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ABSTRACT: Sophorolipids (SL; microbial glycolipids) were used as additives in solvent-cast short-chain polyhydroxyalkanoate (sc-PHA)
films to enhance surface roughness and porosity. Poly-3-hydroxybutyrate (PHB), poly-(6%)-3-hydroxybutyrate-co-(94%)-3-hydroxyvaler-
ate (PHB/V), and poly-(90%)-3-hydroxybutyrate-co-(10%)-3-hydroxyhexanoate (PHB/HHx) films were evaluated with up to 43 wt %
of SL. Sophorolipid addition caused surface dimples with maximum diameters of 131.8 um (PHB), 25.2 um (PHB/V), and 102.8 pm
(PHB/HHx). A rise in the size and number of pores in the polymer matrix also occurred in PHB and PHB/V films. Surface roughness
and film porosity were visualized by scanning electron microscopy and quantitated using confocal microscopy by correlating the surface
area (A’) to the scanned area (A) of the films. The phenotypic alterations of the films caused a gradual decline in tensile strength and
modulus and increased the elongation to break. Reductions in the enthalpies of fusion (AHj) in both the PHB (41% reduction) and
PHB/HHx (36% reduction) films implied diminished crystallinity as SL concentrations increased. Over the same SL concentrations the
Tan ¢ maxima shifted from 4 to 30°C and from 2 to 20°C in these respective films. These results provide a novel means by which sc-
PHA properties can be controlled for new/improved applications. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci.” 2014, 131, 40609.
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synthesized intracellularly by a number of diverse bacterial
strains from a variety of substrates.

INTRODUCTION

Finite resources and pollution concerns have shifted focus

from petroleum- to bio-based materials. As such, there is a
mounting demand for development of renewable resources as
feed stocks for biodegradable and biocompatible materials
whose properties mimic if not surpass those of currently used
products. Plastics are one particular area of concern as the
majority of plastics on the market today are produced from
petroleum-based precursors and do not conform to accepted
biodegradation matrices. Over the past three decades bio-
based plastics have gradually been developed as potential
substitutes for petroleum-based plastics. Two of the most well-
known bio-based polyester plastics are polylactic acid (PLA),
which is chemically synthesized from fermentation-derived lac-
tic acid typically through direct condensation reactions or
through ring-opening polymerization reactions of lactide," and
polyhydroxyalkanoates (PHA), which are bacterial polyesters

Historically, PHAs [for chemical structure see Figure 1(A)] have
been extensively studied and their physical properties developed
for industrial applications where structural integrity is para-
mount.” More recently, they have been assessed either alone or
as blends for their potential in the biomedical field*™® particu-
larly for use as sutures’ and tissue scaffolding materials.® '

One vital characteristic for use of any material in clinical appli-
cations is “biocompatibility,” a term used to indicate that the
material itself, or any degradation products, do not cause an
adverse immune response when introduced to the host orga-
nism. Poly-3-hydroxybutyrate (PHB) homopolymer is the most
common form of the so-called short-chain PHA (Sc-PHA) and
has been demonstrated to be a biodegradable and biocompatible
thermoplastic with properties similar to polyethylene and poly-
propylene;'! however, PHB has a relatively high crystal content
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Figure 1. Chemical structures of poly-3-hydroxyalkanoate biopolymers (A; 3-hydroxybutyrate, n=0; 3-hydroxyvalerate, n=1; 3-hydroxyhexanoate,

n=2) and the 17-L-[2'-O-f-glucopyranosyl-f-p-glucopyranosyl]-oxy]-9-octadecenoic acid 6',6”-diacetate sophorolipids in the free acid form (B) and

the 1/,4”-lactone form (C).

making it brittle and imparting a relatively long degradation
time under physiological conditions.'”> Degradation of PHB
results in the generation of (R)-3-hydroxybutanoic acid (3HB),
a ketone body normally found in trace amounts in the blood of
healthy adults.”> The typical presence of 3HB in the human
body indicates that PHB and likely any other PHA types used
in clinical applications (including other sc-PHA polymers
such as poly-3-hydroxybutyrate-co-3-hydroxyvalerate, poly-3-
hydroxybutyrate-co-4-hydroxybutyrate, and poly-3-hydroxybuty-
rate-co-3-hydroxyhexanoate) would naturally breakdown without
eliciting an adverse immune response. In fact, many sc-PHA
polymers have been assessed for biocompatibility in mammalian
systems with little to no negative reaction.”'*'?

Sophorolipids (SL) are amphiphilic molecules that can be pro-
duced in high yields by many yeast strains primarily from the
genus Candida."®™"® They are synthesized as heterogenic mix-
tures (lactone vs. free acid) by fermentation from renewable
substrates. SL are normally composed of a disaccharide (sopho-
rose; 2-O-f-p-glucopyranosyl-f-p-glucopyranose) linked to a
hydroxy fatty acyl moiety between the 1’ hydroxy group of
the sophorose sugar and the w or w-1 carbon of the fatty acid
[Figure 1(B,C)]. Typically, the fatty acid chain length varies
between 16 and 18 carbons and may be saturated or unsatu-
rated and the 6’ and 6” hydroxy groups of the sophorose may
be acetylated. These molecules are recognized to exhibit antibac-
terial,>*?! 1,°#** and anticancer’®** activities and act as
immunomodulators in mammalian systems.***’

antiviral

Historically, property control in PHA biopolymers focused on
the successful inclusion of unique monomeric components into
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the polymer backbone,”*® blending and the use of physical
crosslinking protocols (e.g., irradiation, oxidation etc.).”> The
desire to develop a new method for property control in PHA
polymers and effectively condition these sc-PHA polymers for
enhanced applicability in bioremediation and biomedical appli-
cations was the driving force for this study. Sophorolipid suc-
cessfully acted to enhance surface roughness (dimpling effect)
and porosity in the PHA polymer films, which reduced polymer
rigidity and imparted an antimicrobial quality to the films. This
report focuses on the SL-induced control of the phenotypic
alterations in the PHA polymer film matrices and the effects of
these changes on the thermo-mechanical properties of the films.

EXPERIMENTAL

Materials

The microbial strains used in this work included Pseudomonas
oleovorans NRRL B-14682 (used for the fermentative synthesis
of PHB and poly-(6%)-3-hydroxybutyrate-co-(94%)-3-hydroxy-
valerate (PHB/V)), which was obtained from the ARS Culture
Collection (Peoria, IL) and shown to contain genes for sc-PHA
synthesis,”* and Candida bombicola ATCC 22214, a high-yield
SL-producing yeast, which was purchased from American Type
Culture Collection (Manassas, VA). Both microorganisms were
stored at —80°C in Luria-Bertani (LB) broth (1% tryptone,
0.5% NaCl, 0.5% yeast extract) supplemented with 15% (v/v)
glycerol as a cryopreservative. Poly-(90%)-3-hydroxybutyrate-co-
(10%)-3-hydroxyhexanoate (PHB/HHx) was kindly supplied by
Dr. Phil Green of Procter & Gamble (Cincinnati, OH). Glycerol
(ReagentPlus™, >99.0%), glucose, oleic acid, and all media
salts were purchased from Sigma Chemical Company (St. Louis,
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MO). Levulinic acid (98+%) was purchased from Acros Organ-
ics (Geel Belgium). Bacto tryptone and bacto yeast extract
(components of LB broth and Candida Growth Media; CGM)
were purchased from Becton Dickinson (Sparks, MD).

Fermentations

PHB and PHB/V were synthesized by fermentation using P.
oleovorans NRRL B-14682.® The biopolymers were separately
produced in 10 1 volumes in a 12 1 capacity Bioflo 3000 bench-
top fermenter (New Brunswick Scientific, Edison, NJ) using
Medium E* (for media composition see Ref. 35) and a starting
pH of between 6.9 and 7.0. PHB was synthesized from a 1%
(w/v) glycerol feedstock while PHB/V was synthesized from a
0.5% glycerol : 0.5% levulinic acid (w/v) mixture.”® All Medium
E* salts and carbon sources were autoclaved separately as con-
centrated solutions and combined into the fermentation vessel
to make 10 L of Media E* with a 1% carbon source concentra-
tion. The inoculum for each fermentation was prepared in LB
broth by inoculating 50 mL of LB broth with 1.5 mL of P. oleo-
vorans NRRL B-14682 from a frozen stock culture’® and incu-
bating the culture in a shake incubator at 30°C and 250 rpm.
After 24 h the entire 50 mL culture was added to a 2 L Erlen-
meyer flask containing 1 L of LB medium and incubated under
the conditions described above. After 24 h the 1 L LB culture
was aseptically centrifuged at 8000 X g, 4°C for 15 min to pel-
let the cells. The supernatant was discarded and the cell pellet
was resuspended in 100 mL of Media E* from the 10 L fermen-
tation vessel and the entire cell mass was added to the 10 L ves-
sel. The 10 L fermentations were conducted at 30°C without
pH control, impeller speed of 250 rpm and aeration at 3 stand-
ard liters per minute (SLPM) for 48 h.

Sophorolipid was also produced at the 10 L bench-top scale
from C. bombicola ATCC 22214 grown on glucose and oleic
acid.'"® The basal CGM (10% glucose, 1% yeast extract, 0.1%
urea) was prepared, autoclaved to sterilize and the temperature
was equilibrated to 26°C. Filter sterile oleic acid was added to
the CGM as the lipid cosubstrate at a final concentration of 2%
(v/v). One 50 mL frozen inoculum culture was thawed and
used to inoculate the fermentation. The fermentation was con-
ducted at a temperature of 26°C, an agitation rate set at
700 rpm, an air-flow rate of 2 L of air/min and no pH control.
After 2 days, an additional 7.5% (w/v) of dry glucose and 2%
(v/v) of oleic acid were added and the fermentation was allowed
to proceed to 5 days when the fermentation was supplemented
with an additional 1% (v/v) of oleic acid. The fermentation
then continued for an additional 2 days until harvesting (total
duration of the fermentation was 7 days).

Product Recovery

Short-chain PHA polymers were isolated and recovered by har-
vesting the bacterial cells by centrifugation (8000 X g, 4°C,
15 min) and drying the cell pellets by lyophilization to a con-
stant weight. Both PHB and PHB/V were recovered from the
lyophilized cells by chloroform extraction at 30°C overnight
with shaking at 250 rpm. Insoluble cellular material was
removed by filtration through Whatman #2 filter paper, and the
chloroform was evaporated from the filtrate to concentrate the
crude polymers. The crude polymers were precipitated a total of
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3 times by dropwise addition to cold methanol. The polymers
were recovered and dried in vacuo for 24 h.

Sophorolipid isolation and recovery was accomplished by lyo-
philizing the entire culture to dryness (~2 days). The dried resi-
due was divided and placed into three 6 L Erlenmeyer flasks.
Each fraction was extracted with excess ethyl acetate at room
temperature for two days. The extract was filtered through
Whatman No. 2 filter paper to remove any insoluble material
(e.g., residual yeast cells). The remaining solids were washed
two additional times with ethyl acetate to maximize recovery.
The ethyl acetate fractions were combined, concentrated by
evaporation and precipitated into 1 L aliquots of hexane to
obtain the pure SL. The pure SL was recovered from the hexane
by filtration (described above) and vacuum-dried in a desiccator
to obtain a fine white to off-white powder.

sc-PHA and SL Characterization (Composition)

Repeat unit compositions of sc-PHA were determined by Pro-
ton-Nuclear Magnetic Resonance Spectroscopy (‘H-NMR) and
Gas Chromatography/Mass Spectrometry (GC/MS) of the tri-
methylsilyl derivatives of the 3-hydroxymethyl esters as previ-
ously described.”® The SL components were determined as
described previously.””

Preparation of SL Impregnated PHB, PHB/V, and PHB/HHx
Films

Sophorolipid-impregnated sc-PHA discs were prepared by
weighing out 5 separate 0.5 g samples of PHB (set 1), PHB/V
(set 2), and PHB/HHx (set 3) into separate 25 mL beakers
(15 samples total). Sophorolipid was added to each set of
beakers as follows: sample 1 =0 SL, sample 2=50 mg SL,
sample 3 =125 mg SL, sample 4 =250 mg SL, and sample
5 =375 mg SL, resulting in SL concentrations of 0, 9, 20, 33,
and 43 wt %. Ten milliliters of chloroform was added to each
beaker and the contents were allowed to dissolve completely.
The solvated contents of each beaker were poured into separate
aluminum dishes (7.5 cm diameter) and the chloroform evapo-
rated off at room temperature. The films were then placed
under vacuum overnight to remove any residual solvent. Discs
were punched out from the films using a standard paper hole-
punch.

Analytical Procedures

Film surface morphologies and cross-sectioned porosity were
visualized by scanning electron microscopy (SEM) and confocal
microscopy (CM). Each sample was prepared for SEM analysis
by dehydration in a graded series of ethanol solutions followed
by critical point drying in liquid carbon dioxide. The dry film
discs were mounted onto carbon adhesive tabs (Electron
Microscopy Sciences, Hatboro, PA) and sputter-coated with a
thin layer of gold. Digital images of the sample surfaces and
cross-sections were collected with a Quanta 200 scanning elec-
tron microscope (FEI Company, Hillsboro, OR) operating in
the high vacuum, secondary electron imaging mode. Duplicate
samples were also stained with 0.5 mg/mL Nile Red and
mounted in microwell dishes (MatTek Corporation, Ashland,
MA) for imaging with a model IRBE optical microscope (Leica
Microsystems, Bannockburn, IL) coupled to a model TCS-SP
confocal system. Optical fluorescence was excited at 488 nm

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40609



http://onlinelibrary.wiley.com/
http://www.materialsviews.com/

ARTICLE

WILEYONLINELIBRARY.COM/APP

Applied Polymer

Figure 2. Scanning electron micrographs of the surface of PHB polymer films in the absence of SL (A) and in the presence of 9 wt % SL (B), 20 wt %

SL (C), 33 wt % SL (D), and 43 wt % SL (E).

and emission between 580 and 620 nm was collected in a series
of optical sections. The roughness of the film surfaces was com-
puted from topographical images by correlating the surface area
(A’) to the scanned area (A) of the film.

Thermal properties of each of the SL-impregnated PHB-, PHB/
V-, and PHB/HHx-films were measured using a Pyris 1 Differ-
ential Scanning Calorimeter (DSC; Perkin-Elmer, Norwalk, CT)
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as described previously.?! The initial heat for each of the DSC
tests was from 0°C to 200°C at a ramp rate of 10°C/min from
which the melting temperature (7,,) and enthalpies of fusion
(AHy) were determined. After quenching to —20°C, the second
heat was performed up to 40°C (ramp rate = 10°C/min) and
the glass transition temperatures (T,) calculated from the
second heat.
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Figure 3. Scanning electron micrographs of the (A) PHB/HHx polymer film and (B) the PHB/V polymer film cast in the presence of 20 wt % SL.

Tensile testing of rectangular film specimens was performed as
described previously”® using an upgraded Instron mechanical
property tester, model 1122 (Instron, Norwood, MA), and
Testworks-4 data acquisition software (MTS Systems, Minneap-
olis, MN). Dynamic mechanical analyses (DMA) were con-
ducted on a Rheometric RSA II Dynamic Analyzer (Piscataway,
NJ) using Rheometric Scientific Orchestrator Software, version
6.5.7. Films were cut into rectangular strips (7 X 20 mm?®) and
tested over a temperature range of —50 to 160°C (PHB) or
—50 to 130°C (PHB/HHx) at a ramp rate of 10°C/min and a
constant strain frequency of 10.0 rad/s.

RESULTS AND DISCUSSION

In a previous report we described the use of PHB and PHB/
HHx as biopolymer supports in the slow release application of
SL against Propionibacterium acnes, the causative bacteria of
acne. In that study we found that dried solvent-cast films made
from mixtures of PHA polymers and SL had a dimpled surface
morphology as well as a porous matrix whose size and number
varied based on SL concentration.”’ On the basis of this obser-
vation, we carried out a systematic study to evaluate the effect
of SL inclusion on solvent-cast sc-PHA film morphology and
subsequent properties. Films were solvent-cast from three dis-
tinct sc-PHA polymers (PHB, PHB/V, and PHB/HHx) with SL
contents ranging from 0 to 43 wt %. SEM was used to visualize
the individual film surfaces and the cross-sectioned film matri-
ces. PHB was used as the primary polymer in this study because
it is the most well-known polymer within the PHA family.
Figure 2 shows the results of the SEM analyses of the PHB film
surfaces. In the absence of SL the PHB film surface was rela-
tively smooth with no hint of surface irregularities [Fig. 2(A)];
however, as the SL concentration increased to 9 wt %, noticea-
ble dimples began to appear that had an average diameter of
17.5 pm [Figure 2(B)]. As the SL concentration within the films
continued to increase the average dimple diameters increased by
79% [between 9 and 20 wt % SL; Figure 2(C)], by 164%
[between 20 and 33 wt % SL; Figure 2(D)], and by 59%
[between 33 and 43 wt %; Figure 2(E)]. The same tendencies
were seen in the PHB/V and PHB/HHx polymer films although

Mnk\;,?lfﬂs WWW.MATERIALSVIEWS.COM
1

406009 (5 of 11)

the surface irregularities in the PHB/V and PHB/HHx films
resembled pitted structures rather than the dimples seen in the
SL-impregnated PHB films. In fact, at 20 wt % SL the surfaces
of the PHB/V and PHB/HHXx films were similar to each other
(Figure 3) but different than the SL-containing PHB homopoly-
mer [c.f. the images in Figures 3 to 2(C)]. A progressive
comparison of the dimple diameters from each of the 3 SL-
impregnated PHA polymer films is shown in Figure 4. It is
apparent that the PHB films maintained the largest dimples at
equivalent SL concentrations. At 43 wt % SL the PHB films had
a maximum diameter of 131.8 pm while PHB/HHx demon-
strated the second largest average dimple diameter at 102.8 pm.
Poly-(6%)-3-hydroxybutyrate-co-(94%)-3-hydroxyvalerate showed
a more linear increase in dimple diameter as the SL content
increased and only reached a maximum diameter of 25.2 um at
43 wt % SL.

CM was used to quantitate the surface roughness of the films
by dividing the surface area (A’) of the films by the scanned
area (A) of the films. In a perfectly flat film, devoid of all irreg-
ularities, the A’/A value would equal one. Any increase in the
A’/A ratio above one is indicative of an increase in the surface

Dimple Diameter (um)

50

Sophorolipid Content (wt%)

Figure 4. Comparative dimple diameters for PHB (@), PHB/V (O) and
PHB/HHx (V) polymer films cast in the presence of up to 43 wt % SL.
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Figure 5. Comparative film surface roughness measured by confocal
microscopy correlating the surface area of the films (A’) to the scanned
area of the films (A); PHB (@), PHB/V (O), and PHB/HHx (V).

roughness of the film. Results from confocal imagery (A’/A) are
shown in Figure 5. The PHB film surface in the absence of SL
demonstrated an average A'/A value of 1.23 £0.04 (n=23). As
the SL content in the PHB films increased, the A'/A values also
increased to a maximum value of 2.69 = 0.08 (n=3) at 43 wt
% SL. These results indicated that SL content was the primary
factor involved in the increased surface roughness of the PHB
films. Surface roughness results for the PHB/V films mimicked
those of PHB however; at 20 and 33 wt % SL the A’/A ratios in
the SL-laden PHB/V films were 28% and 24% greater, respec-
tively than in the equivalent PHB films. In contrast, the starting
PHB/HHx film surface showed an A’/A ratio of 1.06 +0.02
(n=3), which was smaller than that from PHB indicating that
in the absence of SL the PHB/HHx film was smoother than the
PHB counterpart. The PHB/HHx film surface reached a maxi-
mum A’/A value that was approximately 58% larger (A’/
A =424%0.37; n=3) than PHB with approximately half (20
vs. 43 wt %) of the SL present. These results were attributed to
an increase in the number and depth of the dimples in the
PHB/HHx film surface at 20 wt % SL [c.f. Figures 2(C) and
3(A)]. While the PHB films containing 43 wt % SL had larger
dimples, fewer numbers and a reduced dimple depth resulted in
a smoother surface than the PHB/HHx at a SL-load of 20 wt
%. Above 20 wt % SL the A’/A ratio of the PHB/HHx film
surfaces declined to 3.00 +0.26 (n=3) at 33 wt % SL and
finally to 2.69 £ 0.10 (n=3) at 43 wt % SL, indicative of dim-
ple coalescence at elevated SL-loads.

Cross-sectioning was performed on each of the SL-impregnated
PHA polymer films to assess the effects of SL on the porosity
within the polymer matrices. The results from the PHB polymers
can be seen in Figure 6. PHB homopolymers in the absence of
SL showed a uniform matrix devoid of pores. At a SL-load of 9
wt % very small pores began to appear throughout the entire
cross-section; however, it was not until a SL-load of 20 wt %
that obvious pores were present in the top quarter of the film. At
a SL concentrations of 33 and 43 wt % there were pores scattered
throughout the entire PHB film. The porosity of the films made
from PHB/V resembled the results from PHB (data not shown)
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in that pores were not visible throughout the film matrix until
33 wt % SL was included. This was not the case for SL-
impregnated PHB/HHx films. In the PHB/HHx films porosity
was not uniformly distributed across the entire matrix but only a
few pores were visible even at 43 wt % SL (data not shown).

In a previous report, Baccile et al.’® reported that the self-
assembly of acidic SLs was dependent upon pH variations and
the resulting differences in the degree of ionization in an aque-
ous environment. In that report it was determined that at low
ionization values (pH <5), SL concentration drives the self-
assembly process and micelles are generally identified as non-
ionic with curvature that is dependent on the SL concentration.
At mid-ionization levels (5 <pH < 8) the formation of COO™
groups introduced negative charges at the micellar surface,
which increased micellar curvature while at higher ionization
levels (pH > 8) the micelles favored the formation of large tubu-
lar aggregates above 100 nm. In the present study, chloroform
was utilized as the solvent for casting SL-impregnated PHA
polymer films. Selective solubility of the postcasted films in
methanol revealed that the SL could be effectively removed
from the films thereby signifying that the SL did not seem to be
involved in surfactant-polymer complexation reactions. The
dimpling and pore formation was more likely due to phase sep-
aration in chloroform of the SL and PHA polymers as the films
dried. This phenomenon explains the increased porosity
towards the top of the film matrices and the formation of larger
dimples upon coalescence of SL at the PHA polymer film sur-
face as the SL concentrations increased.

Increased porosity had a profound effect on the tensile and
thermo-mechanical properties of the different PHA polymer
films. The tensile strength of any material is only as great as its
weakest point. In each of the PHA polymers tested, the tensile
strength [reported as peak stress; Figure 7(A)] and modulus [Fig-
ure 7(B)] showed an inverse relationship. As the SL concentration
in the films increased the tensile strength and modulus of the
polymer films decreased. These results are due, at least in part, to
the increase in the number and size of the pores brought about
by increasing SL concentrations. Although no X-ray diffraction
data was obtained in this study (hard evidence of changes in
crystallinity), a second contributing factor in decreased tensile
strength and modulus may be a SL-induced disruption of the
polymer lattice within the polymer matrix. Data showed that the
tensile strength of the PHB-based polymer films reduced by 65%
from 26.8 to 9.3 MPa over the range of 0 to 43 wt % SL (a 1.5%
decrease in tensile strength per percent SL included in the PHB
film). Similarly, tensile strength of both PHB/V and PHB/HHx
decreased over the range of SL concentrations. The PHB/V tensile
strength dropped by 56% (a 1.1% decrease per % SL included in
the film) and that of PHB/HHx was reduced by 49% (a 1.3%
decrease per % SL included in the film). Since the PHB/HHx
films showed very little pore formation upon inclusion of SL, it
is likely that the reduction in tensile strength in the PHB/HHx
films was based primarily on an increased amorphous character
of the films at higher SL concentrations.

Modulus is a general indicator of the stiffness of a polymer
film. In the present study, the PHB polymer film without SL
inclusion exhibited a modulus of 1390 MPa, which was 168%
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50 um

50 pm

Figure 6. Scanning electron micrographs of the cross-sections of PHB polymer films (A) in the absence of SL and (B) in the presence of 9 wt % SL, (C)

20 wt % SL, (D) 33 wt % SL, and (E) 43 wt % SL.

and 251% larger than the modulus of PHB/HHx and PHB/V,
respectively. These results are proof that, as expected, in the
absence of SL the PHB films were naturally stiffer than either the
PHB/V or PHB/HHXx films. Over the range of SL concentrations
the modulus from the PHB films decreased to 457.9 MPa, a 67%
reduction, while the modulus from PHB/V and PHB/HHx
decreased by 45% to 217.3 MPa and by 53% to 244.1 MPa,
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respectively. In all cases, elevated SL concentrations resulted in a
lower modulus regardless of the specific polymer signifying a SL-
induced reduction in the stiffness of the films.

In contrast to the tensile strength and modulus results, SL acted
to increase the elongation to break in the PHB/HHx and PHB/V
polymer films [Figure 7(C)]. In fact, the elongation to break in
the films increased by 150% (from 154.5 to 386.9% between 0

J. APPL. POLYM. SCI. 2014, DOI: 10.1002/APP.40609
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Figure 7. Effect of increasing SL content on the (A) tensile strength, (B) modulus, and (C) elongation of PHB polymer films (M), PHB/V polymer films

(M), and PHB/HHx polymer films (/).

and 20 wt % SL) and 247% (from 26.8 to 93.1% between 0 and
43 wt % SL) in the PHB/HHx and PHB/V films, respectively.
Above 20 wt % SL the elongation to break in the PHB/HHx
films began to gradually decline. In contrast, the elongation to
break in the PHB-based films remained relatively constant at
3.8 = 0.5% regardless of the SL content of the films. It appeared
that the SL had a plasticizing effect on the films. While SL
caused an across-the-board drop in tensile strength of the PHA
films, it also helped to reduce the stiffness of the PHA polymer
films and improve the elastomeric properties of the PHB/V and
PHB/HHXx polymer films.

Differential scanning calorimetry (DSC) revealed that SL con-
centration had a modest effect on the melting temperatures
(T,,) and glass transition temperatures (T) of the polymer films
but increased SL content did result in a steady decrease in the
enthalpies of fusion (AHy; data for PHB and PHB/HHx are
shown in Table I). The T, of the PHB films dropped 7°C and
that of the PHB/HHXx films dropped 4°C over the entire span of
SL concentrations tested. The T, values were even more stable,
changing less than 1°C between 0 and 43 wt % SL. The enthal-
pies of fusion (AHj; indicative of the amount of energy neces-
sary to melt the polymer) of the PHB and PHB/HHx polymer
films did noticeably decrease as the SL content in the films rose.
PHB, whose crystallinity has been reported as being between 50
and 60%,**° showed a AHy of 81.2+2.3 J/g (n=23) in the

Mnk\"‘li"§ WWW.MATERIALSVIEWS.COM
1

406009 (8 of 11)

absence of SL. As the SL content increased, the AH; values
decreased by 42% to a final value of 47.5* 1.5 J/g (n=3) at a
SL-load of 43 wt %. This indicated that less energy was needed
to melt the SL-containing films, suggesting a reduced crystallin-
ity. The same trend was noticed with the PHB/HHx films. Poly-
3-hydroxybutyrate-co—3-hydroxyhexanoate typically maintains a
more amorphous quality than PHB. This was noted by the
reduced AHy value (36.7 = 6.6 ]/g) in the absence of SL as com-
pared to the PHB film. The same reductive tendency was
observed in the AHy values from the SL-laden PHB/HHx poly-
mer films as in the PHB polymer films.

Dynamic mechanical analysis (DMA) was performed on the
series of PHB and PHB/HHx polymer films. The storage mod-
ulus (E'), a measurement of the stored energy in the polymer
films, can be a representation of the stiffness or the elasticity
of the material. The E' trends for PHB and PHB/HHx at 0
and 43 wt % SL are shown in Figure 8(A). In the absence of
SL the E' of the PHB film decreased relatively linearly from
—50°C to ~75°C at which point the film entered the highly
viscoelastic regime. At 105°C the PHB film continued to
soften and show a very low modulus by 150°C. In contrast,
the PHB film containing 43 wt % SL demonstrated a more
obvious primary transition beginning at 7°C and continuing
until ~70°C where it too entered the “rubbery” regime. PHB/
HHx is naturally more viscoelastic than PHB due to its
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Table 1. Thermal Properties of PHB and PHB/HHx Films (n = 3) in the
Presence of up to 43 wt % SL As Measured by Differential Scanning Calo-
rimetry (DSC)
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In contrast to the storage modulus, the loss modulus (E”) rep-
resents the energy of a material that is dissipated as heat. The
E” values for PHB and PHB/HHx in the absence and in the
presence of 43 wt % SL are seen in Figure 8(B). The E’ max-

SL content Tm Tq AH¢ ima for both of the PHB/HHx film samples (regardless of the

PHA film (wt %) Q) (°C) (J/9) presence of SL) was at —7°C; however, there appeared to be a
PHB 0 173 4.2 g12+23  bimodal peak in the E” of the SL-containing PHB/HHx sam-
9 170 43 716+11 ple. In contrast, the maxima for the PHB-based films

increased from —2°C in the absence of SL to 28°C in the pres-

20 167 4.6 6l7=2z2 ence of 43 wt % SL. This result indicated that higher SL con-

33 167 4.6 57327 tents caused a higher temperature requirement for maximum

43 166 46 47515 energy dissipation in the PHB films. This was not true for the

PHB/HHx 0 134 11 36.7x6.6  PHB/HHx films where maximum energy dissipation occurred
9 134 1.7 301+35 at the same temperature regardless of SL concentration. Tan 9

20 130 16 272+26 values are measurements of the damping or the dissipation of

33 132 18 230+373 energy within a material. It is a representation of the ratio of

43 130 18 235+66 the loss modulus to the storage modulus (E’/E') and is a good

copolymeric nature. This was evident by the temperatures at
which the PHB/HHx films began their o-transitions. In the
absence of SL the a-transition began at —30°C and continued
to 17°C. The inclusion of 43 wt % SL resulted in a shift in the
start of the a-transition to —15°C and continuing to 25°C.

indicator of the midpoint between the “glassy” and “rubbery”
states of a polymer. The Tan § maximum can be used to rep-
resent the glass transition temperature (T,) of a material; how-
ever, because DSC measures heat flow to and from a specimen
relative to an inert reference and DMA measures mechanical
stiffness and energy absorption of a specimen by applying an
oscillating mechanical stress and strain within the viscoelastic

4000 500
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2 = 200 A
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100
0
0
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Figure 8. Dynamic mechanical analysis (DMA) results depicting the effect of increasing SL contents on the storage moduli (E; A) and the loss moduli
(E’; B) of PHB and PHB/HHXx films (PHB films in the absence of SL (@), PHB films in the presence of 43 wt % SL (O), PHB/HHXx films in the absence
of SL (V), and PHB/HHx films in the presence of 43 wt % SL (A). Also, the effect of SL on the Tan 6 (E'/E) values from PHB (C) and PHB/HHx (D)
polymer films in the absence of SL (@) and in the presence of 20 wt % (O) and 43 wt % SL (V).
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region, it is not uncommon to see as much as a 25°C differ-
ence in T, data from DSC to DMA data reported as the peak
of Tan §.*' The Tan § plots of PHB and PHB/HHx in the
absence and presence of SL are shown in Figure 8(C,D),
respectively. In the absence of SL the Tan é maximum for
PHB was 4°C, identical to the T, value measured by DSC. As
the SL concentration increased in the PHB film to 20 wt %,
the Tan J maximum increased to 20°C and ultimately to 30°C
at 43 wt % SL. Additionally, as the SL content increased in the
PHB films, the height of the Tan ¢ peaks increased, which is
an indicator of an increased amorphous content in the sys-
tem.*> The Tan & of the PHB/HHx film in the absence of SL
was 2°C, identical to the T, value measured by DSC. In con-
trast to the PHB system, the PHB/HHx films in the presence
of 20 wt % SL maintained a Tan ¢ maximum of 2°C but
began to demonstrate a bimodal distribution within the peak,
which was exacerbated in the presence of 43 wt % SL. In fact,
at 43 wt % SL the Tan J maximum increased to 20°C and
maintained a height that was greater than the peak heights
representing the 0 and 20 wt % PHB/HHx films indicative
once again of increased amorphous content.

CONCLUSIONS

Previous reports have demonstrated that while surface properties
of sc-PHA films are favorable for attachment and proliferation of
tissue culture cells,*’ rougher film surfaces and increased porosity
improve scaffolding properties for tissue growth.** In addition,
PHB implants have been successfully used but are known to cause
minor tissue responses in mammalian systems, which are attrib-
uted to the rigidity of the PHB that exerts a mechanical stimulus
to the tissues surrounding the implant.*>* In this study, we were
able to control the surface roughness and porosity of the sc-PHA
polymer films through the addition of varying concentrations of
SL. These phenotypic variations in the sc-PHA polymer films
changed the thermo-mechanical properties by inducing a SL
concentration-dependent reduction in the tensile strength and
modulus (stiffness) and increase in the elongation behavior of
each composite film. DMA results indicated that, in addition to
increased porosity, these changes may be due to an amplified
amorphous quality imparted to the sc-PHA polymer matrices by
the SLs resulting in less rigid, more pliable sc-PHA polymers
films. Therefore, in the correct SL/polymer ratios, sc-PHA poly-
mers can be produced that may be strong enough to serve in tis-
sue scaffolding applications yet malleable enough to eliminate the
mechanical stimulus that rigid sc-PHA (e.g., PHB) exerts to tissues
when used as scaffolding materials for tissue implants. If PHA
materials can be designed that perform as well or better than cur-
rently used materials in clinical applications and be combined
with the slow release of antimicrobials and immunomodulators,
such as SL, these materials may further broaden the application-
base for sc-PHA and be an additional impetus for the discovery
of bio-based replacements for petroleum-based polymers.
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