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Evaluation of the hemocompatibility of hydrated
biodegradable aliphatic carbonyl polymers with a
subtle difference in the backbone structure based on
the intermediate water concept and surface hydration

Polymer Journal (2015) 47, 469-473; doi:10.1038/pj.2015.22; published online 15 April 2015

INTRODUCTION

Synthetic biodegradable polymers have been
broadly studied in recent decades for applica-
tion in biomedical devices such as orthopedic
treatments,! drug delivery? and tissue
engineering.> Commonly used biodegradable
polymers such as poly(lactic acid), poly(e-
caprolactone) (PCL), poly(dioxanone) (PDO)
and poly(trimethylene carbonate) (PTMC)
comprise ester or carbonate linkages and alkyl
or alkyloxy chains, which enable facile degra-
dation in aqueous environments with and
without enzymes.*

A crucial feature of medical devices is their
compatibility with the host cells to reduce
adverse effects; the aforementioned polymers
exhibit minimal or acceptable cytotoxicity.?
However, few reports have described the
relationship between the biocompatibility,
particularly hemocompatibility, and the
structural features of these polymers. In
recent years, a PTMC analog with an ammo-
nium side group was reported to have potent
antimicrobial activities with minimal hemo-
lytic properties.® By contrast, (meth)acrylate-
based cationic polymers often exhibit some
degree of hemolytic activity.” Thus, we
deduced that the backbone structure of these
aliphatic carbonyl polymers has a potential
role in reducing the cytotoxicity that cationic
materials usually exhibit.

Recently, surface hydration layers have
been recognized as a critical factor in mitigat-
ing biological responses to biomaterials. We
have previously reported that ‘intermediate
water’, which is defined as water that is
weakly bound to a polymer in the hydration
layer of poly(2-methoxyethyl acrylate)
(PMEA), is responsible for its excellent

hemocompatibility, as evidenced by the poor
adhesion of platelets and fibrinogen to this
material.® The intermediate water is observed
in other biocompatible polymers such as
biopolymers® and readily analyzed using dif-
ferential scanning calorimetry (DSC) of
hydrated polymers. Although DSC does not
provide accurate quantitative information
about the actual surface hydration, a correla-
tion was found between the degree of platelet
adhesion and the amount of intermediate
water, which was determined using DSC.10

Polymer hydration occurs through hydro-
gen bonding between polar moieties in the
polymer and water molecules. For PMEA, the
ester groups on the side chains primarily
contribute to generating nonfreezing water,
which is firmly bound to a polymer, because
of a bridging hydrogen bonding with two side
chains (C=QeeeH-O—HeeeO =C).10 How-
ever, the ester groups in the main chain do
not behave in identical manners (C = QeesH-
O-H), and we assume that the water that
interacts with water molecules that are
strongly bound to C=0, which is called
secondary bound water (C=OseeH-(HO)
eesH-O-H), behaves like intermediate water.
In this report, we study the hydration beha-
vior, intermediate water content and platelet
adhesion level of PTMC and three other
aliphatic carbonyl polymers (PDO, PCL
and poly(8-valerolactone) (PVL)) to elucidate
the influence of subtle differences in the
backbone structure on hydration and
hemocompatibility.

MATERIALS AND METHODS
PCL (M, 70-100k) and PDO (molecular weight
information is not provided) were commercially

obtained from Wako Pure Chemical Industries
(Osaka, Japan) and Sigma-Aldrich (St Louis, MO,
USA), respectively, and used as received. PTMC
(M, 22 000) and PVL (M, 28 500) were synthesized
as reported elsewhere.!! The reprecipitated and
triturated polymers were used as DSC specimens.
A spin-coated surface was used for the platelet
adhesion test and contact angle measurements. The
cast coatings and films were used for the infrared
spectroscopy (IR). All hydrated surfaces and films
were prepared by immersion in deionized water
for 24 h.

The phase transitions of water in the hydrated
polymers were measured using DSC. The overall
water content in the polymer was determined as
follows: W, = ((w; —wp)/w;) X100 (wt%), where
wy and wy are the weights of a hydrated sample
and a dry sample, respectively. Each water content
was derived from W, which is the observed heat of
crystallization of water (AH.), observed heat of
melting of ice (AH,,) and heat of fusion of perfect
ice (334)g™ 1) as described elsewhere,” using the
relationship: W, = Wyt Wi, + W= Wyr+AH,/344+
(AH,,— AH.)/344. Wi,, Wy and W denote the
contents of intermediate, free and nonfreezing
waters, respectively.

The roughness of the spin-coated surfaces was
evaluated using atomic force microscopy. The static
contact angles of the polymer surface against water
were measured using both a sessile drop and a
captive bubble. Fourier transform infrared (FT-IR)
spectra were recorded in the transmission mode for
the polymer, which was casted on glass substrates at
the dry and hydrated state, and a blank glass
substrate was used as a reference.

RESULTS AND DISCUSSION

First, we investigated the thermal histories of
water in the hydrated polymers (Figure la).
The typical DSC heating and cooling scans of
the polymers at equilibrium water content
(EWC) are presented in Figures 1b and c,
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Figure 1 Structure (a) and typical differential scanning calorimetry curves (b,c) of the hydrated aliphatic carbonyl polymers at equilibrium water content:
PTMC, PDO, PVL and PCL. Heating scans (b) and cooling scans (c), which were run with a ramp of 5°Cmin~1. The dotted lines depict the temperatures for
the melting of ice and freezing of water. PCL, poly(e-caprolactone); PDO, poly(dioxanone); PTMC, poly(trimethylene carbonate); PVL, poly(5-valerolactone).
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Figure 2 Absorbed water contents of each water type at EWC in the hydrated aliphatic carbonyl
polymers (mean+s.d.; n=3). **P<0.01 and *P<0.05 vs PTMC. EWC, equilibrium water content; NS,

not significant; PTMC, poly(trimethylene carbonate).

respectively. Although none of the polymers
showed exothermic crystallization, some
degree of endothermic melting below 0°C
was found in the heating scans (Figure 1b),
which implies that the formation of inter-
mediate water is induced by the interaction
with the polymer structure. During the cool-
ing step (Figure 1c), distinct exothermic
peaks were observed from —20 to —50°C,
which are clearly lower than the crystalliza-
tion temperature of bulk water (-12°C,
Supplementary Figure S1). These crystalliza-
tion peaks also appear to be well associated
with the endotherms below 0°C in the
heating scans. Therefore, we wused the
exothermic peaks in the cooling scans to
calculate the amount of intermediate water.
A similar behavior has been observed for
other hydrated polymers.'>? PTMC showed a

distinct single crystallization peak on the
heating scan (Figure 1b). By contrast, the
other polymers showed broad endotherms,
which implies a singularity of carbonate
bonds on interacting with water.

Figure 2 shows the amount of absorbed
water in each hydrated polymer. The EWC
and water contents for each sample were
determined through at least five measure-
ments of fully hydrated samples (n=3). PDO
was highly hydrated compared with the other
polymers and showed the highest EWC
(9.3wt%). The hydration of PDO is most
likely attributable to the ether bonds in the
main chain.’® The high intermediate water
content of PDO is consistent with its clinical
use in biodegradable stents, which exhibit
hemocompatibility.> By contrast, PTMC
showed a much lower EWC than PDO
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(3.6 wt%) despite the identical atomic com-
positions. This result also suggests a strong
contribution of ether bonds to hydration.
PVL showed a lower EWC (2.6 wt%), prob-
ably because of the lack of one oxygen.
Although PTMC and PVL had similar EWCs
and nonfreezing water contents, the inter-
mediate water contents were significantly
different (1.4 wt% for PTMC vs 0.6 wt% for
PVL), which indicates that the carbonate
bond is more capable of forming intermediate
water. PCL contains the lowest amount of
intermediate water, presumably because of its
high hydrophobicity.

Next, we evaluated the platelet adhesion
capacity of the polymer surfaces. In addition
to PMEA, poly(ethylene terephthalate) and
poly(2-methacryloyloxyethyl phosphorylcho-
line-co-butyl methacrylate) were used as con-
trol polymers. The thickness of the spin
coating is controllable with a certain concen-
tration of polymer solution regardless of the
polymer’s characteristics, for example, a
thickness of 160 nm for 0.5wt%. Platelets
adhered on all four aliphatic carbonyl poly-
mers and the adherent platelets were activated
with pseudopodia (Supplementary Figure S2),
as found on the poly(ethylene terephthalate)
surfaces (Supplementary Figure S3). Although
we confirmed a certain level of smoothness
for each polymer surface using scanning
electron microscopy (Supplementary Figure
$4) and measured the roughness using atomic
force microscopy (Table 1), which showed
that there were minimal differences among
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Table 1 Surface and bulk characteristics of the aliphatic carbonyl polymers

Spin-coated surface

Bulk samples

Contact angle (degrees; =+ s.d.P Tg (°C) Tm (°C)
RMS (nm; +s.d.} Sessile drop ©) Captive bubble () 0+p Dry Hydrated Dry Hydrated
PTMC 73.0 (£5.0) 72.9 (+1.1) 121.5 (x1.1) 194.5 -17 -20 NA NA
PDO 60.2 (+1.7) 61.1 (+0.4) 119.5 (+0.8) 180.6 -13 -37 113 91
PVL 53.6 (+3.7) 68.6 (+0.6) 114.0 (£1.2) 182.6 -55 -57 56 52
PCL 51.7 (+10.7) 69.7 (0.7) 111.4 (£1.9) 181.0 -58 -60 58 57

Abbreviations: NA, not applicable; PCL, poly(e-caprolactone); PDO, poly(dioxanone); PTMC, poly(trimethylene carbonate); PVL, poly(5-valerolactone); RMS, root mean squared roughness.
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Figure 3 Numbers of platelets adhered to the polymer surfaces in the dry state (a) and hydrated state (b), which were primed with deionized water for 24 h;
mean +s.d. (n=5). **P<0.01 and *P<0.05 vs PTMC. NS, not significant; PTMC, poly(trimethylene carbonate).

the four polymers, bumps were formed on
the PTMC surfaces and some PMEA surfaces
after the test (Supplementary Figures S2A and
S3D). However, we concluded that these
bumps negligibly affected the platelet adhe-
sion because PMEA showed low platelet
adhesion regardless of the existence of
the bumps.

Figure 3a displays the number of adherent
platelets on the dry polymer surfaces.
Although the numbers were high, all aliphatic
carbonyl polymers showed lower platelet
adhesion than poly(ethylene terephthalate).
Among the four polymers tested, PDO
adsorbed the fewest platelets, as expected
from its highest intermediate water content.
By contrast, PTMC adsorbed significantly
more platelets than any other polymer except
poly(ethylene terephthalate). This result is in
contrast to the theoretical order for platelet
adhesion based on the intermediate water
content: PCL~PVL>PTMC>PDO. There-
fore, intermediate water is not as segregated
on the PTMC surface as estimated from
DSC, which is different from the case of
PMEA.'

To obtain a more rational explanation for
the platelet adhesion results, we analyzed the
contact angles against water for the polymer

surfaces (Table 1). The initial state of the
surface dominates the initial adsorption of
plasma proteins and platelets. Furthermore, it
has recently been found that the surface
property of non-ionic polymers such as
PMEA with plasma can be approximated by
that in water.!®> Thus, the sessile drop method
and captive bubble method were used with
deionized water to evaluate the dry surfaces
and hydrated surfaces immersed in deionized
water for 24h, respectively. The order of
hydrophilicity for the dry surfaces was
PDO>PVL>PCL>PTMC, which better
correlates with the platelet adhesion results
(Supplementary Figure S5A). The contact
angles for the hydrated surfaces presented a
different trend, whereby PTMC became more
hydrophilic than PDO. The sum of only
contact angles for PTMC far exceeded 180°
(Table 1), which suggests that the local
conformation on the PTMC surface drama-
tically changes by hydration.

Then, we examined the platelet adhesion on
the hydrated surfaces; the results are shown in
Figure 3b. Overall, the platelet adherence
slightly decreased (~25%) for all hydrated
surfaces, and a remarkable decrease (58%)
was observed for the PTMC surface. However,
the order of platelet adhesion (PDO<PVL~

PCL ~ PTMC) remained inconsistent with the
corresponding contact angles when a captive
bubble is used. By contrast, the platelet adhe-
sion behavior on the hydrated surfaces showed
better correlations with both the surface wett-
ability of the dry surface and the water
contents (Supplementary Figures S5B and F),
probably because the water contents were
determined on fully hydrated polymer samples
using DSC. The adsorption and denaturation
of fibrinogen or plasma proteins on the
hydrated surfaces were preliminarily examined
using bicinchoninic acid assays and an
enzyme-linked immunosorbent assay. PTMC,
PVL and PCL showed a similar tendency to
the platelet adhesion on the hydrated surfaces
(Supplementary Figure S6). However, because
of the difficulty in containing the crystalliza-
tion for drop casting in a 96-well plate, some
rough surfaces were formed, which resulted in
the inconsistency with platelet adhesion parti-
cularly for PDO. Further improvement will be
explored in future studies.

The decreased platelet adhesion for the
hydrated PTMC is fascinating and can be
induced specifically by the carbonate bond.
The comparatively low molecular weight of
PTMC may affect the platelet adhesion.
However, such a significant decrease in the
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Figure 4 Expanded region of infrared spectra for the C=0 stretching bands in PTMC (a), PDO (b),
PVL (c) and PCL (d) in the dry state (dotted lines) and after priming in deionized water for 24 h (solid
lines). PCL, poly(e-caprolactone); PDO, poly(dioxanone); PTMC, poly(trimethylene carbonate); PVL, poly

(8-valerolactone).

number of adhered platelets was not observed
for PVL, which has a similarly low molecular
weight (Figure 3b). To further understand the
specificity of carbonate bonds, we investigated
the hydration of the polymer cast coatings on
a thin glass using FT-IR in the transmission
mode. Each coating thickness was adjusted to
~10pm (Supplementary Table S1). It has
been reported that the characteristic C=0
stretching band shifts to a lower frequency
upon hydrogen bonding.'* As shown in
Figure 4, only PTMC showed a distinct low-
frequency shift of 5cm~! of the C=0
stretching band upon hydration, whereas the
other aliphatic carbonyl polymers showed no
shifts to lower frequency. For PDO, which is
plasticized upon hydration with considerable
decreases in T, and Ty, (Table 1), the ether
bond must be predominantly involved in the
hydration and the formation of intermediate
water. However, the shift was not observed
in the attenuated reflection infrared (ATR-IR)
spectra (Supplementary Figure S7) for all
hydrated polymer cast films with thickness
of ~100pm (Supplementary Table S1),
which indicates that the conformational
change on the surface is notably
little compared with the change inside, and
the ordinary ATR-IR technique could not
observe the actual water—polymer interface.

In situ measurement under a high-humidity
condition'®* is necessary to monitor the
surface hydration in detail and will be
reported in the future. Nonetheless, the
FT-IR results support the notion that carbo-
nate bonds are specifically liable to conforma-
tional change by hydration, which is in
contrast to ester bonds, and the IR shift is
likely associated with the decreased platelet
adhesion and the sum of contact angles over
180° for PTMC. Therefore, we presumed that
a certain conformational change occurs at the
water-PTMC interface.

One plausible interpretation of the specifi-
city of PTMC on hydration is speculated
from the recent finding at the water—polymer
interface of poly(methyl methacrylate)
(PMMA). The less-regulated C=0 in syn-
diotactic dominant PMMA (st=PMMA),
which forms relaxed 37/4 helices,'® is more
susceptible to the approach of water, whereas
the ordered C=0O in isotactic PMMA
(it-PMMA), which forms 10/1 helices, is not
subjected to conformational change by the
approaching water molecules.!” All three
aliphatic polyesters used in this study are
semicrystalline, which form ordered struc-
tures of folding chains with a zigzag config-
uration and oriented ester groups.'®!°
Presumably, such ester bonds in the ordered
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structure are stable and not disordered by
water adsorption. By contrast, PTMC is
amorphous and C=O should be rarely
oriented on the surface; thereby, the confor-
mational change readily occurs with the
adsorbed water molecules. The C=0 orien-
tation also affects the dipole moment on the
surface, which can explain the hydrophilicity
of the PTMC surface and its change from the
dry state to the hydrated state.

In addition, the extra oxygen may make
the C=0 of the carbonate bonds more
capable of acting as hydrogen-bonding
acceptors than ester bonds. The higher
hydrogen-bonding capability of PTMC also
likely affects the formation of intermediate
water, particularly the aforementioned
secondary bound water. The shape and posi-
tion of the peaks on the DSC charts provide
information about the type and stability of
the water that is bound to the polymer.
PTMC shows a single distinct exotherm,
whereas the other polyesters exhibit several
broad exotherms in the cooling scans
(Figure 1b), which suggests that PTMC has
specific sites for strongly binding water,
whereas the other polyesters have multiple
interaction sites including hydrophobic
hydration. Moreover, the exotherm at lower
temperatures represents the potent hydrogen
bonding between PTMC and water.

Nonetheless, PTMC demonstrates a similar
degree of platelet adhesion to PVL and PCL
even on the hydrated surface. Then, we must
deliberate the inconsistency between the
intermediate water content and platelet
adhesion. Considering all foregoing results,
PTMC possibly forms a quasi-fluid layer that
comprises polymer chains and water at the
interface, which is similar to PMEA and poly
(2-methacryloyloxyethyl phosphorylcholine-
co-butyl methacrylate). According to a calcu-
lation based on the experimental results, for
PMEA, the intermediate water is localized in
the superficial layer in the formed quasi-fluid
layer.14>20 However, for PTMC, the inter-
mediate water probably spreads over the
quasi-fluid layer, which leads to the error in
the estimation for interfacial hydration using
DSC. Consequently, the actual amount of
intermediate water on the PTMC surface is
lower than the DSC-calculated amount,
which results in the similar platelet adhesion
properties to that of PVL and PCL for the
hydrated surfaces.

CONCLUSION

The effect of subtle differences in the back-
bone structures of PTMC, PDO, PVL and
PCL on hydration was investigated. The ether



bonds in the main chain of PDO are strongly
related to hydration because of the increased
generation of intermediate water. Moreover,
by investigating the differences in hydration
behavior of the polymer backbones with ester
and carbonate bonds, we found that the
carbonate bonds favor conformational change
compared with ester bonds because of their
stronger capacities as hydrogen bond accep-
tors and the less-regulated C=0O on the
surface based on its amorphous nature.
We believe that this study will help elucidate
the roles of intermediate water in determining
blood compatibilities and contribute to

the sophisticated design of synthetic
biodegradable polymers with excellent
hemocompatibility.
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