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ABSTRACT: Elastomeric biodegradable polyurethanes
and polyphosphate have been developed using an L-
tyrosine-based diphenolic monomer desaminotyrosine-
tyrosine hexyl ester (DTH). Soft segments, which are pol-
ycaproloctone diol (PCL) and polyethylene glycol (PEG)
have been used for the synthesis of two biodegradable L-
tyrosine polyurethanes (LTUs), which are PEG-C-DTH
and PCL-C-DTH. An investigation of the physico-chemi-
cal properties shows that these polymers have dramati-
cally different properties. By blending LTUs with L-
tyrosine polyphosphate (LTP), we hope to produce a
family of materials with a wide range of thermal, mor-
phological, surface, and degradative properties. Examina-
tion of the blends shows a smooth surface morphology
with a partially phase-separated structure. These findings
are consistent with the results obtained from thermal

analysis of the blends. Hydrophilic nature of PEG
imparts the PEG-based blends (PEG-C-DTH/LTP) with a
significantly higher surface and bulk hydrophilicity com-
pared with the PCL-based blends (PCL-C-DTH/LTP).
Finally, the blends demonstrate a rapid initial hydrolytic
degradation in phosphate buffered saline (PBS) followed
by a significantly slower, prolonged degradation. The
observed trend may occur due to the rapid hydrolytic
degradation rate of the polyphosphate polymer followed
by the degradation of the polyurethane component. Thus,
tuning the physical properties by blending LTUs with
LTP may be useful for drug delivery device and soft
tissue engineering scaffold applications. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 114: 3235-3247, 2009
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INTRODUCTION

Biodegradable polymeric materials have been exten-
sively studied for development of various platforms
for the delivery of therapeutic agents, as scaffolds
for tissue engineering, and for other biomedical
applications. A major advantage of using such
degradable polymers for biomedical applications is
the elimination of surgery for device retrieval at a
later stage. A number of synthetic polymers such
as aliphatic 4polyesters,l’2 polyphosphazenes,® poly
(orthoesters),*” polyanhydrides,®” polysaccharides,®’
poly (amino acids),'®** and “pseudo”” poly (amino
acids)'*'* have been applied as biodegradable mate-
rials for biomedical applications. Moreover, the
interactions of these polymeric materials with host
tissues have been studied by various researchers.'”'®

“Pseudo” poly (amino acids) are a class of poly-
meric materials that are obtained via structural mod-
ification of homo poly (amino acids) through the
incorporation of hydrolytically degradable non-pep-
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tide bonds along with the enzymatically degradable
peptide bonds within the polymer backbone. These
materials offer better processing properties, in-
creased hydrolytic degradation, and predictable as
well as tunable swelling properties as compared
with their corresponding homo poly (amino
acids)."”'® Novel “pseudo”” poly (amino acids) such
as LTP"2' and LTUs*®* have been developed
using an L-tyrosine-based diphenolic monomer desa-
minotyrosine-tyrosine hexyl ester (DTH). In case of
the LTUs, the hard segments are composed of DTH
as the chain extender and 4,4'-methylenebis (cyclo-
hexyl isocyanate) (C) as the diisocyanate. The soft
segments are comprised of either polycaprolactone
diol (PCL) or polyethylene glycol (PEG).

The introduction of different functional groups
into the polymeric backbone has varied effects on
the physico-chemical properties of the final poly-
mers. LTP is brittle and degrades completely over a
period of 8 days due to the hydrolytic instability
caused by the presence of the labile phosphate
bonds within the polymeric backbone.'*?! In case of
polyurethanes, their physico-mechanical properties
are found to be primarily dependent on the macro-
diol chemical structure.”*> The LTUs containing the
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PCL soft segment (PCL-C-DTH) possesses high
elastic modulus, ultimate tensile stress, and slow
degradation rate in vitro as compared with PEG con-
taining polyurethane (PEG-C-DTH).”** The proper-
ties observed for these polymers suggest that LTP
may be used for short-term drug delivery applica-
tions; whereas, the LTUs may be used for long-term
drug delivery or soft tissue engineering applications.

Several applications pertaining to drug delivery
may benefit from the use of a polymer with tunable
material properties such as a combination of the fast
degradation rate of polyphosphate and the mechani-
cal properties of polyurethanes. Theoretically, a
copolymer of LTUs and LTP may be obtained by
chemical synthesis; however, a more practical
approach is the blending of these two polymers to
obtain a cohesive miscible blend with retention of
the desirable properties of both parent polymers.
This technique will provide a means to fabricate a
family of materials with intermediate properties that
may be controlled by altering the composition of the
blends. Several examples of this technique to pre-
pare novel biomaterials or for controlling material
properties of biomaterials exist in literature.***
Laurencin and coworkers®** have investigated the
miscibility of the polymeric components in blends of
degradable polyphosphazenes/poly(a-hydroxyester),
and the degradation rates of these blends with the
primary aim of reducing the acidity of degradation
products, which is currently a major problem associ-
ated with implants fabricated from aliphatic poly-
ester type biomaterials such as polylactic acid,
polyglycolic acid, and poly(lactic-co-glycolic) acid.
Zhang and coworkers® have studied blends of colla-
gen/polylactic acid and reported faster degradation
rates for the blends compared with pure polylactic
acid. However, the mechanical properties of these
blends have been found to be compromised on
incorporation of collagen. Woodhouse and co-
workers”?® have synthesized a phenylalanine-based
chain extender and diisocyanate and utilized the
pendant side chains of these molecules as reaction
sites for synthesis of elastomeric biodegradable poly-
urethanes. They have investigated blends of PCL-
based polyurethane with PEG-based polyurethane
for physico-mechanical properties and concluded
that the blend properties and composition are inti-
mately connected. Results obtained from their
research also suggest that higher quantities of PEG-
based polyurethane within the blends leads to
increased hydrophilicity, faster degradation, and
weaker mechanical properties.

In this work, biodegradable segmented LTUs are
blended with LTP in systematic ratios via a solution
casting-solvent evaporation technique to obtain six
blends. These new blends have been extensively
characterized for their physico-chemical properties
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including morphological, thermal, surface, and deg-
radative properties. We hypothesize that blending
LTP with PCL-C-DTH or PEG-C-DTH will yield
materials with properties that are intermediate
between the two parent polymers.

MATERIALS AND METHODS
Materials

L-Tyrosine, n-hexanol, thionyl chloride, diethyl ether,
phloretic acid (also known as desaminotyrosine or
DAT), N-ethyl-N'-dimethylaminopropyl carbodi-
imide hydrochloride (EDC-HCI), ethyl phosphodi-
chloridate (EP), 4-dimethylaminopyridine (DMAP),
dichloromethane (DCM), tetrahydrofuran (THE),
dimethylformamide (DMF), polycaproloctone diol
(PCL1250) (M.W. 1250), polyethylene glycol
(PEG1000) (M.W. 1000), 4,4'-methylenebis(cyclohexyl
isocyanate) (CHMDI), magnesium sulfate (MgSO4),
stannous octoate, and hydrochloric acid (HCI) were
obtained from Sigma-Aldrich Corporation (St. Louis,
MO). All chemicals except dichloromethane and
dimethylformamide were used without further puri-
fication. Dichloromethane was dehydrated by distill-
ing it from a mixture with anhydrous calcium
hydride to remove traces of moisture before each
reaction step. Dimethylformamide was dehydrated
by stirring with anhydrous calcium hydride and fil-
tering before the reaction step.

Fabrication of blends of polyphosphate
and polyurethanes

The DTH monomer and LTP were synthesized
according to the protocol developed by Sen Gupta
and Lopina'®?!; whereas, LTUs were synthesized
according to Sarkar and Lopina’s protocol.”>** LTP
and LTUs synthesized using the above-mentioned
protocols were characterized using NMR, FT-IR, and
GPC, and the results were found to closely match
the results in the literature.'”*'™* The structure of
LTP, PCL-C-DTH, and PEG-C-DTH polymers are
shown in Figure 1(A-C), respectively. For each
blend, the parent polyurethanes (PCL-C-DTH or
PEG-C-DTH) and polyphosphate (LTP) were
weighed according to the mass ratios described in
Table I. The LTUs and LTP were then dissolved to-
gether in chloroform (for PCL based polyurethane)
or dimethylformamide (for PEG based polyurethane)
at a concentration of 5% w/v. Next, the polymer so-
lution was cast into polytetrafluoroethylene dishes
(® = 254 mm) and covered to allow for controlled
evaporation of the solvent. Following 48 h of evapo-
ration, the plates were placed in a vacuum oven at
40°C for 72 h to facilitate the removal of any residual
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Figure 1 Chemical structures of (A) LTP, (B) PCL-C-DTH, (C) PEG-C-DTH.

solvent. The films were then stored in a dessicator
until use.

Characterization of blends of polyphosphate
and polyurethanes

Morphological analysis of the samples was per-
formed using polarized optical microscopy (POM)
and scanning electron microscopy (SEM). Discs (® =
10 mm) were obtained from pre-cast films using a
cork-borer, placed on glasses slides, mounted under
the cross-polarized filters of a Leitz Orthoplan
Microscope, and viewed using a 10X objective. The
images were captured using a CCD camera with a
passive image capture (PCI) system. For SEM analy-
sis, sections of the films were mounted on aluminum
stubs, sputter coated with silver/palladium, and
examined using a Hitachi S-2150 scanning electron
microscope (SEM) at an accelerating voltage of 25

kV. The images were captured using a Quartz PCI
system.

Differential scanning calorimetry (DSC, TA model
2910 instrument) was performed on the blends to
determine glass transitions and the soft segment crys-
tallinities. The samples used for DSC have identical
processing histories before analysis and all the sam-
ples have been maintained at room temperature before
analysis. The scans were performed from —100°C to
250°C at a ramp rate of 10°C/min. The glass transi-
tions on the scans were identified as the midpoints of
the inflexion point on each spectrum. Thermal degra-
dations of blends of polyphosphate and polyurethanes
were studied using thermogravimetric analysis (TA
model 2050 instrument). Approximately 10 mg of the
blend was heated under a nitrogen atmosphere at a
rate of 10°C/min to 600°C with a constant flow of
nitrogen at a flow rate of 30 mL/min.

Contact angle studies were performed to correlate
the relative surface hydrophilicity of the parent poly-

TABLE I
Formulation of Blends of L-Tyrosine-Based Polyurethanes and Polyphosphate
10% Polyurethane  10% Polyphosphate = Solvent CHCl; or ~ Polyurethane Mass  Polyphosphate
Blend solution (mL) solution (mL) DMF (mL) (mg) Mass (mg)
PCL-C-DTH 5 0 5 500 0
90 : 10 PCL-C-DTH/LTP 4.5 0.5 5 450 50
70 : 30 PCL-C-DTH/LTP 35 15 5 350 150
50 : 50 PCL-C-DTH/LTP 25 25 5 250 250
PEG-C-DTH 5 0 5 500 0
90 : 10 PEG-C-DTH/LTP 4.5 0.5 5 450 50
70 : 30 PEG-C-DTH/LTP 35 1.5 5 350 150
50 : 50 PEG-C-DTH/LTP 25 2.5 5 250 250

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 Scanning electron micrographs of PCL-based polyurethane and LTP blends. (A) PCL-C-DTH, (B) 90 : 10 PCL-
C- DTH/ LTP blend, (C) 70 : 30 PCL-C- DTH/LTP blend and (D) 50 : 50 PCL-C-DTH/LTP blend.

mer with increasing polyphosphate concentrations.
The contact angle measurements were performed
using a Rame-Hart automated goniometer. Blended
films were prepared by dissolving polymers in
dichloromethane to obtain a 2% (w/v) solution. A
clean glass coverslip was mounted onto a spin coater
and held in position using vacuum, 3—4 drops of the
polymer blend solution were placed onto the cover-
slip, and the spin coater was run at 2000 rpm for 30
seconds. The coverslip was dried under a flow of
nitrogen and the surface was characterized by
dynamic contact angle analysis using water as the
liquid probe.

Swelling studies were performed using sterile dis-
tilled deionized water (DH,0). Pre-cast films were
punched into 10 mm discs using a cork-borer and
weighed to an accuracy of 0.1 mg on an analytical
balance (Excellence Level, Mettler Toledo, Colum-
bus, OH). Each sample was placed into an individ-
ual vial containing 20 mL of sterile DH,O and
incubated at 37°C. The samples were removed from
the incubator at pre-determined intervals, dabbed
dry to remove any surface water, and weighed. The
samples were then returned to their vials and re-
incubated until the next sampling time. At the end
of 78 h, the samples were removed from their vials
and dried in a vacuum oven at 40°C for 4 days and
reweighed. The degree of swelling was calculated by
dividing weight of the swollen sample by the dry
weight of the sample.

Degradation studies of blends

Degradation studies were performed using sterile
phosphate buffered saline (PBS, pH = 7.4). Pre-cast

films were punched into 10 mm discs using a cork-
borer and weighed to an accuracy of 0.1 mg on an
analytical balance. Each sample was placed into an
individual vial containing 15 mL of sterile PBS and
incubated at 37°C. Three samples of each blend were
removed from the buffer on days 1, 3, 7, 14, 21, 28,
42, and 56. After drying the samples in a vacuum
oven at 37°C for 4 days, the samples were
reweighed to determine the total amount of mass
loss and calculate the percent total mass loss. The
degraded samples were then analyzed using SEM as
described previously in above section.

Statistics

All quantitative studies were performed in three
replicates except for contact angle studies where
four replicates were used. The Shapiro-Wilk test for
normality was performed to determine if each sam-
ple group was normally distributed. Samples were
considered normally distributed when P < 0.05. If
no significant differences were found within a sam-
ple group, then the sample was considered normally
distributed. Tukey’s analysis of variance was then
performed among the normally distributed sample
groups. All results were considered significant if
P < 0.05.

RESULTS
Microscopic characterization

Electron micrographs of films of PCL-C-DTH and its
blends with LTP presented in Figure 2 show that the
surface of both the pure PCL-C-DTH and PCL-C-

Figure 3 Scanning electron micrographs of PEG-based polyurethane and LTP blends. (A) PEG-C-DTH, (B) 90 : 10 PEG-
C- DTH/ LTP blend, (C) 70 : 30 PEG-C- DTH/LTP blend and (D) 50 : 50 PEG-C-DTH/LTP blend.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Polarized optical micrographs of PCL-based polyurethane and LTP blends at 10x magnification. (A) PCL-C-
DTH, (B) 90 : 10 PCL-C-DTH/LTP blend, (C) 70 : 30 PCL-C-DTH/LTP blend and (D) 50 : 50 PCL-C-DTH/LTP blend.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

DTH/LTP blended films have a slightly rough sur-
face morphology. Similar results are also evident
from Figure 3, which presents SEM images of sur-
face of films of PEG-C-DTH polyurethane and its
blends with LTP. POM images corroborate the sur-
face morphology observed by SEM and in addition
they indicate a minimal amount of phase separation
for the pure LTU films (Figs. 4 and 5). Upon blend-
ing of LTP with LTUs, the formation of dark speck-
les on the surface of the films is observed. These
speckles are distributed randomly on the surface of
the film. Further, the examination of these films
reveals the presence of an increasing amount of
speckles with increasing LTP concentration within
the blends. The speckles are also found to increase
in dimension with increasing polyphosphate concen-
trations. These observations are suggestive of partial
phase segregation between the blend constituents.
Furthermore, the films do not show the presence of
any distinct crystalline domains under cross-polar-
ized filters during optical microscopy suggesting
that the polymeric components are predominantly
amorphous in nature.

Thermal characterization

The thermal characteristics of pure polymers and
blends have been assessed by differential scanning
calorimetry (DSC) and the DSC thermograms of
both pure polymers and blends are presented in Fig-
ures 6 and 7. The glass transition temperatures (T,)
of PEG-C-DTH and PCL-C-DTH are approximately
—32°C and —26°C, respectively, which corresponds

to the soft segment glass transitions of these poly-
urethanes. A small endotherm is observed at 10-15
°C for both LTUs, which probably arises from the
disruption of the short-range order of the hard seg-
ments and/or H-bond interactions between the soft
and the hard segments. Additionally, a broad endo-
therm is observed in case of the PCL-C-DTH poly-
urethane at 175°C that can be attributed to the
melting of the soft segment thus suggesting some
soft segment crystallinity. The absence of the soft
segment melting endotherm in case of PEG-C-DTH
polyurethane indicates the amorphous nature of the
PEG soft segment. No hard segment melting endo-
therms are visible on the thermal scans of polyur-
ethanes indicating the amorphous nature of the hard
segment with a phase mixing of the hard segment
components. LTP shows a single glass transition
temperature at approximately 35°C indicating a
completely amorphous nature of the polymer. This
result is in agreement with the results obtained by
Sen Gupta and Lopina.'” The glass transitions for
the PCL-C-DTH/LTP and PEG-C-DTH/LTP are de-
pendent on the LTP concentration and are listed in
Table II. Single T,’s are observed for most polymer
blends indicating a moderate to good phase mixing
between the constituent polymers. For the 90 : 10, 70
: 30, and 50 : 50 PEG-C-DTH/LTP, the LTP glass
transition cannot be distinguished; however, the
PEG-C-DTH glass transitions are observed at
approximately —23°C, —18°C, and 3°C, respectively.
Although it appears that 70 : 30 PEG-C-DTH/LTP
has two T’s, it has been independently confirmed
that the transition at 60-65°C is actually an artifact.

Figure 5 Polarized optical micrographs of PEG-based polyurethane and LTP blends at 10x magnification. (A) PEG-C-
DTH, (B) 90 : 10 PEG-C-DTH/LTP blend, (C) 70 : 30 PEG-C-DTH/LTP blend and (D) 50 : 50 PEG-C-DTH/LTP blend.
[Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 6 Representative thermal scans of PCL-C-DTH,
LTP, and PCL-C-DTH/LTP blends as obtained through
DSC. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]

In case of the PCL-C-DTH/LTP, only the LTP’s T,'s
can be observed (Table II). For the 70 : 30 PCL-C-
DTH/LTP, the lowering of the LTP’s T, (~ 17°C)
suggests a good miscibility between LTP and PCL-
C-DTH. Finally, the absence of any melting endo-
therms on the thermal scans indicates that the
blends are completely amorphous in nature.

TGA analyses results (Figs. 8 and 9) show that
onset of thermal degradation for the pure PCL-C-
DTH or PEG-C-DTH polyurethane occurs at approx-
imately 300°C, and a complete degradation of these
polyurethanes occurs by approximately 500°C. The
thermal degradation (Figs. 8 and 9) of LTP begins at
approximately 250°C. The polymer rapidly loses
approximately 40% of its initial mass by 350°C. Sub-
sequently, the mass loss is slower, and an additional

-100 -50 0 50 100 150 200 250 300

Temperature (C)

Figure 7 Representative thermal scans of PEG-C-DTH,
LTP and PEG-C-DTH/LTP blends as obtained through
DSC. [Color figure can be viewed in the online issue,
which is available at www.interscience.wiley.com.]
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TABLE II
Glass Transition Temperatures of Blends

Glass transition temperature (°C)

PCL-C-DTH/ PEG-C-DTH/
LTP concentration LTP blends LTP blends
0 —26 - -32 -
10 - 38 -23
30 - 17 17
50 - 39 3 -
100 - 35 - 35

10-15% mass loss occurs by 600°C. Blending results
in thermal degradation properties intermediate to
the two parent polymers, and the onset of thermal
degradation occurs at progressively lower tempera-
tures as the LTP content of the blend increases.
Another effect of LTP concentration on the thermal
degradation properties of the blends is the increase
in the char yield with increasing LTP concentrations.
Despite the decrease in temperature at which ther-
mal degradation occurs, the difference between the
glass transition temperature(s) and the onset of ther-
mal degradation temperature is large enough to
make the thermal processing of these materials
feasible.

Relative surface hydrophilicity characterization

The contact angle values in both advancing and
receding mode for pure LTP, PCL-C-DTH, PEG-C-
DTH, and their blends are shown in Table III. For
pure LTP polymer, the average “advanced” and
“receded” contact angle values suggest a moderately
hydrophilic surface. The higher values of average
“advanced” and “receded” contact angle values for
the PCL-C-DTH compared with the PEG-C-DTH

BO

@
=1

dn
[=]

% Mass Remaining

— PCL-C-0TH

2010 PCL-C-DTHLTP
= T0:30 PCL-C-DTHATP
— 5050 PCL-C-DTHLTP
= LTP

20

T T T T T
a 100 200 300 400 500 800

Temperature (C)

Figure 8 Representative thermal degradation profiles of
PCL-C-DTH and PCL-C-DTH/LTP blends as obtained
through TGA. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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Figure 9 Representative thermal degradation profiles of
PEG-C-DTH and PEG-C-DTH/LTP blends as obtained
through TGA. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]

and LTP suggests a relatively more hydrophobic
surface for the PCL-C-DTH. Further, the soft seg-
ment of the polyurethanes also dictates the degree of
surface hydrophilicity and the observed contact
angles. A linear decrease in the contact angle values
is observed with increasing LTP concentrations for
PCL-C-DTH/LTP. This result indicates that the sur-
face of the blends becomes progressively more
hydrophilic with the addition of the LTP polymer.
In contrast, this trend is not observed upon blending
LTP with PEG-C-DTH. Instead, a maximal contact
angle of 65.41 + 2.16° is observed for the 50 : 50,
PEG-C-DTH/LTP (Table III). The “advanced” and
“receded” contact angles are statistically different
compared with the pure polymers (Table III).

Swelling kinetics

The water uptake characteristics of pure LTUs and
their blends are plotted in Figures 10 and 11. The
PCL-C-DTH shows a very low degree of water

3241

uptake (1.11 £ 0.002 at 24 h and 1.13 + 0.01 at 78 h).
These observations are not found to be statistically
significantly different (P = 0.99). On the contrary,
the swelling ratio observed for PEG-C-DTH is signif-
icantly higher at 78 h (2.64 £ 0.03) compared to 24 h
(2.42 £ 0.04) (P < 0.05). These data points suggest a
much higher degree of bulk hydrophilicity for the
PEG-C-DTH polyurethane.

The differences observed between the swelling
behavior of PCL-C-DTH and PEG-C-DTH poly-
urethanes (P < 0.05) are also reflected in the blends.
Blends of PCL-C-DTH have a much lower degree of
water uptake at both 24 and 78 h compared with the
blends of PEG-C-DTH (P < 0.05 for the comparison
of 90 : 10, blends, P < 0.05 for the comparison of 70
: 30, blends). Also, the PEG-C-DTH/LTP reach equi-
librium swelling at ~ 20 h as compared with ~ 60 h
for the PCL-C-DTH/LTP. The blending of LTP, in
general, accelerates the water uptake and increases
the bulk hydrophilicities compared to the parent
polyurethanes.

For the 50 : 50 PCL-C-DTH/LTP and the 70 : 30
PEG-C-DTH/LTP, the experiments have been termi-
nated at 10 h due to the rapid degradation of LTP.
After 10 h, the masses of the films are found to
decrease below the initial value, and the effects of
polymer swelling and polymer degradation are diffi-
cult to distinguish. In case of the 50 : 50 PEG-C-
DTH/LTP, the films are found to rapidly disinte-
grate on exposure to aqueous solutions making it
impossible to collect experimental data. These obser-
vations affirm the higher bulk hydrophilicity of
blends fabricated using PEG-C-DTH polyurethane
compared to the blends fabricated from PCL-C-DTH
polyurethane.

Degradation studies

The hydrolytic degradation of LTUs and their blends
has been evaluated using mass loss and changes in

TABLE III
Contact Angle of Blend Samples (n = 4)

Blend Advanced contact angle (a) Receded contact angle () Hysteresis (a-7)
PCL-C-DTH 79.36 + 0.49 45.04 + 0.69 34.32 + 0.66
90 : 10 PCL-C-DTH/LTP 72.50 + 0.47 (P = 0.52) 29.26 £ 1.35 (P < 0.05) 4324 + 141
70 : 30 PCL-C-DTH/LTP 67.95 + 3.01 (P = 0.02) 28.68 + 2.42 (P < 0.05) 39.26 £+ 1.62
50 : 50 PCL-C-DTH/LTP 64.60 + 0.93 (P < 0.05) 19.46 + 0.78 (P < 0.05) 4514 + 1.49
PEG-C-DTH 57.90 £+ 0.52 28.98 + 1.10 28.92 £+ 0.87
90 : 10 PEG-C-DTH/LTP 56.73 + 1.52 (P = 1.00) 23.24 4+ 0.65 (P = 0.05) 33.49 + 1.74
70 : 30 PEG-C-DTH/LTP 46.37 + 1.26 (P < 0.05) 21.58 + 1.11 (P < 0.05) 24.79 £+ 0.87
50 : 50 PEG-C-DTH/LTP 65.41 £+ 2.16 (P = 0.05) 40.25 + 2.33 (P < 0.05) 25.16 + 1.67
LTP 5441 + 0.75 (P < 0.05° P = 0.96") 21.52 + 0.34 (P < 0.05° P = 0.03%) 32.89 £ 091
Glass coverslips 56.37 + 0.95 (P < 0.05,* P = 1.00°) 28.33 + 0.63 (P < 0.05,* P = 1.00°) 28.04 + 1.07

? Statistical comparison between PCL-C-DTH and LTP or glass coverslips.
b Statistical comparison between PEG-C-DTH and LTP or glass coverslips.
P-values presented in the Tables have been obtained by comparison of blends, LTP, and controls to the parent polyurethanes.

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 10 Water absorption properties of PCL-C-DTH/
LTP blends. Values represent mean + standard error for
n=3.

surface morphology as examined by SEM. As
observed from Figure 12, the PCL-C-DTH shows a
4% mass loss over 8 weeks of incubation; whereas,
the PEG-C-DTH shows approximately 15% mass
loss over the same time frame. The mass loss for the
blends is significantly higher than the parent poly-
urethanes, especially over the first 14 days of incuba-
tion. The hydrolytic degradation and the mass loss
for the blends are a function of the LTP concentra-
tion. The PCL-C-DTH/LTP with a composition of 90
: 10 and 70 : 30 show approximately 15% mass loss
over the first 14 days; whereas, the 50 : 50 blend
loses nearly 45% mass over the same time period.
After this initial rapid mass loss, the subsequent
degradation is considerably slower, which is evident
from the 8-week mass loss values. For the PEG-C-
DTH/LTP (Fig. 13), approximately 20% mass loss is
observed for the blend with a 90 : 10 composition
over a period of 14 days of incubation; however, a
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W
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—w— 90:10 PEG-C-DTHLTP
1.2 —&— 70:30 PEG-C-DTHLTP
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(1] 20 A0 60 B8O 100

Time (hours)
Figure 11 Water absorption properties of PEG-C-DTH/
LTP blends. Values represent mean + standard error for n
=3
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Figure 12 Mass loss curves for blends of PCL based poly-
urethane and polyphosphate upon 8 weeks of incubation
in phosphate buffered saline (PBS) at 37°C. Values repre-
sent mean =+ standard error for n = 3.

significantly higher mass loss of almost 60% is found
to occur over the same time period for the blend
with a composition of 70 : 30. The mass loss over
subsequent 6 weeks of incubation is significantly
slower for the PEG-C-DTH/ LTP but faster com-
pared to the PCL-C-DTH/LTP. Also, unlike the
PCL-C-DTH/LTP with a 50 : 50 composition, the
PEG-C-DTH blend of similar composition disinte-
grated within 24 h of incubation in buffer rendering
further data collection impossible.

SEM analysis of pure LTU films presented in Fig-
ures 14 and 15 illustrates the hydrolytic degradation
of these materials as a function of time. Before de-
gradation, the LTU films have been found to be par-
tially porous. The voids observed for PCL-C-DTH
and PEG-C-DTH films before degradation are of the
order of ~ 2-10 and 5-20 pm, respectively. These
voids are also much more widespread on the PEG-
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Figure 13 Mass loss curves for blends of PEG based
polyurethane and polyphosphate upon 8 weeks of incuba-
tion in phosphate buffer saline (PBS) at 37°C. Values rep-
resent mean =+ standard error for n = 3.
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Figure 14 Surface morphology of degraded pure PCL-C-DTH films as a function of incubation time as observed by scan-

ning electron microscopy.

C-DTH film surface. A comparison of the degraded
LTU films shows a higher frequency of holes for the
PEG-C-DTH films. The number of holes per film
sample is found to increase with increasing incuba-
tion times. As time increases, these voids enlarge
and merge together to form larger crevices where
the subsequent degradation may lead to the forma-
tion of new holes. Contrary to the behavior observed
for PEG-C-DTH, numerous small pits are found to
form on the PCL-C-DTH film, but the size of these
voids does not change over time.

The morphology of degraded PCL-C-DTH/LTP
and PEG-C-DTH/LTP with a mass ratio of 70 : 30
as examined by SEM has been presented in Figures
16 and 17. 70 : 30 PCL-C-DTH/LTP shows a
smooth surface morphology without the presence
of any pores before degradation (Fig. 2); however,
the blended film shows a rough surface morphol-
ogy by the third day of incubation along with the
development of small pore-like structures (Fig. 16).
As the incubation time progresses, the formation of
cracks and pits can be observed on the film surface.
In case of the 70 : 30 PEG-C-DTH/LTP films, the
initial pre-degradation surface morphology is
smooth and does not exhibit the presence of any
pores or other surface defects (Fig. 3), but the film
starts showing a rough surface morphology within
a day of incubation. By the third day of incubation,
numerous small pits and holes can be observed on
the film surface which grow progressively bigger
with incubation times. By the end of 8 weeks, the
film shows a highly eroded surface with the pres-
ence of large surface defects such as holes and
crevices that extends into the bulk of the polymer
film.

DISCUSSION

Novel polyurethanes and LTP have been developed
for biomedical applications by using an L-tyrosine-
based monomer desaminotyrosine-tyrosyl hexyl ester
(DTH). These polymers have structurally common
components within their backbone; however, the
introduction of different functional groups during the
final polymerization step imparts these polymers
with chemical and structural diversity. The incorpora-
tion of a phosphoester functional group within the
backbone (LTP polymer) leads to a highly rigid and
brittle polymer with a moderately hydrophilic surface
and a very rapid degradation rate."”*' However, the
incorporation of urethane linkages into the polymer
backbone leads to the formation of highly elastic
materials.”>** As evidenced from the physico-chem-
ical characterization results, properties such as ther-
mal properties (section 3.2), surface properties
(section 3.3), bulk properties (section 3.4), and degra-
dation rates (section 3.5) can be adjusted. For the
LTUs, the physico-chemical properties are a function
of the macrodiols and diisocyanates.

The concept of polymer blends for biomaterial
applications is progressively being employed as an
alternative to copolymerization. Although both tech-
niques are commonly used,’”! blending is easier
and more cost-effective than the preparation of
copolymers. If polymers are carefully chosen, blend-
ing could improve the mechanical and physical
properties of the individual polymers while sup-
pressing their undesirable characteristics.’**** With
this rationale in mind, blends of LTUs with LTP
have been developed to generate a family of materi-
als with controllable properties.

Figure 15 Surface morphology of degraded pure PEG-C-DTH films as a function of incubation time as observed by scan-

ning electron microscopy.
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Figure 16 Surface morphology of degraded 70 : 30 PCL-C-DTH/LTP blended films as a function of incubation time as

observed by scanning electron microscopy.

When investigating phase separation of pure poly-
urethanes with POM (Figs. 4 and 5), the presence of
few dark speckles is evident within the samples.
This indicates a lack of complete phase mixing
between the soft and the hard segment components
within the polymeric backbone. This conclusion is
supported by the DSC results presented in Figures 6
and 7. Between the two polyurethanes, improved
phase mixing is expected in case of PCL-C-DTH due
to the hydrophobic properties of the hard segments
interacting with hydrophobic PCL and the higher af-
finity of PCL to form hydrogen bonds with the hard
segments compared with the PEG molecules.

In case of the PCL-C-DTH, DSC indicates a broad
but shallow endotherm at 175°C which can be corre-
lated to the soft segment melting; however, the cor-
roboration of crystal structure formation could not
be obtained from POM data. Polyurethanes synthe-
sized by Skarja and Woodhouse with a similar soft
segment but different hard segment components ex-
hibit crystallinity.?® Further, the blends of their poly-
urethanes are also semi-crystalline.”” Li et al. and
others have argued that a PCL molecular weight
between 2000 and 3000 Da is necessary for soft seg-
ment crystallization.”” Additionally, the molecular
weight of the soft segment necessary to achieve soft
segment crystallization in segmented polyurethanes
increases with increasing hard segment content.’*™*°
Soft segment polyesters such as PCL, due to its abil-
ity to form hydrogen bonding, exhibit increased
phase mixing with the hard segments, which may
decrease the conformational mobility of the PCL
chains, prevent their selective aggregation and
ordering into crystals, and result in a primarily
amorphous material.*!

Blending of LTUs and LTP leads to the formation of
dark speckles on the surface of the films indicating
some phase separation (Figs. 4 and 5). The addition of
LTP possibly leads to the disruption of the structured
arrangement within the soft and the hard segment
domains of the LTUs with the LTP molecules being
randomly dispersed within the bulk of the poly-
urethane phase. However, DSC data shows single glass
transition temperatures for most blends along with a
broadened or indistinct Ty’s indicating a moderate to
good phase miscibility of the polymeric constituents.
These seemingly incongruous results suggest that poly-
mers show mostly phase mixed behavior, but a com-
plete miscibility of LTP with LTUs does not occur.
Additionally, the applicability of T, measurement as a
tool for polymer miscibility and compatibility studies
also depends on the differences between the T, values
of the parent polymers.***! Usually, a larger difference
in the T, values of the constituent polymers is desirable
for accurate results.*”*' This requirement of the DSC
method may be a drawback in this case considering the
complexity in the determination of blend Ty’s for PEG-
C-DTH/LTP and PCL-C-DTH/LTP. Consequently, a
more sensitive method such as dynamic mechanical
analysis (DMA) will be used for subsequent studies.

Surface properties such as wettability, chemistry,
and roughness typically play an important role in
determining the degree of cellular adhesion and pro-
liferation on biomaterial surfaces. When investigat-
ing the parent polymers, larger contact angle values
are observed for PCL-C-DTH because of the hydro-
phobic nature of PCL and the hard segments;
whereas, PEG-C-DTH and LTP show comparable
contact angles. Since PEG is hydrophilic, this result
could be attributed to the presence of hard segments

Figure 17 Surface morphology of degraded 70 : 30 PEG-C-DTH/LTP blended films as a function of incubation time as

observed by scanning electron microscopy.
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at the surface. Further, contact angle measurements
show increases in surface hydrophilicity with the
addition of LTP for most blends (Table II). These
results are understandable considering the greater
surface hydrophilicity of LTP. Additionally, they
indicate the possibility of preferential migration of
LTP to the surface of the blended film. However, the
PEG-C-DTH/LTP did not show a conclusive trend
similar to the PCL-C-DTH/LTP. The contact angle
values are found to decrease initially as the LTP con-
centration increases from 0% to 30% and then a
maximum value for contact angle is observed for the
50 : 50, PEG-C-DTH/LTP. Such a phenomenon may
occur due to the presence of multiple functionalities
on the blended film surface. Additionally, an interac-
tion between PEG and LTP seems to occur, which
possibly leads to the migration of PEG to the surface
at lower LTP concentrations in response to the intro-
duction of water droplet. Further examination of the
films using a technique such as surface FTIR or X-
ray photoelectron spectroscopy will be performed to
explore these observations.

Bulk property such as water uptake plays an im-
portant role in the transport of nutrients and oxygen
to the cells for polymeric scaffolds and in the release
of the encapsulated therapeutic agents for drug
delivery devices. Additionally, the water uptake pro-
cess is important for the degradation of absorbable
polymeric materials. When exposed to aqueous me-
dium, PEG-C-DTH and its blends have greater tend-
ency to swell as compared with PCL-C-DTH and its
blends. Since the hard segments are the same, these
differences can be directly attributed to the PCL and
PEG functionalities. Since the PEG-C-DTH shows a
higher degree of surface hydrophilicity, the interac-
tion of water and its penetration through the surface
of the polymer matrix are facile compared with the
relatively hydrophobic PCL-C-DTH. Consequently,
higher equilibrium swelling ratios and a rapid estab-
lishment of equilibrium swelling for PEG-C-DTH are
observed. These differences observed in the swelling
behavior of the LTUs are also reflected in the swel-
ling behavior of their blends. The higher overall
swelling ratios and the faster rate of swelling
observed for the PEG-C-DTH blends (Figs. 10 and
11) can be attributed to the higher surface and bulk
hydrophilicities of PEG and the completely amor-
phous nature of both the polyurethane and LTP. The
composition of the blends also has a considerable
effect on their swelling characteristics as evident
from Figures 10 and 11. In case of PCL-C-DTH/LTP,
the swelling ratio at 24 h increases from 1.11 4 0.002
to 1.34 £ 0.01 as the LTP concentration increases
from 0% to 30% and then declines to 1.18 £ 0.01 in
case of the 50 : 50 PCL-C-DTH/LTP; however, no
such specific trends are observed in case of PEG-C-
DTH/LTP. The increase in swelling ratio with
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increasing LTP concentration possibly occurs due to
the leaching out of the LTP polymer following its
rapid degradation making the bulk of the blended
film more accessible. However, under the current
circumstances, isolating the contribution of swelling
and mass loss is not possible.

Understanding the degradation properties of a
biodegradable polymer is perhaps one of the most
crucial aspects to its successful implementations for
biomedical applications. The results obtained from
hydrolytic degradation studies of L-tyrosine-based
polyurethanes (Figs. 12 and 13) show significant dif-
ferences exist between the rates and participating
mechanisms of the LTU’s degradation. The dissimi-
larity in degradation rates can be attributed to the
variation in the soft segment chemistry of these
polymers. Since the hard segment chemistry and
composition are similar, the differences between
hydrophilicities of PCL and PEG play a decisive role
in determining the degradation rates. Cerrai and
coworkers have shown that an increase in hydrophi-
licity can be directly correlated to an increased de-
gradation rate.*** Our results are in agreement.
PEG-C-DTH has a higher hydrophilicity and exhibits
a faster degradation rate compared to the hydropho-
bic PCL-C-DTH polymer. Additionally, the molecu-
lar weights of the soft segments also impacts
degradation rates.** Since the chain lengths for the
PCL and PEG blocks have been maintained constant,
we expect this parameter to have similar effects on
degradation rates of all samples.

SEM analysis of the polymeric materials shows
the PEG containing materials degrade at a faster rate
following hydration. Figures 14 and 15 illustrate the
degradation of PCL-C-DTH and PEG-C-DTH as a
function of time, respectively. It is evident from the
representative images that polyurethane films exhibit
a partially porous structure before degradation;
however, the dimensions and density of pores on
the PEG-C-DTH film surface (~ 5-20 um) are much
higher compared with those on the PCL-C-DTH
(~2-10 pm). The overall observed effects pertaining
to the progression of hydrolytic degradation are
much more widespread for PEG-C-DTH films as
compared with the PCL-C-DTH films as evident
from both mass loss curves (Figs. 12 and 13) and
surface morphology examinations (Figs. 14 and 15).
PEG-C-DTH film shows holes and crevices on a uni-
formly eroded surface as a result of both surface
and bulk degradation; whereas, PCL-C-DTH film
shows a cracked and pitted non-uniformly eroded
surface suggesting the predominant effects of surface
erosion.

The rapid initial mass loss observed in case of the
PCL-C-DTH/LTP and PEG-C-DTH/LTP (Figs. 12
and 13) can be attributed to the rapid degradation
rate of LTP in aqueous medium. Although all blends
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show a rapid initial degradation, the subsequent
degradation rates of the polyurethanes are quite dif-
ferent. After the rapid initial degradation of LTP, the
rate of degradation is dependent on the chemistry of
the parent polyurethane. Since the polyurethanes
have similar hard segment chemistry, the differences
in the rates of degradation are attributed to the
hydrophilicities of the soft segments. Due to the
increased hydrophilicity of PEG-C-DTH, the swel-
ling and hydrolysis rates are enhanced. Fromstein
and Woodhouse also obtained similar results during
their degradation studies on PEG- and PCL-based
polyurethane blends.?”

Figure 17 shows that the blend surface is initially
free of surface defects; however, numerous pits are
formed during the first 3 days of degradation. These
defects grow progressively larger with time. The
hydrolytic degradation of the hard segments of
PEG-C-DTH could result in the release of PEG from
the backbone, facilitate the mass transfer into and
out of the solid, and lead to a rapid overall mass
loss. Overall, the PCL-C-DTH/LTP blends are less
susceptible to hydrolysis. Faster degradation rate
induced by blending could be attributed to surface
degradation of LTP, which makes the bulk of the
polymer accessible for hydrolysis.

Finally, the rapid disintegration of the 50 : 50
PEG-C-DTH/LTP results in a gel-like phase. Such a
phenomenon could occur by rapid and large uptake
of water. Consequently, the degradation products of
LTP and the PEG segment within the PEG-C-DTH
may be partially solubilized. A similar phenomenon
should also be expected for the 50 : 50 PCL-C-DTH/
LTP; however, these films are stable over the com-
plete time frame of degradation studies. We believe
that the lower water uptake by these films provides
a better stability to these films, prevents the solubili-
zation of the polyurethane components, and pre-
serves the physical structure during the degradation
studies.

CONCLUSION

Six blends of LTUs and LTP have been fabricated by
a solution casting-solvent evaporation technique.
LTUs and LTP have dramatically different physico-
chemical properties, and materials with intermediate
properties can be created by blending these poly-
mers. This technique offers an easy means to tune
the properties of the parent polymers. The material
properties of the blends are dependent on their com-
position. Data obtained from characterization of the
blends indicates that the polymers are amorphous,
show partial phase segregation, and the degree of
phase segregation is contingent on LTP concentra-
tion. Furthermore, LTP exhibits better blending with
PCL-based polyurethanes compared with the PEG-
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based polyurethanes. Additionally, the soft segment
of the LTUs and LTP concentration influences the
bulk properties such as water uptake, degradation
rates, and hydrolytic stability. In summary, materials
with a wide range of physico-chemical properties
have been fabricated by a relatively simple fabrica-
tion technique, which entails the physical blending
of two polymers. The physico-chemical properties
of these materials are a function of the blend
composition.
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