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In Vivo Versus In Vitro Degradation of a 3D Printed
Resorbable Device for Ligation of Vascular Tissue in Horses

Karin H. Adolfsson, Ida Sjoberg, Odd V. Hoglund, Ove Wattle, and Minna Hakkarainen*

A resorbable 3D printed polydioxanone (PDO) device is manufactured to
facilitate ligation of vascular tissue during surgery. The device must provide
sufficient mechanical performance throughout the healing period. Therefore,
degradation and mechanical performance of the device are investigated as a
function of in vivo and in vitro aging. During aging the PDO device released
cyclic and linear water-soluble products. In vivo aging resulted in higher
relative number of linear oligomers in comparison to in vitro aging. A major
loss of mechanical performance is observed after only 10 days in vivo and the
Young’s modulus (E) and tensile strength at break () decreased by 28% and
549%, respectively. This is in contrast to in vitro aging, where no loss of
mechanical properties is observed during the same period. The in vivo aged
devices exhibit clear holes in the matrices after 28 days, while apparent cracks
are observed first after 140 days in vitro. These results highlight the sensitivity
of the degradation process of resorbable devices with regards to the
interactions of the device with the surrounding environment (tissues) and
demonstrate the importance of in vivo testing as compliment to in vitro

testing before clinical use of devices.

1. Introduction

Resorbable polymer sutures or devices are widely applied for
medical purposes.['?] When performing surgical procedures, it
is essential to maintain hemostasis, i.e., to prevent or stop ma-
jor bleeding from vascular tissue or vessel. There are different
types of devices used for ligating blood vessels, such as clips
or electrosurgery.’] The major drawbacks with these devices is
that they are designed for smaller vessels and require a hospital
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setting. Currently when castrating horses,
the maintaining of hemostasis is often
achieved by tying a resorbable thread, a su-
ture ligature, around the vascular tissue. In
this flight animal, the ligature must sus-
tain adequate mechanical properties un-
til the body can seal the tissue perma-
nently. An easily applied resorbable device
designed as a self-locking loop for larger
vessels or vascular tissue could be a valu-
able surgical aid, especially when perform-
ing standing castrations in horses. Simul-
taneously with the reorganization of the
vascular tissue, the device would ideally
be hydrolyzed into low molecular weight
products or metabolized,*! which will fi-
nally lead to complete absorption of the
device with a minor immunological re-
sponse. A commonly used monofilament
suture material is polydioxanone (PDO), a
flexible, biodegradable, and biocompatible
polymer.’] A PDO suture retains sufficient
tensile strength after aging both in vivo and
in vitro for the first 2-3 weeks,[*] and is
well accepted by the tissue with a minor but transient foreign
body reaction.[%11]

In some procedures, anatomic location of a vessel makes su-
ture ligation difficult. In such cases nonresorbable devices, i.e.,
polyamide cable ties have been used to facilitate ligation by tightly
enclose selected vascular tissue.l'>”1>] However, the use of non-
resorbable devices can require an additional surgical interven-
tion to remove the device, since there are several reports on per-
sisting foreign body reactions that may cause discomfort in the
animal,[!®'7] and even rejection of the implant.'®] Promisingly,
it was demonstrated that a resorbable injection molded device
had adequate clinical performance for ligation of blood vessels
in dogs and pigs.['>?!] The advantage of a self-locking device is
that it is easy to apply, hence reduces the risk of contamination
and if hemostasis is not achieved on first attempt, the loop can
be tightened further. This is not possible with traditional suture
ligation where the tissue instead needs to be religated. However,
the manufacturing process injection molding is nonflexible with
respect to the possibilities to modify the design of the device.

Additive manufacturing, or 3D printing, is a technology that
enables manufacturing of complex structures by a layer-by-layer
approach and relatively easy modification of product design.
Melt-processable thermoplastic polymers can be processed by
3D printing technique called fused filament fabrication (FFF).
With respect to resorbable polymers for FFF 3D printing,
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polylactide (PLA) and polycaprolactone (PCL) are the most com-
mon materials.??] The possibility to 3D print resorbable poly-
mers has opened up a wide range of opportunities to transform
digital models into unique and complex on-demand surgical de-
vices with high flexibility to customize the design for different ap-
plications and patients, but there is still a demand for a greater di-
versity in 3D printable resorbable polymers. The prerequisites for
a resorbable 3D printed device for the application requirements,
in addition to suitable degradation rate and 3D printability, are
biocompatibility and sufficient mechanical strength. It is further
important to minimize thermo-mechanical batch variations.?*]

3D printing of PDO has previously been successfully
demonstrated.’] The in vitro aging under accelerated condi-
tions showed similar degradation rates between PDO and gly-
coside/lactide based devices, whereas more hydrophobic poly-
meric devices based on caprolactone and lactide displayed slower
degradation rates. In addition to common in vitro aging stud-
ies, the correlation to in vivo experiments is important.?*] Stud-
ies of the in vivo and in vitro behavior of FFF 3D printed PCL
showed promising results for bone formation after introduction
of p-tricalcium phosphatel?! and chitosan hydrogel.[?¢]

Manufacturing by 3D printing offers the possibility to design
and customize precise resorbable surgical devices. However, the
in vivo and in vitro degradation studies on FFF 3D printed re-
sorbable polymers are scarce. Our postulation was that the type
of manufacturing will affect the degradation rate and mechanical
performance of the device originally and over time. Establishing
these correlations are of outermost importance for the function
of a surgical device for providing hemostasis, while reorganiza-
tion of vascular tissues. Furthermore, outer conditions, such as
surrounding environment, greatly influence the degradation of
resorbable polymers. A comprehensive in vivo and in vitro study
of a 3D printed PDO device for ligation of vascular tissues in
horses was conducted. The degradation profile and mechanical
performance of the PDO device were evaluated and compared
between the different conditions. The influence of two different
macroscopic morphologies on the degradation of the device were
further studied.

2. Experimental Section

2.1. Materials

The 3D printed PDO device was bought from Poly-Med Inc.
Sarstedt tubes of polypropylene (PP) was purchased from Kru-
use. Prolene PP suture was bought from Ethicon. All materials
and other chemicals were used as received.

www.mbs-journal.de

Table 1. 3D printing parameters of the PDO device adapted by Poly-Med.

3D printing parameters

Printing temperature 165 °C
Fan cooling 80%
Extrusion width 0.3 mm
Nozzle size 0.25 mm
Infill percentage 100%
Infill angle 0; 90°
Infill pattern Rectilinear
Shell/perimeter 2

Layer height 0.15 mm
First layer height 0.15 mm
Bottom solid layer 0

Top solid layer 1

2.2. 3D Printing of the PDO Device and Sterilization Process

The PDO device was 3D printed according to the parameters
in Table 1, and constructed as a flexible band with a perforated
part connected to a locking case and a solid part (Figure 1). The
3D printed device was placed in Tyvek bags, sealed in a clean
room and sterilized with ethylene oxide. Thereafter the bags were
placed in aluminum foil pouches, dried under vacuum for at least
seven days and then sealed in a moisture free environment.

2.3. In Vitro Degradation of the 3D Printed Device

In vitro degradation of the 3D printed PDO device was carried
out under static conditions at 37 °C in phosphate buffered saline
(PBS; pH = 7.4) from Sigma-Aldrich. The 3D printed device was
cut into two segments in the middle of the perforated and solid
parts to test the different bands separately. Thereafter, the perfo-
rated and solid bands were placed in a glass vial with septa con-
taining 15 mL of PBS and retained in an oven at 37 °C for different
aging times. After the aging times of 10, 28, and 140 days, respec-
tively, the remaining devices and liquid phases were collected for
further analysis. The remaining devices were placed in a condi-
tioning room for mechanical testing. The devices were named
with script of aging time according to PDO10, PDO28, PDO140,
where the numbering corresponds to aging days. The neat PDO,
before aging, was named PDOO0. 3-4 devices were used for
each aging time. After mechanical testing, the remaining de-
vices were dried and kept under vacuum at room temperature

Figure 1. Images of the 3D printed device.
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until characterization by other techniques. The remaining mass
(%) of the 3D printed device after different aging times was calcu-
lated after dried under vacuum at room temperature according to
Equation (1). m, is the dry mass of the remaining device at aging
time t and m, is the initial mass of the device.

m,
Remaining mass = — x 100 (1)
My

A pH-meter equipped with an Ag/AgCl electrode was used for
measuring the pH of the liquid phases after aging. The electrode
was calibrated with buffers solutions at pH 4 and 7.

2.4. In Vivo Degradation of the 3D Printed Device

Degradation of the 3D printed PDO device was evaluated after ag-
ing subcutaneously in horses. Six horses and two ponies of mixed
age, breed, and sex belonging to the SLU teaching herd were
used. The aging times of 10 and 28 days were evaluated for the in
vivo degradation and named similar to in vitro aged devices. The
study was approved by the Uppsala Animal Ethics Committee,
Dnr 5.8.18-18803/2018. In alignment with concurrent research
on anesthetic recovery, the procedure was done under general
anesthesia in the six horses. They were anesthetized according
to a standard protocol!?’! and placed in lateral recumbency on a
medical foam mattress. The ponies were sedated as routine, 8
and local infiltration anesthesia with mepivacaine (Carbocaine)
from Aspen Nordic was administrated in an inverted L-block, at
least 10 cm from the skin incision.

The surgical area was aseptically prepared. Via a skin incision,
the PDO-device was inserted around a piece of fascia subcuta-
neously on the left or right side of the cranial trunk in a ran-
dom order. By introducing the end of the band through the lock-
ing case, a self-locking loop was created. The loop was tightened
and band protruding from the locking case was cut off, leaving
5 cm of the perforated part in the animal. A second PDO-device
was inserted in the same manner on the opposite diagonal in
the caudal aspect of the trunk. The skin was closed with USP
2-0 nonabsorbable suture (Prolene). For ethical reasons the an-
imals were treated with meloxicam 0.6 mg kg™ per os (Meta-
cam) from Boeringer Ingelheim Animal Health, on the day of
surgery and for three consecutive days. The 3D printed devices
were excised from the animals after 10 and 28 days, respectively.
The procedure was performed under general anesthesia or se-
dation and local infiltration anesthesia according to the protocol
described above. The band was immediately put in sterile plastic
PP tubes for protection during transport. Within 2—6 h the band
was dipped in liquid chromatography mass-spectrometry water
from Merck to remove any remaining tissue and slightly dried
on a paper. The devices were named according the same prin-
cipal as the in vitro devices and placed in a conditioning room
for mechanical testing. They were kept under vacuum at room
temperature in between analysis.

2.5. Characterizations of the 3D Printed PDO Device

The water-soluble degradation products after aging in vitro were
analyzed with matrix assisted laser desorption/ionization-mass
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spectrometry (MALDI-MS). Utilized instrument was a Bruker
UltraFlex time-of-flight mass spectrometer with a SCOUT-MTP
ion source equipped with a 337 nm nitrogen laser. The analy-
ses were done in reflector mode with a filter for positive ions at
an acceleration voltage of 25 kV and reflector voltage of 26.5 kV.
Before the measurements, the liquid phase was mixed with 2-
(4-hydroxyphenylazo)benzoic acid (HABA; 1 mg mL™!) from Su-
pelco and sodium chloride (NaCl; 1 mg mL™) in tetrahydrofuran
from Merck at equal volumes, and drop-casted (0.5 uL) on the
MALDI plate.?! Furthermore, the low molar mass compounds
present on remaining 3D printed devices after aging in vitro were
compared. The devices were placed in chloroform (CHCl;) from
Fischer Scientific for 24 h at room temperature and the extracted
low molar mass compounds were mixed with HABA and NaCl,
similar to the process for analysis of the products in the liquid
phase. The compounds extracted from the devices after in vivo
and in vitro aging of 28 days were further evaluated.

Fourier transform infrared spectroscopy (FTIR) absorption
analysis of the perforated bands aged under in vivo and in vitro
conditions was conducted at a resolution of 4 cm™ utilizing
PerkinElmer Spectrum 100 instrument equipped with an attenu-
ated total reflectance crystal accessory. All spectra were total area
normalized. The tensile testing of the devices was performed on
an Instron 5944 machine equipped with pneumatic grips and a
500 N load cell. The solid and perforated bands after in vitro,
and bands after in vivo degradation conditions were placed in
the conditioning room (23 + 1 °C and 50 + 5% relative humid-
ity) for 40 h before the testing was performed. The measure-
ments were run at speed of 10% min~' with a gauge length of
0.5 cm. The Young’s modulus was calculated between the elonga-
tion of 2-5%. For each aging time, a replicate of 3-11 bands were
evaluated. Relative molar mass of the devices was determined
by size exclusion chromatography (SEC) and conducted on the
GPCMAX instrument from Malvern with an autosampler at a
flow rate of 0.5 mL min ~'. The solvent was CHCl; with 2% v/v
toluene from Fischer Scientific as an internal standard. Prior to
the measurements, the perforated and solid bands from in vitro,
and bands from in vivo aging, were dissolved in CHCI, (with 2%
v/v toluene) at 40—45 °C and filtered with a Teflon filter (0.45 pm).
The instrument was equipped with two PLGEL 5 um MIXED-D
columns. Calibration of the instrument was performed with nar-
row polystyrene standards (M,, = 1 200-400 000 g mol~!). For
each band or aging time, 2-3 bands were evaluated.

Thermal properties of the bands were measured by utilizing
Mettler Toledo differential scanning calorimetry (DSC) 820
module. The perforated and solid bands aged in vitro, and bands
aged in vivo were placed in an aluminum cup with a pinhole on
the lid. Analysis was carried out through heating/cooling during
three cycles from —30 to 200 °C at a rate of 10 °C min~! under
a N, flow rate of 50 mL min~'. For each aging time, 3-7 bands
were evaluated in the DSC runs. The scanning electron mi-
croscopy (SEM) images were acquired by Ultra high-resolution
FE-SEM (Hitachi S4800) at an operating voltage of 2 kV. Prior
to analysis, the perforated bands from in vitro conditions, and
the bands from in vivo conditions, were placed on the SEM stub
covered with a carbon tape. The samples were coated with Pt/Pd
at a thickness of 3 nm. Wide angle X-ray diffraction (WAXD)
analysis of the perforated and solid bands after in vitro aging,
and bands after in vivo aging, was performed on a PANalytical
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X'Pert PRO diffractometer equipped with a silica monocrystal
sample holder. Cu « alpha (4 = 1.541874 nm) was operating
at a voltage of 45 kV and a current of 40 mA. The intensity was
measured at 2Theta (26) angular range between 4° and 60°.

3. Results and Discussion

A resorbable PDO device was manufactured by 3D printing to aid
ligation of vascular tissue during surgical procedures in horses.
The degradation and mechanical performance of the device were
evaluated after different in vitro and in vivo aging times. In vitro
aging enabled the analysis of remaining mass of the devices, pH
changes and the analysis of formed water-soluble degradation
products. In vivo aging was performed to assess the clinical suit-
ability of the 3D printed PDO device and to identify any differ-
ences compared with the degradation process in vitro. The degra-
dation profile and structural properties of the devices were mon-
itored to understand the degradation induced and mechanical
performance changes of the device, to ensure the performance
in the intended application. Furthermore, the influence on the
degradation of two different macroscopic structures of the device
was evaluated.

3.1. Degradation Profile

The 3D printed resorbable PDO device was constructed as
a flexible band with two different macroscopic morpholo-
gies; a perforated part connected to a locking case and a
solid part. A resorbable polymer device should retain ade-
quate mechanical properties as surgical aid for the time re-
quired for the vascular tissue to reorganize, and finally de-
grade into water-soluble products in the body. The degrada-
tion product profile of the in vitro aged 3D printed device was
therefore studied by MALDI-MS (Figure 2).3°) The analysis
showed content of cyclic PDO ((O—CH,—CH,—0—CH,—C=0],)
and linear PDO terminated with alcohol and acid end-groups
(H—{O0—CH,—CH,—0—CH,—C=0],—OH) after aging in simu-
lated body conditions in PBS buffer at 37 °C (Figure 3). In accor-
dance, previous hydrolytic degradation studies of PDO suggested
formation of linear acidic degradation products, e.g., hydroxy-
acids as a result of the hydrolysis of the ester bond of PDO.3132I
The detected water-soluble oligomers were revealed after all eval-
uated aging times of 10, 28, and 140 days. Most of the products
were cationized by Na* and/or K*, which are common adducts
detected in MALDI-MS analysis after the addition of salt.

Two main trends were noticed for an aging time up to 28 days.
First, the relative content of high molar mass water-soluble degra-
dation products increased with aging time. This can be due to in-
creased chain mobility and the larger space in the polymer matrix
as consequences of degradation, which allowed for the release of
the longer chains.!*! Second, the content of linear hydroxyacids
increased over cyclic degradation products, which indicated that
the hydrolysis of the cyclic products proceeded with aging time,
either in liquid phase of the already released products, or through
continued degradation of the device. The formation of acid degra-
dation products can further catalyze the hydrolysis of the es-
ter bonds and accelerate the degradation. After the longest ag-
ing time of 140 days, the relative amount of larger water-soluble
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oligomers was lower in comparison to shorter oligomers. Fur-
thermore, a smaller number of different products was detected in
the PBS phase in comparison to the products detected in the sam-
ples with shorter aging times. This supports the further hydroly-
sis of the initially released hydroxyacids and cyclic oligomers.

To get a full picture of the degradation profile of the 3D printed
devices, the low molar mass compounds remaining on the solid
device were also analyzed by MALDI-MS (Figure 4; and Figure
S1, Supporting Information). The remaining parts of the PDO
devices were soaked in chloroform (CHCL,) after different aging
times and the extracted degradation products were analyzed.
Similar degradation products were attached to the 3D-printed
devices as encountered in the PBS phase. Although, the relative
number of degradation products with higher molar masses were
greater in the extracted CHCI; phase compared with the PBS
phase (Figure S1, Supporting Information). This is probably
due to the lower water solubility as well as migration rate of
the higher molar mass compounds. Moreover, two additional
series of linear PDO oligomers (H—{O—CH,—CH,—O0—CH,-
C=0],—0—CH,—CH,—OH +Na)* and
(H—C=0—C=0—{0—CH,—CH,—0—CH,—C=0],—OH  +K)*
were detected at m/z 1003, 1105, and 1031, 1133, respectively,
after 10 and 28 days (Figure 3). These compounds were neither
present on PDO140 nor PDOO. In the former case, probably due
to the continued degradation with aging time and in the latter
because of lower flexibility and compactness of the device before
degradation, which lowered the migration rate. These two series
of PDO oligomers might have been formed by thermal oxidation
during the processing of the device as polyether-esters has been
shown to be perceptive to thermo-oxidative degradation.[**]

It was further shown that the low molar mass products remain-
ing on the devices after in vivo conditions were in good agree-
ment with the ones present after in vitro aging with 28 days of
aging time. One difference was the higher relative number of lin-
ear oligomers over cyclic oligomers after aging in vivo between
m/z of 900-1200. Furthermore, additional functionalities to that
of PDO were detected on the in vivo aged devices by FTIR as as-
signed to the wavenumbers 3250, 1650, and 1530 cm™ (Figure
S2, Supporting Information). These additional functional groups
were not detected on the in vitro aged devices. It is plausible that
the functionalities were attributed to adsorbed proteins on the
surface of the devices from the early stage of implantation,>]
where the peaks represented vN—H, Amide I (vC=0, vC—N) and
Amide IT (6N—H, vC—N), respectively. When the device was ex-
cised, a mild local inflammation was seen in the tissue around the
implant. Macrophages and foreign-body giant cells can release
degradative enzymes, reactive oxygen species and acid bioreac-
tive agents that can affect the degradation of biomaterials.[**]

As the MALDI-MS analysis showed content of degradation
products including acid degradation products, the mass loss of
PDO devices and pH of PBS solutions were further monitored
(Figure 5). The remaining mass of the 3D printed device was still
99% after 10 days in vitro. Low initial mass loss has earlier been
attributed to random chain scission during degradation of the
amorphous parts,?!! which initially leads to formation of water-
insoluble high molar mass products. The hydrolytic degradation
of PDO likely begins with hydrolysis of amorphous parts that are
more accessible to water and at later stages the crystalline parts of
the polymer will be hydrolyzed.[3?] The mass loss increased after

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 2. a) MALDI-MS of water-soluble degradation products in the PBS phase after aging in vitro for the different times in the m/z ranges 400-1200,
b) the suggested identification of the detected water-soluble oligomeric adducts with corresponding m/z values.

28 days with a remaining mass of 94% due to continued hydroly-
sis further catalyzed by the more acidic medium.[*! Other studies
observed that the mass loss of PDO sutures in buffer was minor
up to at least 4-8 weeks, where after it increased gradually.*13?]
After 140 days of degradation, the remaining mass of the PDO
device was only 33%, which led to shrinkage of the device upon

Macromol. Biosci. 2021, 21, 2100164 2100164 (5 of 12)

drying. It has been shown that the shrinkage of a PDO suture
correlated with the mass loss during degradation.*>)

The pH of the PBS decreased from 7.4 after 10 days of degra-
dation to 3.3 after 28 days. Thus, the capacity of the buffer was
exceeded. The PBS was not regenerated during aging to be able
to collect the released low molar mass degradation products. The

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 3. Suggested molecular structures for the series of oligomers detected in the PBS phase and remaining in the devices after aging in vitro and
in vivo. 1. Cyclic oligomers, 2. Linear acid and hydroxyl terminated oligomers, 3. Aldehyde and acid terminated oligomers and 4. Oligomers terminated

with two alcohol groups.

low pH indicated the formation of acid products and supported
the MALDI-MS analysis. Other studies have shown that pH was
relatively stable under longer aging times of PDO in comparison
to this study.’'*2] The pH change during degradation of PDO
may depend on several factors. The hydrolysis rate will be influ-
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Figure 4. MALDI-MS of low molar mass products extracted from the de-
vices subjected to in vitro conditions for different aging times, and in vivo
for the aging time 28 days between m/z ratio 900-1200.
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enced by the degree of crystallinity as amorphous parts of a poly-
mer typically undergo faster degradation. Other influences are
the outer conditions applied, such as temperature, medium, and
the ratio between amount of device and medium. Furthermore,
the contact area between device and the medium also plays an
important role in the rate of degradation.l**] The processing of
PDO will both influence the crystallinity and the macroscopic
morphology, which determines the immediate contact with the
medium. After the longest aging time of 140 days, the pH in the
liquid phase had further decreased to 2.3.

3.2. Mechanical Performance

It is essential to confirm the mechanical performance of the
3D printed resorbable devices after aging, as decreasing me-
chanical strength may jeopardize the intended support needed
during tissue reorganization. Tensile testing was performed
on the devices that had been subjected to in vivo and in vitro
aging for the different time periods (Figure 6 and Table 2). The
mechanical performance of the remaining PDO devices was in
general similar or inferior to the original PDOO depending on
the aging conditions and time. Overall, the PDO devices aged in
vitro maintained their mechanical properties better compared
with the devices aged in vivo during the same period. For in
vitro devices, the Young’s modulus (E) and tensile strength at
break (o},) were relatively unchanged up to an aging of 10 days.
However, the standard deviations increased with aging time as
a result of small variations in the degradation process. It has
previously been shown that changes in E and o}, of PDO sutures
were minor for aging in vitro especially during initial weeks
of degradation.!®%3738] It was depicted that the minor change
in modulus of PDO after degradation was related to the low
mass loss.?Y In the current study the decrement of strain at
break (e,) was as large as 88% for perforated band after 10 days
of aging. Similarly, it was reported that a PDO suture showed
significant loss of strain after 14 days in PBS with pH 7.4 at
37 °C,l®l whereas the other mechanical properties were more
resistant. Another degradation study of a PDO suture in similar
conditions, but performed in Ringer’s solution, showed that the
strain was relatively constant after aging for 56 days.*’!

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 5. Remaining mass of the 3D printed devices a), an image showing part of the perforated band of PDO0, PDO28, and PDO140 b) and the changes

of pH in liquid phase (PBS) after aging times of 0, 10, 28, and 140 days c).

The modulus and strength of the device were seriously agitated
after in vitro aging for 28 days. The perforated band could not
be tested due to fragility, whereas the solid band had a strength
reduction of 84% compared with the original solid PDOO band.
Similarly, PDO stents and sutures subjected to PBS at 37 °C
displayed a significant reduction in mechanical properties after
28 days of degradation.[®3%) After the initial rapid decrease, the
strain at break remained relatively constant during further ag-
ing. The perforated band showed initially slightly higher modu-
lus and strength values compared with the solid band. Whereas,
the strain at break values of the perforated bands were similar
to those of the solid bands at all aging times. Resembling re-
sults were encountered after in vitro degradation of a compara-
ble device made through injection molding of poly(glycolide-co-
trimethylene carbonate) triblock copolymer."]

The in vivo aging resulted in completely different impact on
the mechanical behavior of the devices compared with the devices
aged in vitro. It was not possible to test mechanical properties of
the remaining in vivo devices after 28 days due to fragmentation
of the band into small parts. The corresponding E and o, values
for in vivo aged devices decreased by 28% and 54% after only 10
days, respectively. The strain at break after aging in vivo showed a
loss of strain at break of up to 95%, which was matching the val-
ues of in vitro aging. Previously, in vivo incubation of a PDO su-
ture in rabbit fascia and peritoneal cavity showed significant loss
of breaking strength after 28 days, whereas the strength of the su-
ture was retained in Ringer’s lactate.[*) A PDS suture placed sub-
cutaneously in rats for 42 days further demonstrated a significant
strength reduction.*!l Enhanced in vivo degradation was sug-
gested to be due to the presence of phagocytes and their release of
reactive oxygen species in case of a poly(trimethylene carbonate-
co-d,llactic acid) copolymer.[*?) On the other hand, another study
demonstrated that the in vitro degradation had slightly more neg-
ative effect on the mechanical strength of PDO sutures compared
with aging under in vivo conditions, which was explained by the
more severe and static conditions.l”) In addition to variations of
polymer structure and characteristics and exact aging conditions,
the differences in manufacturing, i.e., 3D-printing and anatomic
location of the device within the animal might influence the ag-
ing process.

Macromol. Biosci. 2021, 21, 2100164 2100164 (7 of 12)

The initial degradation of the polymer during aging was most
likely connected to scission of the tie chains in the amorphous
parts,33] whereas the following loss in mechanical properties
may be related to the decreasing molar mass caused by hydrol-
ysis of ester bonds. As expected, the relative molar mass de-
creased steadily with aging time in vitro and in vivo (Figure 7;
and Table S1, Supporting Information). The devices, thus, de-
graded significantly even though the mass losses were relatively
low during the same time period. This is typical for the hydroly-
sis process, which initially is characterized by decreasing molar
mass and limited mass loss. It correlates with the random chain
scission of the amorphous parts in the beginning of the degra-
dation process.’!l During the second stage, accelerated mass
loss rate is typically observed due to formation of water-soluble
degradation products.l**] The largest reduction in molar mass
was observed between 10 and 28 days of aging. As an exam-
ple, the mass average molar mass (M,,) decreased from 52 000
for PDO10 to 20 200 g mol~! for PDO28 perforated bands after
in vitro aging. This correlated with the mass loss and pH drop
that was evident after 28 days in comparison to the shorter aging
times.

The molar masses of the devices were similar after aging in
vivo and in vitro conditions for almost all aging times. An excep-
tion was PDO28 that had slightly greater molar mass after aging
in vivo compared with aging in vitro conditions. The dispersity
(P) of the PDO devices after in vitro and in vivo aging could fur-
ther reveal differences in degradation profiles (Table S1, Support-
ing Information). The D of in vitro aged devices was constant at
1.9 up to 10 days for the perforated band, after which it decreased
to 1.6 after 28 days. Itis anticipated that the differences in lengths
of the polymer chains increase in the beginning of degradation
and decrease with longer aging times due to the release of water-
soluble products from the devices.*?! Whereas, the D during ag-
ing in vivo was constantly 2.0 and independent of aging time. It
was shown that a larger dispersity of PDO stem from enhanced
surface degradation compared to bulk degradation.[**! Further-
more, the relative molar masses of the perforated and solid bands
after in vitro were similar for all aging times considering the large
standard deviations. A longer degradation time could have led to
larger differences in the molar masses of perforated and solid

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Table 2. Mechanical properties of the 3D printed devices subjected to in

a) vitro and in vivo aging.
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Figure 6. Young's modulus a), tensile strength at break b) and tensile
strain at break c) of 3D printed PDO devices after different aging times.

bands. The molar mass of PDO140 could, however, not be evalu-
ated due to insolubility in CHCl,.

DSC evaluation gave further insights into the degradation pro-
cess and the observed changes in the mechanical performance of
the PDO devices. As references, the specific enthalpy of fusion
(AH,,;) of PDOO before aging was 72 ] g™' and that of PDSII
suture was 85 ] g7!. This demonstrated the influence of mate-
rial processing on crystallinity since the heat of fusion is pro-
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Time (days)

Figure 7. Number average and mass average molar masses obtained
through SEC for 3D printed PDO devices after in vitro and in vivo aging.

portional to the crystallinity of the polymer. The AH,; of the 3D
printed PDO devices during first heating cycle was constant up
to 10 days and increased after 28 days for devices aged both in
vivo and in vitro (Figure 8; and Table S2, Supporting Informa-
tion). The observed insolubility of in vitro PDO140 in CHCI; may
be due to high crystallinity, which had further increased after 28
days. Several studies have shown that the crystallinity of PDO in-
creases with aging time.[®32] The increment of crystallinity with
aging time is expected to occur as the amorphous parts of a poly-
mer degrade before the crystalline parts. In addition, it has been
suggested that the greater movement of shorter chains and heat-
ing above the glass transition of PDO (below room temperature
before degradation) can enable the rearrangement of the loose
chains into crystals.?>] In the present study, the change in melt-
ing temperature was minor up to 28 days. After that, the melting
temperature of the in vitro perforated PDO140 band decreased
to 93 °C from the initial 110 °C for PDOO. This decrease is prob-
ably a result of the decreased molar mass and could also indi-
cate that the degradation of the crystalline parts of the device was
proceeding.[3?]

The in vivo aged devices displayed slightly lower specific
enthalpy of fusion and higher melting temperature compared
with in vitro aged devices after 28 days. Whereas, there was no
difference in the glass transition temperature (T,) of in vivo
and in vitro aged devices during second heating cycle. The T,
could decrease as a consequence of decreasing molar mass.!*

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 8. The specific enthalpy of fusion a), melting temperature b) and
glass transition temperature c) of 3D printed PDO devices after different
aging times.

The absence of changes may be due to increased crystallinity
with aging time, which restricts the movement of chains and
could counteract the effect of decreasing molar mass. After
140 days, the T, of PDO had increased to 20 °C from ~ —10 °C
for the shorter aging times. Here, the crystallization during cool-
ing probably gave rise to more imperfect or thinner crystals as
indicated by the lower melting temperature, which also lowered
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the flexibility of the material. There were minor differences in
the thermal properties of perforated and solid bands.

3.3. Morphological Changes

The SEM analysis provided additional understanding of the
degradation process and mechanical performance of the 3D
printed PDO devices after in vivo and in vitro aging (Figure 9).
Furthermore, the analysis gave insights into the degradation of
the different macroscopic morphologies of the device after in
vitro conditions. Both PDOO, before degradation, and PDO10 af-
ter in vitro aging, displayed the appearance of spherical crystals at
microscale that were partly connected to each other. Similar crys-
tal morphology of PDO was previously observed after both melt
crystallization!*] and solution casting.!*?] After 28 days of aging
in vitro, the separate crystals became more diffused and displayed
a continuous phase of the polymer. A similar appearance of the
surface of the device could be noticed already after 10 days of in
vivo aging. Since the degradation rate in terms of crystallinity and
molar mass was comparable between devices from in vitro and
in vivo aging after 10 days, the variance in surface appearance
most likely resulted from the different environments. During in
vivo, the device was placed in nonstatic system with extracellu-
lar fluid composition acting to keep homeostasis while changing
over time depending on the actual status of local inflammation.
The device is also subjected to an immunologic defence system
and dynamic movement from the muscles in the horses. In vitro,
the device was placed in a closed system in PBS solution under
static condition.

After 140 days in vitro and 28 days in vivo aging the PDO ma-
trix became apparently ruptured. The in vivo PDO140 was not be
tested since the device fragmented into small pieces already after
28 days. As viewed in the SEM images, especially of the in vivo
PDO28 device, areas of apparent degradation were illustrated by
holes in the polymer matrix. The holes are likely due to degrada-
tion of amorphous parts, but the presence of macrophages and
their release of reactive oxygen species could have enhanced the
degradation.*’] A histological evaluation of in vivo device after
10 days showed adhesion of macrophages to the device, which
sustained that degradation of PDO during in vivo aging led to
loss of small pieces.[*®] Furthermore, phagocytosis have earlier
been observed of various types and sizes of plastics.[*)] It was first
after the longest aging time in vitro, 140 days, that the appearance
of cracks in the PDO matrices were noticed for both perforated
and solid bands. Similarly, it was previously shown that surface
cracks and detachment of surface layers of PDO suture appeared
after 120 and 150 days in PBS at 37 °C, respectively.’] As previ-
ously outlined, the degradation depends on several parameters,
such as crystallinity, conditions, and morphology of PDO. For
instance, PDO films, solution casted and thermally processed
through extrusion and melt compounding displayed large cracks
after only 42-59 days at similar conditions.!*6:0]

The SEM images of the perforated and solid bands of PDO140
indicated that there was a difference in degradation process de-
pending on the different morphologies of the device (Figure 9).
In the perforated band, the appearance of larger spherical crystals
was still prominent even though they were still closely positioned
to each other after drying. The solid band, on the other hand,

© 2021 The Authors. Macromolecular Bioscience published by Wiley-VCH GmbH
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Figure 9. SEM images of devices after different aging times in vitro and in vivo.

showed appearance of narrowly located fibers within the polymer
matrix. This indicated that there is a difference in the degradation
process of the perforated and solid bands. As earlier outlined, the
PDO28 solid band was still intact, whereas the perforated band
was too fragile to be mechanically analyzed. It has been stated
that the processing and following orientation of lamellae of PDO
filaments influenced the location of degradation.!”:31:323945] The
resulting cracks from degradation of amorphous parts of PDO
were found to be oriented perpendicular to the fiber direction
to the most part, which was suggested to be due to interlamellar
degradation. Furthermore, it was shown that water medium gave
rise to longitudinal cracks owing to the more efficient interfibril-
lar water swelling due to fewer tie chains compared with between
the lamellar structures.[*]

The crystalline character of the 3D printed devices was further
investigated by wide angle X-ray diffraction (WAXD) (Figure 10).
All PDO devices, before and after aging, showed content of a
crystalline phase. The devices acquired after the in vitro and in
vivo conditions displayed two reflections by WAXD as earlier
shown for PDO.*>3° They were located at 22.2° and 23.7° for
the in vitro perforated bands. There was no change in peaks
positions for any of the devices up to an aging time of 28 days.
Hence, the degradation primarily occurred in the more amor-
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phous parts of PDO. Similar was encountered after degradation
of PDO sutures in PBS buffer at 37 °C for up to around 65
days.[*] Tt was concluded that the unit cells did not distort by
the degradation. After 140 days, the reflection at 22.2° for the
perforated band, and both reflections for the solid band, shifted
to lower 20. It was assumed that this was a result of the hy-
drolytic degradation of some crystalline parts of the PDO device,
and in line with the thermal analysis revealing lower melting
temperature of PDO140 compared with devices acquired after
shorter aging times and the original PDOO.

The perforated and solid bands, including PDOO, displayed
different peak positions, which were preserved at all aging times.
It was shown that the solid bands exhibited slightly lowered 26 of
the two peaks compared with the perforated bands. Thus, the
two different macroscopic morphologies of the device displayed
distortions, or different d-spacings, of the crystallites. We spec-
ulate that the temperature gradient during cooling of the de-
vice on the 3D printing bed was slightly different for the perfo-
rated and solid parts of the band. As well established, polylactide
forms two crystalline structures when melt processed at different
temperatures.I>! The difference in d-spacings of crystallites may
in turn have influenced the degradation of the perforated and
solid bands as seen by SEM and XRD, but needs more evaluation.
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Figure 10. WAXD of 3D printed PDO devices of perforated part a), solid
part of the band b) and after in vivo c) at different aging times.

4, Conclusions

A resorbable 3D printed PDO device for ligation of vascular tis-
sues in horses was tested. The degradation profile and mechani-
cal performance of the device were fingerprinted and compared
during aging in vivo and in vitro. During aging, both cyclic and
linear degradation products of PDO were released into the PBS
solution, where the relative number of linear counterparts in-
creased with time. Analysis of the low molar mass compounds
remaining in the devices, revealed that the in vivo device dis-
played content of additional linear degradation products in com-
parison with the in vitro aged device. After 10 days of aging, the
Young’s modulus and strength at break of the in vivo aged de-
vices had decreased by 28% and 54%, respectively. However, the
corresponding values of in vitro aged devices were still similar to
the PDO device before degradation. After 28 days, the aging gave
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rise to significant deterioration of mechanical performance and
the in vivo aged devices had fragmented into small parts exhibit-
ing clear holes in the PDO matrix. Any apparent visible cracks
of the in vitro aged device were first significant after 140 days.
Furthermore, two parts of the device with different macroscopic
morphologies displayed divergence in degradation as seen by ap-
pearance and crystallite peak positions after 140 days. This shows
the importance of in vivo testing of bioresorbable devices and fur-
ther highlights the influence of different morphologies on the
degradation of resorbable polymer devices.
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the author.
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