37 °C displayed higher values in the estimated coherent
diffraction domain (20 nm for the sample crystallized at 37 °C vs. 15 nm for the rest of
the samples). It has to be considered that the coherent diffraction domains estimated
herein are an approximation and should not be considered as absolute values. In fact, the
increasing melting temperatures observed in Figure 1 for samples crystallized at
increasing temperatures suggest larger crystal sizes, that were not observed by WAXD

analysis.

The crystallization kinetics of P(3HO-co-3HH) observed herein via WAXD
measurements are in agreement with those previously determined by means of DSC for
P(3HO-co-3HH) [23] and a similar copolymer composed of 10% hydroxyhexanoate,
86% hydroxyoctanoate and 4% hydroxydecanoate [48]. According to these studies, the
most rapid crystallization of this copalymer occurred in the temperature range of 0-5°C.
At the end of the isothermal treatment (24 h), the values of the integrated area were
similar for all the samples, indicating a similar volume of crystalline phase, which is in
accordance with those results depicted in Figure 1 (i.e., similar AH¢ values for all the

samples after 24 h).

In‘all the cases after the deconvolution of the diffraction signal the relation between the
amorphous and the crystalline part were similar. Nevertheless, the progressive decrease
in signal intensity of some reflections (18° 26) indicates a loss of symmetry, probably a

long-range order one (Figure 2b).
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Figure 2. Evolution of the integrated area of the crystal part of the diffractograms after subtracting the

amorphous halo (a). WAXD complete diffractograms of P(3HO-co-3HH) crystallized after 24 h at (37

21, 3 or -21°C)(b). Evolution of the crystal diffraction signals at the interest temperatures (37, 21, 3 or -
21°C) during 24 h isotherm (c).

3.2. Long-term Crystallization and its Effect on the Mechanical Properties

Figure 3 shows DSC thermograms of P(3HO-co-3HH) samples isothermally
crystallized at the temperatures of interest (37, 21, 3 or -21°C) for 2 and 4 weeks and
their corresponding stress-strain curves. As previously observed in the short-term
crystallization experiment (Figure 1), the crystallization temperature had a negligible
effect on the T4 of P(3HO-co-3HH). Additionally, no differences associated to this

transition in terms of specific heat capacity (Acy) and the temperature at which the

transition occurs were observed with crystallization time. In similar studies dealing with



the evolution of glass transition of PHB with storage time, a decrease in Acp and an
increase of T due to the presence of adjacent crystallites that constrain the amorphous
domains was observed with crystallization time [36, 38, 41]. In view of this
considerations, it can be assumed that the resulting mechanical properties reported by us
are mainly determined by the different crystal “perfections” rather than to a process

associated with the amorphous phase (i.e., evolution of the rigid amorphous fraction).

The selected crystallization temperature clearly determines how polymer chains are
reorganized into crystalline domains. Accordingly, higher crystallization temperatures
resulted in better defined melting peaks and higher T, values, which suggest more
ordered crystalline domains with narrower crystal distribution. For example, the
calculated Ty, values for samples crystallized at 37, 21, 3 and -21 °C for 2 weeks were
respectively, 65, 60, 56 and 51 °C. In general, AH¢values slightly increased between
week 2 and 4 but the differences were almost negligible, indicating that after 2 weeks
the polymer may have reached a quasi-equilibrium state. These values were very similar
for those samples crystallized at 37, 21 and 3 °C but was clearly lower for the sample
crystallized at <21 °C. In this sense, AH was 21.1 J g™ for the sample crystallized at -21
oC after 4 weeks, whereas it took values in the range of 24.8-25.7 J g™ for the rest of the

samples.
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Figure 3. Tensile-test curves of P(3HO-co-3HH) crystallized at the temperatures of interest (37, 21, 3 and
-21°C) for 2 and 4 weeks (a) and the corresponding DSC thermograms (b).
As observed in Figure 3a and Table 1, the mechanical properties of the samples were
clearly affected by the parameters mentioned above. In all the cases, the secant modulus
(E29) slightly increased between week 2 and week 4, which can be attributed to a
slightly higher crystallinity fraction (i.c., higher AH;values) and concurrent vitrification
of the rigid amorphous fraction [41]. For samples crystallized at 37, 21 and 3°C, Ejy, did
not follow a particular trend and was in the range of 16.8-18.2 MPa and 19.5-22.6 MPa
after 2 and 4 weeks respectively. In contrast, samples crystallized at -21°C displayed a
much lower Ezy, (6.6 and 7.0 MPa at week 2 and 4, respectively). It is well accepted that
Young’s modulus (or, in this case, the secant modulus calculated at 2%) increases with
crystallinity [25]. Herein, this clear differences on the Eq, between the sample
crystallized at -21 °C and the rest of the samples are associated to the different degrees

of crystallinity observed in DSC (Figure 3b).



Table 1. Mechanical properties of PHA samples stored at -21, 3, 21 and 37 °C during 2 or 4 weeks.

0 Strain

sample Ezv (MPa) (,\E,f;z;) (',f,},‘););/") (',fj‘;‘,}‘jg ”{,\Sllé)a?) ou(MPa) & (%) reC&/)ery
-21°C-2w 66+12 21+01 17+01 1.7+01  08%01 103+09 48l%3l 3721
-21°C-4w 70£05  22+01 17%01 17#01  08%01  92+19 43057 38+1
39C-2w 172+11 37%01 30%01 30201  13+01 13.7+15 382%3l 33%1
3°C-4w 226+16 40+01 33%01 33%01  15%01 145+14 371+25 31+1
21°C-2w 182+2  43+03 36%02 3602 15%01 134%14 33920 31%2
21°C-4w  20.8+28  45+03 38+01 36*01  15%01  149+07 368+20 35+1
37°C2w  168+13 46+03 42+03 45+03  14+01 126%07 263%5 26+ 1
37°C-4w  195+04  53#01 4701 51+01  17+03 16207  294#12 27+1

Secant moduli calculated at 50, 100 and 200% (Esos%, E1009% and Ezgos) Slightly increased
in all the cases between week 2 and week 4. Moreover, a clear trend in these values with
the crystallization temperature was observed, showing a positive correlation (i.e., higher
crystallization temperatures result in higher Esgo, E100% and E2ogo, Values). As an
illustration, Ego9 after 4 weeks was 1.7, 3.3, 3.6 and 5.1 MPa for the samples
crystallized at -21, 3, 21 and 37 °C, respectively. Similar trend was also observed for the
offset yield strength (oy) calculated at 10% of strain using the secant modulus at 2% as
elastic modulus. For example, oy, was 0.8 MPa for the sample crystallized at -21 °C after
4 weeks, whereas it took a value of 1.7 MPa for the sample crystallized at 37 °C during
the same period of time. It has been observed in several studies that yield behaviour of
polymers is proportional to lamellar/crystal thickness [27], being this proportionality
true both above and below the T [49]. Accordingly, polymeric samples displaying
similar degrees of crystallinity can show completely different mechanical behaviour
depending on the lamellar/crystal thickness [26]. In this particular study, as previously
demonstrated by DSC and WAXD, those samples crystallized at higher temperatures
showed higher melting temperatures and better defined diffraction peaks. This suggests
more ordered crystalline domains that play a role in the resulting mechanical properties

of the samples.



Finally elongation at break (g,) and strain recovery after break of the samples generally
decreased when the samples were crystallized at higher temperatures. On the one hand,
ey Was 294, 368, 371 and 430% for samples crystallized at 37, 21, 3 and -21 °C for 4
weeks, respectively. It has to be highlighted that, in contrast to other reported PHA
materials [35, 39], the mcl-PHA explored in this study did not undergo a dramatic
embrittlement with storage time and maintained a high elongation at break in-all cases.
As previously reported [43], mcl-PHAs are able to preserve their ductile behaviour with
time more efficiently than scl-PHAs due to their intrinsically lower crystallinity and
thicker amorphous region. Strain recovery was 38% for samples crystallized at -21 °C
for 4 weeks, whereas it was 27% for the sample crystallized at 37 °C for the same period

of time.

The effect of crystallization temperature was also analysed by means of dynamic
mechanical analysis. The temperature dependent curves of storage modulus (E”) and
tand for P(3HO-co-3HH) after being crystallized from the melt at the temperatures of
interest (37, 21, 3 or -21°C) for 4 weeks are presented in Figure 4. The values of tand for
the samples crystallized at 37, 21, 3 and -21 °C were respectively, 0.43, 0.44, 0.40 and
0.49. The value of tand is positively correlated with the amorphous fraction in a
polymeric sample [50] (i.e., it tooks higher values for polymeric samples with higher
amorphous fraction/lower degrees of crystallinity). For this reason, the sample
crystallized at -21 °C showed slightly higher values of tand, which is in accordance with
the AHsvalues presented in Figure 3. Little differences were observed in the tand values
for the rest of the samples (i.e., those crystallized at 37, 21 and 3 °C), being slightly
lower for the sample crystallized at 3 °C, which displays the highest AH¢in Figure 3.
The storage modulus (E”), which is usually associated to the Young’s modulus, above

the glass transition followed the same trend as that observed for Eyy, in the tensile tests.



In this sense, samples crystallized at 3 °C showed the highest E”, followed by samples
crystallized at 21 and 37 °C and finally, by the sample crystallized at -21 °C. In
summary, the conclusions obtained from dynamic mechanical analysis are in
accordance with the previous results presented herein and depend on the degree of

crystallinity of the sample rather than on the lamellar/crystal thickness.
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Figure 4. Storage modulus (E") and tand curves of the P(3HO-co-3HH) crystallized at the temperatures of
interest (37, 21, 3 and -20 °C) for 4 weeks.

3.3. Evaluation of the Cytotoxicity of P(3HO-co-3HH)

Figure 5 shows the metabolic activity of L929 cells cultured with the extracts of
P(3HO-co-3HH) determined via the MTT assay. This colorimetric assay is based on the
cleavage of the tetrazolium salt (i.e., MTT) to water-insoluble formazan salt by
metabolically active cells. Therefore, the amount of formazan produced, which can be
measured at 540 nm after being solubilized in DMSO, directly correlates with the
number of metabolically active cells in culture. The cellular response to the negative

and positive control materials was as expected in all tests, confirming the validity of the



assay. L929 cells displayed similar metabolic profiles to those obtained from cells
grown in standard culture medium or under negative control conditions. This
demonstrates that cells grown in P(3HO-co-3HH) extract were able to metabolize MTT,
indirectly inferring persistance of viability and normal proliferation activity. In view of
these results, it can be considered that leachables released from P(3HO-co-3HH) are
non-cytotoxic. The mcl-PHA employed in this work also demonstrated its ability to
promote neuronal cell growth [18]. Taken together, the results presented herein and the
ones recently published by our group, suggest that the P(3HO-co-3HH) may be
considered for biomedical applications demanding bioresorbable polymers with soft

mechanical properties.

1.8+

—=— Positive control
164 —e— Negative control
] ——PHA

Absorbance at 540 nm

0 24 P 7
time (h)

Figure 5. Metabolicactivity of L929 cells grown in P(3HO-co-3HH), positive (polyvinyl chloride) and

negative (high-density polyethylene) control extract media.
4.Conclusions
PHAs are gaining increasing interest in the biomedical field due to their
biodegradability, biocompatibility and processability. The most widely reported
polyhydroxybutyrate and its copolymers with hydroxyvalerate have been reported to
undergo a dramatic embrittlement when stored at room temperature that can limit their
potential use in the biomedical field. For that reason, mcl-PHAs, such as the P(3HO-co-
3HH) presented herein, may represent a promising alternative to the aforementioned

(co)polymers.



In the present work the effect of isothermal crystallization on the mechanical properties
of an elastomeric thermoplastic polymer was studied. P(3HO-co-3HH) was isothermally
crystallized from the melt at four temperatures between its Tq and Tr, (37, 21, 3 and -21
°C) for two and four weeks. Samples crystallized at -21 °C showed a lower degree of
crystallinity and therefore, displayed lower secant modulus relative to samples
crystallized at 37, 21 and 3 °C. Interestingly, samples crystallized at 37, 21 and 3°C
showed very similar degrees of crystallinity but displayed different mechanical
properties which can be associated to different crystalline structures. As determined by
DSC and WAXD, higher crystallization temperatures resulted in more ordered
crystalline structure and narrower crystal distribution. Accordingly, secant modulus
calculated at 50, 100 and 200% of strain and yield strength increased with the
crystallization temperature, whereas elongation at break decreased. Interestingly,
samples did not undergo a dramatic embrittlement with storage time and keep high
elongations at break in all cases. The polymer employed in this work did not elicit any
cytotoxic response on L.929 cells and may find potential use in biomedical applications
demanding “soft” and elastomeric biodegradable polymers with tuneable mechanical

properties.
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EFFECTS OF ISOTHERMAL CRYSTALLIZATION ON THE
MECHANICAL PROPERTIES OF A ELASTOMERIC MEDIUM
CHAIN LENGTH POLYHYDROXYALKANOATE
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Relationship between molecular structure and mechanical properties for a mcl-
PHA is elucidated

Higher crystallization temperature results in more ordered crystalline domains
and narrower crystal distributions

Higher crystallinity results in higher secant moduli calculated at 2% of
deformation

A positive correlation was found between crystallization temperature and secant
moduli at 50, 100 and 200%





