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a b s t r a c t

The one-step synthesis of a polyester family containing dihydroxyacetone is described along with a
quantitative analysis of in vitro/in vivo degradation kinetics and initial biocompatibility. Polyesters were
synthesized by combining dihydroxyacetone, which is a diol found in the eukaryotic glucose metabolic
pathway, with even-carbon aliphatic diacids (adipic, suberic, sebacic) represented in the long-chain
alpha carboxylic acid metabolic pathway, by Schӧtten-Baumann acylation. We show that by using a
crystalline monomeric form of dihydroxyacetone, well-defined polyesters can be formed in one step
without protection and deprotection strategies. Both diacid length and polyester molecular weight were
varied to influence polymer physical and thermal properties. Polyesters were generated with number-
averaged (Mn) molecular weights ranging from 2200e11,500. Polydispersities were consistent with
step-growth polymerization and ranged from 2 to 2.6. The melting (Tm) and recrystallization (Tc) tem-
peratures were impacted in an unpredictable manner. Thermal transitions for the polyesters were
highest for the adipic acid followed by suberic acid and sebacic acid, respectively. It was shown that the
thermal response of the DHA-based polyesters was influenced by both the diacid length and molecular
weight. In vitro degradation studies revealed first-order weight loss kinetics, the molecular weight loss
followed first order kinetics with 25%e40% of the original mass remaining after 8 weeks. In vivo testing
over 16 weeks highlighted that mass loss ranged from ~70% to ~6% depending upon initial molecular
weight and diacid length. Histological analysis revealed rapid resolution of both acute and chronic in-
flammatory responses, normal foreign body responses were observed and no inflammation was present
after week 4. This one-step synthesis proved robust with unique copolymers warranting further study as
potential biomaterials.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Dihydroxyacetone-based polymers are materials with potential
applications in biomedical devices, tissue engineering matrices and
sustainable plastics [1]. To date, polycarbonates and polycarbonate-
esters containing dihydroxyacetone (DHA) are reported in the
literature [2e7]. The potential medical utility of DHA-based poly-
mers include the prevention of postoperative seroma, the mainte-
nance of hemostasis following organ ligation and the controlled
versity, Ithaca, NY, USA.
release of medicines [8e11]. One challenge associated with the
synthesis of DHA-based polymers is the intrinsic reactivity and
instability of the C2 carbonyl group. While reactivity of DHA's C2
ketone is advantageous when the formation of brown Amadori
rearrangement products is desired, like for sunless tanning agents
[12e14], its reactivity can be problematic when making polymeric
materials. For this reason, the DHA-based polymers reported to
date are synthesized from DHAwherein the C2 ketone is reversibly
protected with an acetal, which prevents both ketone reactivity as
well as formation of the DHA dimer [2e4,9].

Interestingly, however, even though DHA is a diol, polyesters
containing DHA have yet to be reported. Herein, we report a single
step synthesis for a class of DHA-containing polyesters (Schӧtten-
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Baumann acylation, Scheme 1), quantify and contrast their degra-
dation kinetics (in vitro and in vivo) and characterize their
biocompatibility following subcutaneous implantation. The poly-
esters are composed of DHA and even-carbon diacids. The synthetic
route is unique for DHA-based materials since protection/depro-
tection of the reactive C2 carbonyl is unnecessary, and is made
possible through careful crystallization to form the monomeric
form of DHA. From a product development perspective, synthesis of
a foundational material in one step significantly lowers cost and
increases potential economic viability. Both the length of the alkane
diacid and polymer molecular weights were altered to quantify
their influence on the polyester physical characteristics, as well as
kinetics of degradation, and all reported polymers showed favor-
able biocompatibility over 16 weeks, suggesting the potential
translatability of the materials as implantable systems.
2. Materials and methods

2.1. Materials

Methanol (HPLC grade) and deuterated chloroform (99.8%,
Norell) were purchased from Fisher Scientific. Dihydroxyacetone
dimer (DHA, �95% purity), adipoyl dichloride (99.0% purity), sub-
eroyl dichloride (97% purity) and sebacoyl dichloride (99.0% purity),
pyridine (anhydrous, 99.8% purity) and chloroform (anhydrous, 99%
purity) were purchased from Sigma-Aldrich. DHA was further pu-
rified by one recrystallization in 2-propanol (Certified A.C.S. grade).
Both the pyridine and chloroform were packaged in Sure/Seal™
containers. All other chemicals were used as received without
further purification.
Scheme 1. Synthetic route to the DHA-based polyesters: recrystallized dihydroxyac-
etone (i), hexanedioyl dichloride (ii), octanedioyl dichloride (iii), and decanedioyl
dichloride (iv), (a) N2 (g), chloroform and pyridine/RT ¼ 25 �C, poly(1,3-2-oxo-pro-
pylene 1,6-hexanedicarboxylate) (v), poly(1,3-2-oxo-propylene 1,6-
octanedicarboxylate) (vi), and poly(1,3-2-oxo-propylene 1,6-octanedicarboxylate) (vii).
2.2. Equipment

1H and 13C NMR spectra were recorded on a Varian Inova
600 MHz NMR (13C NMR, 150.8 MHz) spectrometer in deuterated
chloroform. FTIR spectra were recorded on a Bio-Rad FTS 3000MX
spectrometer in KBr pellets (99% potassium bromide and 1% poly-
ester). Gel permeation chromatography (GPC)was carried out using
a Waters GPC system at 40 �C with three columns in series, Waters
Styragel HR1, HR3 and HR5 columns, and a chloroform mobile
phase (1 mL/min). Polystyrene standards, from Sigma, were used
for relative calibration with RI (Waters 2414) detection. Melting
point and glass transition measurements were performed on a TA
Instruments DSC Q2000 at a heating/cooling rate of 10 �C per
minute and nitrogen flow rate of 50 mL/min. Calibration was per-
formed using a sapphire standard and adjusted if necessary. A
baseline correction was performed using an empty pan reference.
TGA experiments were conducted on a TA Instruments TGA Q500
with a heating rate of 10 �C per minute and nitrogen flow rate of
50 mL/min. Temperature calibration was performed using high
purity calcium oxalate as a reference.

2.3. Nomenclature

The assigned chemical names are based on guidelines in the
most recent ACS Division of Polymer Chemistry Macromolecular
Nomenclature Note (Note 10) for polyesters. Common names are
assigned for identification ease for the reader. Specifically, the
common name for poly(1,3-2-oxo-propylene 1,6-
hexanedicarboxylate) is poly(DHA-co-adipic acid), the common
name for poly(1,3-2-oxo-propylene 1,6-octanedicarboxylate) is
poly(DHA-co-suberic acid), and the common name for poly(1,3-2-
oxo-propylene 1,6-decanedicarboxylate) is poly(DHA-co-sebacic
acid). Table 1 depicts polymer nomenclature that is used
throughout the manuscript.

2.4. General synthetic method

All polymerizations were conducted using the same synthetic
protocol, which is described below for poly(DHA-co-adipic acid).
DHA recrystallized from 2-propanol (3.5 g, 0.0388 mol) and chlo-
roform (150 mL) were combined on a water-ice bath under N2 with
stirring in an Airfree® 500 mL single neck reaction flask, fitted with
a 2 mm glass stopcock. Adipoyl dichloride (5.67 mL, 0.0388 mol)
was slowly added using a glass syringe and stainless steel needle
through a rubber septum at a rate of 1 mL per minute, immediately
followed by pyridine (7.5 mL) at the same rate. After addition of all
reagents, the reactionwas removed from thewater-ice bath and the
rate of N2 was reduced. The reaction was vented and allowed to
react for predetermined times (monomer composition-dependent)
under a blanket of N2. At desired time points, the reaction was
transferred to a separatory funnel, washed 4� with Nanopure, RO
water (18.2 U, 150 mL), the organic phase isolated and reduced by
rotoevaporation to ~10 mL. The polymer was precipitated into
excess stirring methanol (500 mL), and the resulting white product
was isolated by filtration and dried in vacuo. Each polymer received
multiple washes and methanol precipitations until the NMR was
free of residual reagents. Poly(DHA-co-adipic acid) yield: 1.7 g of
Mw ¼ 4900 (17%). 1H NMR (CDCl3) d (ppm): 4.76 (s; 4H), 2.46 (t;
4H), 1.73 (q; 4H). 13C NMR (CDCl3) d (ppm): 198.0, 172.5, 66.3, 33.4,
24.2. Poly(DHA-co-suberic acid) yield: 4.2 g and 5.3 g of Mw ¼ 9800
and Mw ¼ 16,500 (47% and 60%, respectively). 1H NMR (CDCl3)
d (ppm): 4.76 (s; 4H), 2.43 (t; 4H), 1.66 (qn; 4H), 1.37 (qn; 4H). 13C
NMR (CDCl3) d (ppm): 197.5, 172.2, 65.6, 28.0, 24.0. Poly(DHA-co-
sebacic acid) yield: 8.4 g and 8.2 g of Mw ¼ 18,700 andMw¼ 29,600
(84 and 82%, respectively). 1H NMR (CDCl3) d (ppm): 4.75 (s; 4H),



Table 1
Maximum Mw and Mn achieved for each polymer.

Chemical name Mw Mn Common name

Poly(1,3-2-oxo-propylene 1,6-hexanedicarboxylate) 4.9 K 2.2 K Poly(DHA-co-adipic acid) (4.9 k)
Poly(1,3-2-oxo-propylene 1,6-octanedicarboxylate) 9.8 K 4.2 K Poly(DHA-co-suberic acid) (9.8 k)
Poly(1,3-2-oxo-propylene 1,6-octanedicarboxylate) 16.5 K 7.2 K Poly(DHA-co-suberic acid) (16.5 k)
Poly(1,3-2-oxo-propylene 1,6-decanedicarboxylate) 18.7 K 7.6 K Poly(DHA-co-sebacic acid) (18.7 k)
Poly(1,3-2-oxo-propylene 1,6-decanedicarboxylate) 29.6 K 11.5 K Poly(DHA-co-sebacic acid) (29.6 k)
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2.42 (t; 4H), 1.65 (qn; 4H), 1.32 (qn; 8H). 13C NMR (CDCl3)
d (ppm):198, 172.7, 66.0, 33.5, 28.8, 24.6.
2.5. Reaction kinetics

The same synthetic methods described above were used for
each polymer, but the total reaction was conducted at 1/10th scale
(i.e. starting DHAwas 0.350 g instead of 3.5 g) in an Airfree® 100mL
single neck reaction flask fitted with a 2 mm glass stopcock.
Recrystallized DHA (0.350 g, 0.0039 mol) and chloroform (15 mL)
were combined on awater-ice bath under N2 with stirring. Adipoyl,
suberoyl or sebacoyl dichloride (0.567 mL, 0.596 mL or 0.830 mL
respectively, 0.0039 mol) was slowly added using a glass syringe at
a rate of 0.1 mL per minute followed by pyridine (0.75 mL) at the
same rate. After addition of all reagents, the reaction was removed
from the water-ice bath and the N2 was slowed. The reaction was
vented and allowed to react for predetermined times under a
blanket of N2. At each desired time point, the reaction was trans-
ferred to a separatory funnel, washed 4�with 15 mL Nanopure, RO
water (18.2 U), the organic phase isolated and reduced by rotoe-
vaporation to ~1 mL. The polymer was precipitated into excess
stirringmethanol (100mL), isolated by filtration and dried in vacuo.
The reaction times were 1, 3, 22, 37, 67, 127, 247 and 487 min(s).
Each reaction was conducted in duplicate and the data points
shown are an average of the two independent experiments.
2.6. Sample preparation and sterilization

Pellets were fabricated by melt extrusion for both the in vitro
and in vivo studies. Melt extrusion was used since films formed by
traditional solvent casting yielded brittle films. Pellets were fabri-
cated by melting polymers above their respective Tm, followed by
aspiration of the melt by syringe suction into a 2 mm ID high-
density polypropylene tube (7.0 cm). Polymer was allowed to cool
for a few seconds at room temperature, then released from the
polypropylene tube though insertion of plunger. The released
polymer was cut into 5.0 mm lengths and weighed. Samples were
sterilized by immersion in 100% ethanol for 5 min. For the in vitro
studies, all instruments required for the experiment were auto-
claved and thoroughly cleaned with 100% ethanol to maintain
sterility. For the in vivo studies, all surgical instruments were
sterilized prior to surgery by autoclave and between use in each
animal by a glass bead sterilizer (Germinator 500, Cellpoint Sci-
entific, Rockville, MD).

Phosphate buffered saline (10� PBS; Gibco Laboratories, Grand
Island, NY, USA) without Ca2þ and Mg2þ was used to make both the
pH 3.0 and 5.0 solutions. For each solution, the 10� stock was
diluted to 1� using Nanopure, RO water (18.2 U). The pH of each
solution was then adjusted appropriately using concentrated hy-
drochloric acid (HCl; Thermo Fisher Scientific Inc., Fairlawn, NJ) and
measured using a pH meter (Mettler Toledo, Columbus OH). Solu-
tions were sterile filtered before use. Phosphate buffered saline, 1�,
(PBS; Gibco Laboratories, Grand Island, NY, USA) without Ca2þ and
Mg2þ, pH 7.4 was used as purchased.
2.7. In vitro degradation and analysis

Polyester pellets were placed inside the wells of non-treated 24-
well tissue culture plates (TCPS; Becton Dickinson, Sparks, MD,
USA). Buffer (2 mL) was added to eachwell to completely submerge
each pellet. Blunt forceps was used to place floating pellets at the
bottom of the plates. Upon insuring complete submersion of each
pellet, each plate was maintained in a humidified incubator at
37 �C. Triplicate samples were used for each time point and each
polyester type. Each pH conditionwas conducted in separate tissue
culture plates. Evaporationwas controlled for byweekly inspection,
removal of buffer (frozen and retained at �20 �C), and replacement
with fresh pre-warmed buffer. To insure that the pH remained
constant for each sample, a control plate under each condition was
maintained in parallel and evaluated for pH change throughout the
course of the experiment. Experimental pellet samples were
removed at 1, 2, 4 and 8 weeks. Each sample was rinsed with
ethanol (100%) and dried in a vacuum oven at 45 �C for at least 48 h.
The samples were thenweighed and subjected tomolecular weight
analysis by GPC.

2.8. In vivo subcutaneous implantation

Polyesters pellets were implanted subcutaneously, four per an-
imal, into 12 week-old female Sprague Dawley Rats (Charles Rivers
Laboratories, North Wilmington, MA). The implants were then
removed at 1, 2, 4, 6, 8, 12 and 16 weeks post surgery and analyzed
by histological grading, molecular weight analysis, and gravimetric
mass loss. All surgeries were performed in the Animal Resource
Center (ARC) at Case Western Reserve University under protocols
approved by the Institutional Animal Care and Use Committee
(IACUC). Proper care for laboratory animals was provided under
NIH guidelines both during and after the surgeries. Rats were fed ad
libitum and post-operative care was provided by ARC veterinary
technicians.

The rats were anesthetized using Aerrane® isoflurane anesthetic
liquid for inhalation (Baxter, Deerfield, IL) in a bell jar and received
a continuous dosage throughout the surgery. The back of the rats
were shaved using an electric razor and remaining adherent hair
was removed using water. The site was then cleaned with Beta-
dine® (Purdue Frederick, Stamford, CT) to maintain an aseptic
surgical site. The subcutaneous implantation of biomaterials has
been previously described in detail [15e18]. A 1.0e1.5 cm incision
was made along the posterior midline of the back. Marcaine®

topical anesthetic (Abbott Laboratories, North Chicago, IL) was then
locally applied to the incision to help minimize potential post-
operative pain. Four subcutaneous pockets were cleared on either
side of the midline below the panniculus carnosus in the connec-
tive tissue fascia using blunt dissection with rounded-tip scissors.
One sample was placed into each pocket ensuring sufficient dis-
tance from the midline and between pockets to minimize material
migration. The wound site was closed using 9 mm surgical wound
clips and cleaned using a second application of Betadine®. Each rat
was then returned to its cage and observed until it recovered from
anesthesia. This procedure was repeated for a total of 56 animals to
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achieve n ¼ 8 (n ¼ 4 for histological analysis and n ¼ 4 for material
degradation studies). All four materials were implanted into each
animal, at different anatomical positions, to minimize animal-to-
animal host response variations.
2.9. In vivo subcutaneous explantation

Pellets were explanted at 1, 2, 4, 6, 8, 12 and 16 weeks in vivo. At
each time point 8 animals were euthanized by carbon dioxide
inhalation. Pellets from four animals were excised with the sur-
rounding tissue intact (5 cm� 5 cm) to preserve the integrity of the
fibrous capsule and to include all tissue surrounding the polymer.
These samples were fixed for 48 h in 10% buffered formalin phos-
phate solution (Fisher Scientific, Fairlawn, NJ) for histological
analysis. The remaining polymer pellets were explanted from the
four remaining animals and freed completely of adherent tissue for
mass analyses (molecular weight and mass loss).

The fixed tissue was cut into 1e2 mm wide sections at the
tissue-polymer interface to obtain a cross-sectional view of the
fibrous capsule and surrounding cells. The total number of sections
ranged between 3 and 4. The sections were then imbedded in
paraffin blocks that were subsequently cut into 4 mm thick sections
and mounted onto slides.
2.10. Histological analysis

Histological analysis was performed on all sections using light
microscopy. Each slide was stained with either Hematoxylin or
Eosin (H&E) or Masson's Trichrome (University Hospitals of
Cleveland, Histopathology Laboratory; Cleveland, OH). The slides
were photographed using light microscopy (Olympus BH-2) and
NikondACT Software Imaging System® (Nikon DXM1200 Digital
Camera; Product No. 12260). The extent and intensity of the in-
flammatory response was determined on H&E stained tissue sec-
tions and characterization of the collagen content of the capsule by
using Masson's Trichrome stain. The scoring system used assigns a
number, from 0 to þ4, to each section at each time point, where
0 ¼ none, þ1 ¼ minimal, þ2 ¼ mild, þ3 ¼ moderate,
and þ4 ¼ extensive. Each section was scored on all phases of the
inflammatory and wound healing response (acute inflammation,
chronic inflammation, granulation tissue, and foreign body reac-
tion), and fibrous capsule structure (maturity). The stages of the
wound healing continuum or foreign body reaction following
biomaterial implantation have been well characterized [19].
2.11. Statistical analysis

Statistical analysis for the animal work was carried out using
two-way ANOVA for repeated measures, followed by Bonferroni t
post hoc testing on Prism 5.0 for Macintosh (Graphpad, La Jolla, CA).
A p-value equal or lower than 0.05 was considered statistically
significant and is denoted by (**).
Fig. 1. Mw vs. reaction time for poly(DHA-co-adipic acid), poly(DHA-co-suberic acid)
and poly(DHA-co-sebacic acid).
2.12. Determination of the degradation rate constant, “k”

To determine the degradation rate constant (k), ln (Mw0t/Mw,0)
versus time (wk), was plotted where Mw0t is the observed Mw at
time (t) and Mw,0 is the Mw of the control (non-treated) pellet. A
linear trend line was generated with the equation for the line in the
slope-intercept form, or y ¼ mx þ b, where m equals the slope and
b equals the y-intercept. The rate constant, “k”, equals the negative
slope.
3. Results

3.1. Polyester synthesis and polymerization kinetics

To determine molecular weight as a function of reaction time,
and to determine the reaction time required for each polymer to
reach the maximum molecular weight, a kinetic analysis of the
reaction was conducted (Fig. 1). Time zero was designated as the
time when pyridine addition was initiated. As the length of the
diacid increased, so did the rate of the initial increase in MW of the
resulting polymer. The increase in molecular weight reached a
plateau near the 2 h time point for each synthesis. The Mw peaked
at ~2.1 � 104 for the two larger diacids but showed a maximum of
1.0� 104 for the adipic acid-containing copolymer. Additionally, the
polydispersity indices (PDI) for each polymer was ~2.0, which is
common for step growth polymerizations (Fig. 2) [20]. Based on the
reaction kinetics, approximate times were chosen to generate
molecular weights at or near the maximum achieved during the
kinetics study. Furthermore, we aimed to generate lower molecular
weights of ~1.0 � 104 to allow an investigation into the effect of Mw
on the polymers' thermal and degradation characteristics; how-
ever, this was not possible for the adipic acid copolymer since that
was the maximum molecular weight achievable. The polymeriza-
tion kinetics data generated using smaller batch sizes did not scale
linearly with the large batch sizes; therefore, reaction times for
larger batches were adjusted to achieve the desired Mw (Table 1).
For the large batch reactions, the maximumMw for the sebacic acid
copolymer reached 3.0� 104. TheMw of the suberic acid copolymer
remained unchanged while the adipic acid copolymer maximum
Mw decreased to about 5.0 � 103.
3.2. Chemical and thermal characterization

Fig. 3 shows annotated 1H NMR and 13C NMR spectra for the
copolymers. These spectra of poly(DHA-co-sebacic acid) (29.6 k)
are representative of the spectra for all synthesized copolymers
listed in Table 1. For both the proton and carbon spectra, the peaks



Fig. 2. Polydispersity vs. reaction time for poly(DHA-co-adipic acid), poly(DHA-co-
suberic acid) and poly(DHA-co-sebacic acid).
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denoted by letters are assigned the appropriate signals in the
repeating units of the polymers. Both the 1H and 13C NMR spectra
for each copolymer confirm the proposed molecular structure of
the polymers. Because of the symmetry of the polymer, many of the
peaks were chemically equivalent and thus show up in the spec-
trum as a single peak, and this was confirmed by integration.

Fig. 4 shows a representative infrared spectrum for poly(DHA-
co-sebacic acid) (29.6 k). Five functional groups, both a symmetrical
and asymmetrical carbon-oxygen stretch (CeO) within the
“fingerprint” region, a carbonyl peak (C]O), an alkane peak (CeH),
and an alcohol stretch (OeH), were all observed with strong
absorbance at z1150 cm�1, 1728 cm�1, 2900 cm�1, and 3400 cm�1

respectively. Collectively, the NMR and FTIR spectra support the
proposed structure of the polyesters.

Thermally-induced changes in the copolymers were character-
ized by differential scanning calorimetry (DSC) and thermal gravi-
metric analysis (TGA). DHA is a solid at room temperature with a
melting temperature (Tm) of 80 �C. All of the copolymers have a Tm
(2nd heating) ranging from 101 �C to 119 �C as determined by DSC
(Table 2). Upon cooling, the copolymers exhibit apparent crystal-
lization temperatures (Tc) ranging from 71 �C to 93 �C depending
upon molecular weight and monomer composition. Similar crys-
tallization behavior has been observed in other polyesters [21,22].
No glass transition temperatures (Tg) were observed for all co-
polymers using DSC. Using TGA, the temperature at which 0.5%
weight loss was detected ranged from 139 �C to 191 �C (Table 3).

3.3. In vitro degradation

Polyester pellets were incubated for 1, 2, 4 and 8 weeks under
three different pH conditions (pH 3.0, 5.0 and 7.4) and subjected to
molecular weight analyses by GPC. The 3 different pH conditions
were chosen in an effort to help confirm the mechanism of
degradation. As noted in Anderson et al. in their thorough review of
PLA and PLGA biodegradation and biocompatibility, foreign body
giant cells (FBGC) and macrophages can produce acid amongst
others agents to aid in biodegradation process [23]. Fig. 5, which
shows the percent of molecular weight loss as a function of time
and pH for poly(DHA-co-sebacic acid) (29.6 k), is representative of
the degradation characteristics for all copolymers, and shows the
rapid reduction in Mw over the first fewweeks followed by a period
of slower degradation thereafter for each pH condition. Over the
eight-week incubation period, the white to off-white pellets
changed in color to a yellowish-brown, which is consistent with the
formation of free DHA. The integrity of each pellet was not
compromised over the course of the experiment as there was no
breaking or crumbling of the pellet nor were the pellets frail during
manipulation. No more than 6% mass loss was observed for any of
the polymers. The degradation rate constants were calculated for
the initial degradation phase (k1) and the slower long-term
degradation phase (k2), when applicable, assuming first order ki-
netics. The correlative half-lives (t1/2 and t2(1/2)) were also calcu-
lated and tabulated in Table 4. The degradation kinetics were
unique for each polymer with respect to pH, and there was no
general correlation between molecular weight, polymer type and
degradation profile.

3.4. In vivo degradation

Polymer pellets were sterilized by ethanol immersion and sur-
gically implanted subcutaneously into female, 12-week old,
Sprague-Dawley rats. At weeks 1, 2, 4, 6, 8, 12 and 16, the pellets
were explanted for analysis. Each polymer, implanted as white or
off-white pellets, changed color during in vivo incubation, and
transitioned from yellow to dark brown, as the implantation time
increased. Unlike the in vitro degradation studies, the physical
integrity of the pellets changed from brittle to liquid-filled to
completely degraded (e.g. disappeared) as the implantation time
increased. Fragmented pellets were common. Following explanta-
tion, all collected polymers were weighed to determine mass loss,
then analyzed by GPC to assess the molecular weight and biodeg-
radation patter. A representative degradation profile is shown in
Fig. 6 for poly(DHA-co-suberic acid) (9.8 K).

For poly(DHA-co-suberic acid) (9.8 k) and poly(DHA-co-suberic
acid) (16.5 k), loss of pellet integrity began at week 8. At week 16, 3
of the 4 implanted pellets of poly(DHA-co-suberic acid) (9.8 k) and
1 of 4 pellets of poly(DHA-co-suberic acid) (16.5 k) pellets were
fully resorbed, with no measurable mass. At week 16, only 3% of the
pellet mass remained in the single residual sample, but no
discernable molecular weight was detectable. For poly(DHA-co-
suberic acid) (16.5 k), 17% of the mass remained for the surviving
pellets, but again with no meaningful molecular weight.

Poly(DHA-co-sebacic acid) (18.7 k) and poly(DHA-co-sebacic
acid) (29.6 k) were substantially more durable as the integrity of
each pellet was uncompromised until week 16. All pellets were able
to be recovered at week 16 and were subjected to mass loss and
molecular weight analysis. While greater than 70% mass remained
for poly(DHA-co-sebacic acid) (18.7 k) and poly(DHA-co-sebacic
acid) (29.6 k) at week 16, the molecular weight profile was inde-
terminable as only low molecular weight degradation products
remained.

3.5. In vivo biocompatibility

Sterilized polymer pellets were implanted subcutaneously into
female, 12-week old, Sprague-Dawley rats. At 1, 2, 4, 6, 8, 12 and 16
weeks, the pellets were explanted for analysis. Similar to the
biodegradation study pellets, each polymer, implanted as white or
off-white pellets, changed color during in vivo incubation, and
transitioned from yellow (in web version) to dark brown, as the



Fig. 3. 1H NMR and 13C NMR spectra of poly(DHA-co-sebacic acid), representative of the copolymers reported herein.
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implantation time increased. Additionally, the physical integrity of
the pellets changed from brittle to liquid-filled to completely
degraded (e.g. disappeared) as the implantation time increased.
Fragmented pellets were common. Histology was used to evaluate
the host response to the implanted polymers over time. Repre-
sentative tissue sections at week 1 are shown in Fig. 7, with he-
matoxylin and eosin stain (left) and Masson's trichrome (right).

The wound healing responses of the four polyesters was
evaluated at discrete time points: 1, 2, 4, 6, 8, 12 and 16 weeks. After
1 week of implantation, no acute inflammation or polymer
biodegradationwas observed and minimal to mild levels of chronic
inflammation, granulation tissue, foreign body reaction and fibrous
capsule maturation were observed for any of the polymers tested.
After 2 weeks of implantation, foreign body reaction and fibrous
capsule development increased to mild and moderate levels,
respectively. Chronic inflammation and granulation tissue



Fig. 4. FTIR spectra of poly(DHA-co-sebacic acid), representative of the copolymers
reported herein.

Table 2
Thermal transition characteristics of DHA-diacid copolymers.

Sample Tm2 (C�) DHm (mW/g) Tc2 (C�) �DHc (mW/g)

Poly(DHA-co-adipic acid) (4.9 k) 112 72 77 76
Poly(DHA-co-suberic acid) (9.8 k) 101 61 71 71
Poly(DHA-co-suberic acid) (16.5 k) 103 69 75 66
Poly(DHA-co-sebacic acid) (18.7 k) 119 67 92 74
Poly(DHA-co-sebacic acid) (29.6 k) 119 99 87 83

Table 3
Thermal degradation characteristics of DHA-diacid copolymers.

Sample 0.5% wt loss (�C)

DHA 73
Adipic acid 48
Suberic acid 50
Sebacic acid 67
Poly(DHA-co-adipic acid) (4.9 k) 139
Poly(DHA-co-suberic acid) (9.8 k) 152
Poly(DHA-co-suberic acid) (16.5 k) 178
Poly(DHA-co-sebacic acid) (18.7 k) 143
Poly(DHA-co-sebacic acid) (29.6 k) 191

Fig. 5. In vitro degradation of poly(DHA-co-sebacic acid) (29.6 k), (Mw) as a function of
time at pHs 3.0, 5.0 and 7.4, representative of the copolymers reported herein. Mean
values ± SD, n ¼ 3.
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decreased to minimal by week 4 of implantation. No chronic
inflammation or granulation tissue was observed and this trend
continued until week 16.Minimal tomild foreign body reactionwas
present and the fibrous capsule maturation was unchanged from
week 2.

At week 6, the foreign body reaction had decreased to minimal,
showing a trend of steady decrease since week 2. The fibrous
capsule maturation increased slightly to moderate and remained
unchanged for the duration of the direct subcutaneous experi-
mentation. There were no significant changes fromweek 6 to week
8. Until week 12, there were no significant changes in scoring be-
tween any of the polymers tested.

After 12 weeks of implantation, poly(DHA-co-suberic acid)
(9.8 k) and poly(DHA-co-suberic acid) (16.5 k) showed significant
increases in foreign body reaction to moderate and mild, respec-
tively. Also for the first time, biodegradation was observed for both
poly(DHA-co-suberic acid) (9.8 k) and poly(DHA-co-suberic acid)
(16.5 k) with poly(DHA-co-suberic acid) (9.8 k) and poly(DHA-co-
suberic acid) (16.5 k) reaching mild and minimal, respectively.

At week 16, poly(DHA-co-suberic acid) (9.8 k) and poly(DHA-co-
suberic acid) (16.5 k) showed mild to moderate levels of granula-
tion tissue, foreign body reaction and biodegradation. Poly(DHA-
co-sebacic acid) (18.7 k) and poly(DHA-co-sebacic acid) (29.6 k)
continued to show minimal levels of foreign body reaction. Fibrous
capsule maturation remained moderate for all polymers.
4. Discussion

Because DHA and even-carbon diacids are components in the
human metabolome, they have been previously explored as
building blocks for implantable polymeric biomaterials
[2,4,8e11,24,25]. However, the synthesis of DHA-containing poly-
mers can be problematic for two reasons. First the C2 carbonyl of
DHA is highly reactive and forms a number of adducts under
different conditions [26,27]. Second, DHA exists as both a monomer
and as a dimer in solution [28]. To circumvent the aforementioned
problems, we considered the work of Bentley and McCrae who
successfully made symmetric lipids containing DHA in high yield
via a one-step Schӧtten-Baumann acylation (Scheme 1) [29]. Our
reasoning was that if DHA-based symmetric lipids could be made
without DHA protection, and if the fidelity of the reactionwas high,
then the same methodology could be used to synthesize DHA-
based polyesters. Therefore, using this approach, DHA dimer was
recrystallized in 2-propanol to form monomeric DHA, which was
then suspended in anhydrous chloroform in a water-ice bath fol-
lowed by the dropwise addition of the appropriate diacid chloride.
Pyridine was then slowly added dropwise to the reaction to capture



Table 4
In vitro half-lives and degradation rate through 1 half-life.

Polymer pH k1 (wk�1) k2 (wk�1) t1/2 (wk) t2(1/2) (wk) t1/2 (day) t2(1/2) (day)

Poly(DHA-co-suberic acid) (9.8 k) 3.0 0.147 N/A 4.7 N/A 33 N/A
5.0 0.113 N/A 6.1 N/A 43 N/A
7.4 0.414 0.0062 1.7 111.8 12 82

Poly(DHA-co-suberic acid) (16.5 k) 3.0 0.127 N/A 5.5 N/A 38 N/A
5.0 0.093 N/A 7.4 N/A 52 N/A
7.4 0.710 0.0372 1.0 18.6 7 48

Poly(DHA-co-sebacic acid) (18.7 k) 3.0 0.056 N/A 12.5 N/A 87 N/A
5.0 0.068 N/A 10.3 N/A 72 N/A
7.4 0.110 N/A 6.3 N/A 44 N/A

Poly(DHA-co-sebacic acid) (29.6 k) 3.0 0.061 N/A 11.4 N/A 80 N/A
5.0 0.118 N/A 5.9 N/A 41 N/A
7.4 0.453 0.0226 1.5 30.7 11 75

Fig. 6. In vivo degradation of poly(DHA-co-suberic acid) (9.8 k) for both molecular
weight and mass loss as a function of time. Mean values ± SD, n ¼ 4.
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the resulting hydrochloric acid. The slow addition of pyridine was
intentional to prevent its potentially adverse effect on the molec-
ular weight when in excess.

The synthetic approach worked for all three diacids investi-
gated. To better understand how the copolymer molecular weight
influenced thermal and degradation behavior, two polymer lengths
were targeted for each copolymer. However, after multiple at-
tempts, a meaningful higher molecular weight material was not
achievable for the adipic acid-containing copolymer. Therefore, we
continued work using one adipic acid-containing copolymer, and
two each of the suberic and sebacic acid-containing copolymers.

The thermal characteristics of the polyesters are consistent with
the monomer compositions and synthetic route, with broad and
sometimes multiple melting points observed. Such thermal char-
acteristics are common for lower molecular weight polymers syn-
thesized by step-wise polymerization where the end group effects
and polydispersity can contribute significantly to changes in ther-
mal transition kinetics. The presence of multiple melting peaks
indicates a complexity of thermal transitions sometimes seen in
polymers that are attributed to melting-recrystallization-remelting
steps [30] or to the presence of multiple independent crystalline
populations [31]. Generally the longer diacid aliphatic chains eli-
cited higher Td. Given no definitive Tg was identified and both a Tc
and Tm were observed, the data suggest that these copolymers are
crystalline or semi-crystalline materials. The crystalline state of the
copolymers is also supported by our substantial efforts to cast
continuous films from the polymers using a variety of methods.
Minimal success to form high integrity films was achieved, with the
best results coming frommelt casting under vacuum. While higher
molecular weights could lead to films with better integrity, for the
current materials even the highest Mw copolymers could not form
cohesive thin films.

Table 4 lists copolymer in vitro half-lives and degradation rate
constants. Near log-linear degradation was observed for all poly-
mers tested at both pHs 3.0 and 5.0 conditions with best fits
associated with pseudo first order kinetics (data not shown).
However, at pH 7.4, the results were not log-linear, and further-
more, the data suggests biphasic kinetics governing the molecular
weight loss. Based in part on work of Kenley et al., there are a
number of mechanistic explanations for the observed degradation
pattern (e.g., crystalline/amorphous domain changes, hydrophobic/
hydrophilic balance of matrix, etc) [32]. These results are consistent
with our previous reports on DHA-polymers wherein the rate of
matrix degradation increase with increasing DHA content, with
commensurate formation of pores into the matrix that can alter
degradation rate [24]. There is also a correlation of these results to
themass loss patterns observed for homopolymers and copolymers
of lactic acid and glycolic acid [23,33e35], which are consistent
with the general mechanism of polyester bulk erosion and the
corresponding formation of diffusionally trapped acids within the
matrix leading to acid catalyzed hydrolysis [35e39].

The effects of pH on the degradation rates for poly(DHA-co-
suberic acid) (9.8 k), poly(DHA-co-suberic acid) (16.5 k), poly(DHA-
co-sebacic acid) (18.7 k), and poly(DHA-co-sebacic acid) (29.6 k) are
interesting and highly dependent on the copolymer composition.
For poly(DHA-co-suberic acid) (9.8 k) and poly(DHA-co-suberic
acid) (16.5 k), there is increased rate of degradation at the lower
pHs but this is reversed for poly(DHA-co-sebacic acid) (18.7 k) and
poly(DHA-co-sebacic acid) (29.6 k), where decreased rates of
degradation were observed at the lower pHs. It is unclear what
leads to these interesting results and we are currently working to
better understand the underlying degradation mechanism(s) of the
DHA-based materials.

The in vivo degradation studies showed significant differences
in the pattern of degradation for molecular weight loss and pellet
mass loss. Fig. 6, showing the degradation pattern of poly(DHA-co-
suberic acid) (9.8 K), is illustrative of the in vivo degradation pro-
files for each polymer (Figs. S1eS3). Copolymers that underwent
the same pelleting process, but were not implanted, served as
initial state samples. As shown in Fig. 6, a 5.0 � 103 drop in mo-
lecular weight was observed in the polymer following week one,
which correlates to about 50% of the molecular weight for poly(-
DHA-co-suberic acid) (9.8 k) or one half-life. Table 5 lists the in vivo
half-lives and degradation rates for all four copolymers. The values
listed are through at least two half-lives of in vivo degradation,
which is the standard timeframe for biomaterial in vivo



Fig. 7. Histology of poly(DHA-co-suberic acid) (9.8 k), poly(DHA-co-suberic acid) (16.5 k), poly(DHA-co-sebacic acid) (18.7 k), and poly(DHA-co-sebacic acid) (29.6 k) implanted
subcutaneously in rats for 16 week. Pictures on the left and right are stained with Hematoxylin and Eosin (H&E) and Masson's Trichrome (Tri), respectively. Scale bar indicates
500 mm.

Table 5
In vivo half-lives and degradation rate through 2 half-lives.

Polymer k (wk�1) t1/2 (wk) t1/2 (day)

Poly(DHA-co-suberic acid) (9.8 k) 0.330 ± 0.003 2.2 15
Poly(DHA-co-suberic acid) (16.5 k) 0.307 ± 0.009 2.3 16
Poly(DHA-co-sebacic acid) (18.7 k) 0.230 ± 0.011 3.0 21
Poly(DHA-co-sebacic acid) (29.6 k) 0.162 ± 0.004 4.3 30
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degradation studies. Two half-lives is a good a point of reference
because linearity becomes compromised from the onset of multiple
degradation mechanisms beyond that timeframe. By observing
degradation over two half-lives, a predominant mechanism for
degradation can be interpreted with a high degree of accuracy
[32,40e43]. The polymer molecular weight half-life increased with
the molecular weight of the polyester, which is consistent with
historical polyester degradation behavior. The half-life for this
group of polyesters ranged from 2.2 to 4.3 weeks with k values
ranging from 0.330 to 0.162 wk�1, and with the degradation rate
decreasing as the molecular weight of the polymer increased,
[poly(DHA-co-suberic acid) (9.8 k)] > [poly(DHA-co-suberic acid)
(16.5 k)] > [poly(DHA-co-sebacic acid) (18.7 k)] > [poly(DHA-co-
sebacic acid) (29.6 k)].

The mass loss did not correspond with molecular weight loss.
For instance, after one half-life, less than 20% of the mass had been
lost for poly(DHA-co-suberic acid) (9.8 k) (Fig. 6). This trend was
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consistent for all four implanted polymers. By the end of week 16,
poly(DHA-co-suberic acid) (9.8 k) and poly(DHA-co-suberic acid)
(16.5 k) had remaining masses of 3% and 17%, respectively. Both
poly(DHA-co-sebacic acid) (18.7 k) and poly(DHA-co-sebacic acid)
(29.6 k) had remaining masses exceeding 70%. The polymers pre-
sented with liquefied interiors starting between weeks two and
four, indicative of the acid-catalyzed hydrolysis common to poly-
esters degradation, first reported by Vert and colleagues [44] where
in the entrapped carboxylic acid groups of oligomeric polymer
acidify the interior of the copolymer matrix and increases the ki-
netics of hydrolysis [41].

Subcutaneous implantation in rats was used to evaluate the
biocompatibility of the polymers. The implantation procedure
causes injury at the implantation site which triggers a wound
healing response continuum. The development of a fibrous capsule
is indicative of the tissue or cellular host entering the latter stages
of the wound healing cascade. Typically, biodegradable polymers
requiring extended periods of time before biodegradation have
mature fibrous capsule development by week four of implantation.
The resolution or absence of acute inflammation after the first week
of implantation is indicative that the other responses observed are
mainly due to the injury of implantation. As seen earlier in the
“Histological analysis” section, the scoring system used assigns a
number, from 0 to þ4, to each section at each time point, where
0 ¼ none, þ1 ¼ minimal, þ2 ¼ mild, þ3 ¼ moderate,
and þ4 ¼ extensive. Each section was scored on all phases of the
inflammatory and wound healing response (acute inflammation,
chronic inflammation, granulation tissue, and foreign body reac-
tion), and fibrous capsule structure (maturity). Biodegradation/
fragmentation was also scored using the same scale.

We analyzed several different outcomes of our polymer treat-
ment and a representative sample is shown in Fig. 8. Acute
inflammation is resolved by week 1 as indicated by the lack of
polymorphonuclear leukocytes in the tissue immediately sur-
rounding the implant. No statistical analyses were performed on
this outcome as all observed scoring values were “0” and thus of no
Fig. 8. The wound healing response of poly(DHA-co-suberic acid) (9.8 k), poly(DHA-co-sub
(29.6 k) after 16 weeks in vivo. Scoring system: 0 ¼ None, þ1 ¼ Minimal, þ2 ¼ Mild, þ3 ¼
statistical significance.
Chronic inflammation is evidenced by the presence of macro-

phages and lymphocytes. Chronic inflammation is present at
similar levels starting at week one in all of the polymer treatments
and is completely resolved by week four (Two-Way ANOVA main
effect time F6, 72 ¼ 39.52, p < 0.0001). No difference between the
different polymers is observed on this parameter.

Granulation tissue is another stage of the wound healing
cascade indicating the beginning of inflammation resolution, and is
evidenced by the presence of angiogenesis and fibroblast infiltra-
tion. All of the polymers used in this study induce granulation in
the area of implantation (Two-Way ANOVA main effect treatment:
F3, 72 ¼ 21.00, p < 0.0001). The presence of granulation changes
over time, it is present at weeks one and two (Two-Way ANOVA
main effect time: F6, 72 ¼ 88.64, p < 0.0001) and it is completely
resolved by week four. Interestingly there is a recurrence of the
granulation at week 12 for two of the polymers used, poly(DHA-co-
suberic acid) (9.8 k) and poly(DHA-co-suberic acid) (16.5 k) (Two-
Way ANOVA interaction treatment � time F18, 72 ¼ 17.82,
p < 0.0001, Bonferroni t 9.8 or 16.5 vs 18.7 and 29.6 p � 0.001). This
effect is accompanied by a significant fragmentation of the polymer.

Foreign body reaction is denoted by the presence of macro-
phages and the appearance of foreign body giant cells (FBGC). This
particular outcome is clearly seen at week two and remains for the
duration of experimentation. The tissue surrounding the implan-
tation site shows an initial reaction at week two for all the polymers
used (Two-Way ANOVA main effect treatment: F3,72 ¼ 27.33,
p < 0.0001). The foreign body reaction is then maintained for the
reminder of the study time (Two-Way ANOVA main effect time:
F6,72 ¼ 20.44, p < 0.0001) for all of the polymers. Interestingly,
while both the poly(DHA-co-sebacic acid) (18.7 k) and poly(DHA-
co-sebacic acid) (29.6 k) do not induce any further reaction in the
tissue surrounding the implantation site, poly(DHA-co-suberic
acid) (9.8 k) and poly(DHA-co-suberic acid) (16.5 k), induce more
foreign body reaction at weeks 12 and 16 (Two-Way ANOVA
interaction treatment � time F18, 72 ¼ 8.26, p < 0.0001). This
eric acid) (16.5 k), poly(DHA-co-sebacic acid) (18.7 k), and poly(DHA-co-sebacic acid)
Moderate and þ4 ¼ Extensive. Mean values ± SD, n ¼ 4.
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increase in foreign body reaction can be attributed to the increase
in surface area of the polymers due to fragmentation. The Bonfer-
roni analysis reveals that poly(DHA-co-suberic acid) (9.8 k) vs
poly(DHA-co-suberic acid) (16.5 k) are different at week 12, pol-
y(DHA-co-suberic acid) (9.8 k) vs poly(DHA-co-sebacic acid)
(18.7 k) are different on week 12 and 16 and poly(DHA-co-suberic
acid) (9.8 k) vs poly(DHA-co-sebacic acid) (29.6 k) are different on
week 12 and 16 (all with p < 0.001).

A mature fibrous capsule is a hallmark of the final stages of the
wound healing cascade, and it is clearly identified by using Mas-
son's Trichrome. A fibrous capsule forms around all of the polymers
within the first 2 weeks (Two-Way ANOVA main effect treatment:
F3,72 ¼ 0.61, n.s.). The maturity of the fibrous capsule holds steadily
at moderate levels from weeks four to 16 (Two-Way ANOVA main
effect time F6,72 ¼ 26.58, p < 0.0001) for all of the treatments. It is
interesting to note that by week 16, poly(DHA-co-suberic acid)
(9.8 k) and poly(DHA-co-suberic acid) (16.5 k) have been
completely degraded and only a collagenous scar remains as pre-
viously reported in the literature [23,45,46].

Biodegradation/fragmentation of the polymer pellets has also
been observed and measured. It is interesting that biodegradation
is observed beginning at week 12 only by the fragmentation of the
pellets of poly(DHA-co-suberic acid) (9.8 k) and poly(DHA-co-
suberic acid) (16.5 k). Fragmentation of the pellets made of poly(-
DHA-co-suberic acid) (9.8 k) and poly(DHA-co-suberic acid) (16.5 k)
reaches its maximum on week 16 (Two-Way ANOVA interaction
treatment � time F18, 72 ¼ 18.67, p < 0.0001) which indicates that
different polymers behave differently over time. The Bonferroni
analysis reveals that poly(DHA-co-suberic acid) (9.8 k) vs poly(-
DHA-co-suberic acid) (16.5 k) are different on week 12, poly(DHA-
co-suberic acid) (9.8 k) vs poly(DHA-co-sebacic acid) (18.7 k) are
different on week 12 and 16 and poly(DHA-co-suberic acid) (9.8 k)
vs poly(DHA-co-sebacic acid) (29.6 k) are different on week 12 and
16 (all with p < 0.001). While parallel investigation of FDA-
approved polyesters, such as PLGA, we not part of the experi-
ments reported herein (owing to their extensive representation in
the literature), these DHA-based polyesters behaved similarly to
PLGA as well as other biocompatible and biodegradable polymeric
systems known to be safe and effective as potential drug delivery
systems [23,45,46]. Specifically, the DHA-based polyesters investi-
gated did not exhibit toxicity, did not elicit inflammation and
degraded via the well-known mechanism of bulk erosion
[23,33e35]. Furthermore, none of the observations within the tis-
sue response continuum used, in part, to determine both biodeg-
radation and biocompatibility were beyond that of other well-
studied, FDA-cleared polymers such as PLGA [47e51].

5. Conclusions

Here we report the one-step synthesis and characterization of a
new series of polyesters based on metabolic synthons. The poly-
esters are comprised of the glycolytic intermediate, dihydroxyac-
etone and even-carbon diacids that are readily metabolized in the
human body. The premise of their synthesis was to create poten-
tially useful biomaterials with favorable biocompatibility. A suc-
cessful one-step method is described with yields reaching 85%. This
application of the Schӧtten-Baumann acylation method provides
an easy synthetic route to generate this class of polyesters. The
synthesis was performed with relative ease and is also a relatively
quick reaction. The kinetic studies showed that reasonably high
molecular weight polymers could be generated in less than four
hours.

Successful synthesis of the target copolymers was confirmed by
1H NMR and 13C NMR and characterized by GPC, TGA and DSC. As
the diacid length increases, the yield and Mw also increase, but
diacids shorter than adipic acid were unsuitable monomers for this
synthetic route. The polymers each had unique degradation profiles
both in vitro and in vivo and were both molecular weight and
monomer composition-dependent. The biocompatibility profiles
were favorable and in line with other prominently used implant-
able polyesters such as, PLA and PLGA [23,45,46]. Collectively, these
results confirm that this new class of polyesters has favorable
biocompatibility and that the degradation products are locally non-
toxic. Investigation into the potential clinical application of these
polymers is ongoing and they may offer some unique characteris-
tics for implantable devices.
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