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1 | INTRODUCTION

A key feature of cell delivery devices is that they are composed of bio-

materials which elicit no or minimal foreign body response. Depending
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Abstract

To effectively apply microwell array cell delivery devices their biodegradation rate
must be tailored towards their intended use and implantation location. Two
microwell array devices with distinct degradation profiles, either suitable for the fab-
rication of retrievable systems in the case of slow degradation, or cell delivery sys-
tems capable of extensive remodeling using a fast degrading polymer, were
compared in this study. Thin films of a poly(ethylene glycol)-poly(butylene terephthal-
ate) (PEOT-PBT) and a poly(ester urethane) were evaluated for their in vitro degrada-
tion profiles over 34 weeks incubation in PBS at different pH values. The PEOT-PBT
films showed minimal in vitro degradation over time, while the poly(ester urethane)
films showed extensive degradation and fragmentation over time. Subsequently,
microwell array cell delivery devices were fabricated from these polymers and intra-
peritoneally implanted in Albino Oxford rats to study their biocompatibility over a
12-week period. The PEOT-PBT implants shown to be capable to maintain the
microwell structure over time. Implants provoked a foreign body response resulting
in multilayer fibrosis that integrated into the surrounding tissue. The poly(ester ure-
thane) implants showed a loss of the microwell structures over time, as well as a
fibrotic response until the onset of fragmentation, at least 4 weeks post implantation.
It was concluded that the PEOT-PBT implants could be used as retrievable cell deliv-
ery devices while the poly(ester urethane) implants could be used for cell delivery
devices that require remodeling within a 4-12 week period.

KEYWORDS

biodegradation, cell-material interactions, foreign body reactions (response), implant design,

regenerative medicine

on the clinical application these biomaterials can be selected in such a
way that their biodegradation matches the intended tissue or implant
location. For instance, delivery devices that should be retrievable
within the first couple of months should display high polymer stability
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with minimal tissue interactions to ensure that the whole device can
be easily removed or replaced at the end of the experiment or during
the clinical treatment. In other cases, extensive engraftment and tis-
sue regeneration might be required and, in those instances, degrada-
tion should be synchronous with new tissue formation. A very clear
example of retrievable devices can be found in the field of islet trans-
plantation, where insulin-producing B-cells or pancreatic donor islets
are combined with a so-called islet delivery device to treat type 1 dia-
betes (Buitinga et al., 2017; Skrzypek et al., 2017). The general con-
sensus is that these devices should consist of nonbiodegradable
biomaterials to allow for retrieval in case a severe inflammatory
response against the allogenic cells might occur or if over time insulin-
producing cells have to be replenished to obtain sufficient insulin
independence. However, it is also crucial that insulin-producing cells
are sufficiently supplied with nutrients and oxygen to maintain their
survival and glucose responsiveness (Lau, Henriksnds, Svensson, &
Carlsson, 2009). This requires proper engraftment which is better
supported by degradable materials that elicit a minimal foreign body
response than by nondegradable materials. On the other hand, exten-
sive engraftment is for instance required for the embedding of
organoids, such as kidney organoids generated from human pluripo-
tent stem cells. Proper implant engraftment in the surrounding tissue
and vasculature ingrowth is a major concern during implant design,
which is most optimal in a biocompatible, fast degrading implant in
which the implant is gradually replaced by regenerated tissue.

We have chosen two distinct polymers which can both be used
to create a thin film microwell array islet delivery device with very dif-
ferent degradation properties (Deschamps et al., 2002; Hadavi
et al., 2018; Hadavi et al., 2019). The slow degradable polymer used in
this study belongs to a family of block copolymers composed of poly
(ethylene oxide terephthalate) and poly(butylene terephthalate)
(PEOT-PBT) which is a thermoplastic elastomer used in various com-
positions for cartilage repair (Barron et al., 2015), nerve tissue engi-
neering (Santos, Wieringa, Moroni, Navarro, & Valle, 2017), pancreatic
islet delivery devices (Buitinga et al., 2013; Buitinga et al., 2017;
Hadavi et al., 2019), clinically applied bone fillers (Bartha et al., 2013),
and dermal substitutes (Mensik, Lamme, Riesle, & Brychta, 2002). We
report on a specific composition namely 4000PEOT30PBT70, with
4000 being the molecular weight of the poly(ethylene oxide) group,
and the 30 and 70 denoting the mass ratio percentage between the
“soft” PEOT and “hard” PBT, that is also previously used in a diabetic
mouse study (Buitinga et al., 2017). In comparison we also report on a
poly(ester urethane) polymer that has been used in biomedical
research for meniscal inserts (van Tienen et al., 2002), nerve guides
for nerve regeneration (Chiono et al., 2011), and vascular tissue engi-
neering (Jovanovic et al., 2010). Clinical trials have been performed
with a medical device called C-seal, made from the same poly(ester
urethane) to support stapled colorectal anastomoses (Bakker
et al,, 2017; Kolkert, Havenga, ten Cate Hoedemaker, Zuidema, &
Ploeg, 2011; Morks et al., 2013) while in another form it was clinically
used as so-called NasoPore nasal dressing foam (Romano et al., 2017,
Wang, Cai, & Wang, 2014). The poly(ester urethane) was prepared
using a diisocyanate, butanediol, and a dihydroxy end functionalized

random copolyester of lactide and e-caprolactone, into a linear seg-
mented copolymer, consisting of alternating “hard” and “soft” seg-
ments (Guelcher, 2008).

Both biomaterials are thermoplastic polymers that allow res-
haping of the material by microthermoforming into a thin film
microwell array cell delivery device similar to the one described by
Hadavi et al. (2019). Such a delivery device consists of an array of
micrometer-sized wells to retain cells aggregates, organoids, or pan-
creatic islets, thereby effectively preventing clustering of cells. The
implant was designed to be a thin as possible with a large surface area
to maximize the survival of encapsulated cells in the device. On the
other hand, this design makes the biomaterial prone to degradation/
disintegration. Observing the degradation/disintegration characteris-
tics of biopolymers in their final implant shape is therefore essential
to predict the effectiveness of future cell delivery studies. The aim of
this study is to evaluate the in vitro degradation profile and in vivo
biomaterial-tissue interactions of microwell array cell delivery devices
that should pave the way for retrievable implants and implants
involved in extensive tissue remodeling.

2 | MATERIALS AND METHODS

21 | Materials

Similar sized thin films of the 4000PEOT30PBT70 and poly(ester
urethane) were made by solvent casting as described previously
(Hadavi et al., 2019). The 4000PEOT30PBT70 (PolyActive™,
produced by Polyvation BV, Groningen, the Netherlands) is com-
posed of poly(ethylene oxide) with a molecular weight (Mw) of
4000, and the weight percentage (wt%) of PEOT and PBT blocks
was 30 wt% and 70 wt%, respectively (Sutherland, Mahoney 2nd,
Coury, & Eaton, 1993). The poly(ester urethane) was provided by
Polyganics BV (Groningen, the Netherlands). For preparation of
polymer solutions chloroform (Merck, Darmstadt, Germany) and
1,1,1,3,3,3-hexafluoro-2-isopropanol (Biosolve, Valkenswaard, the
Netherlands) were used as solvents (Bartha et al., 2013; Mensik
et al., 2002).

2.2 | Polymer film fabrication

Thin films with a thickness of 40 pm were fabricated using solvent
casting. The 4000PEOT30PBT70 was dissolved in a 65:35 (wt/wt)
mixture of chloroform and 1,1,1,3,3,3-hexafluoro-2-isopropanol at a
concentration of 15 wt% and casted on a 100-mm diameter silicon
wafer (Okmetic) at room temperature. The polymer films were dried
under a continuous nitrogen stream for 4 hr followed by immersion in
ethanol to remove residual solvent and easily peeling from the sub-
strate. Subsequently, the polymer films were dried in a vacuum oven
(Heraeus, Hanau, Germany) at 30°C for 3 days. Poly(ester urethane)
films with a thickness of 40 pm were fabricated in a similar way from

a 5 wt% polymer solution in chloroform.
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Microthermoforming of polymer films. Micro-thermoforming steps to manufacture microwell array devices either from (a)

4000PEOT30PBT70 or (b) poly(ester urethane). The construct is assembled, upon which heat and pressure is gradually increased to form the
microwells. The construct is then cooled to fix the architecture and subsequently demolded. SEM images of the side view of thermoformed (c)
4000PEOT30PBT70 and (d) poly(ester urethane) microwell scaffold. (e) The microwell array delivery device is closed with a thin film made from
the same biomaterial serving as a lid. The lid is annealed to the thermoformed bottom by a tailor-made hot sealing system

2.3 | Mechanical and thermal properties

The mechanical properties of dry polymer films were determined using
a universal tensile testing device (Zwick Z020, Germany). Samples with
a thickness of 40 pm were cut according to American Society for Test-
ing and Materials (ASTM) specifications (50 mm x 4 mm). Tensile tests
were carried out at room temperature using a 0.01 N pre-load, a cross-
head speed of 50 mm/min and an initial grip to grip separation of
30 mm. Thermal properties were determined with differential scanning
calorimetry (DSC). 4000PEOT30PBT70 samples were heated from —50
to 235°C at a rate of 20°C.min~! and quenched to —50°C. After holding
the temperature at —50°C for 6 min the samples were heated to 235°C
at a rate of 20°C. min™*. The thermal data reported were from the sec-
ond heating run. Similar experiments were performed on poly(ester ure-

thane) samples except that the upper temperature was 125°C.

24 | |Invitro degradation

Controlled in vitro hydrolytic degradation experiments were carried
out by immersing 20 mg polymer films in phosphate-buffered saline
(PBS) solution at pH 5, 7.4, or 9 at 37°C and were gently shaken using
a table top orbital shaker at 150 rpm. Solutions with different pH
were used to determine the relative polymer stability at physiological
pH compared to artificially-stimulated biomaterial degradation, which
are unlikely for biomaterials to be exposed to in the human body.

Three samples were retrieved for every pH at every time point [week

0,1,3,5,7, 12 and 34 for 4000PEOT30PBT70 and week O, 1, 3, 5,
12, 15, and 34 for poly(ester urethane)]. Polymer mass was deter-
mined after drying, and the average was calculated. Subsequently,
FTIR spectra, as well as *H NMR spectra of dissolved samples in
DMSO-dé or CDCls were taken. The changes in surface morphology
of degraded polymer films were examined using scanning electron
microscopy (JEOL JSM-6400 SEM, Japan). Before scanning electron
microscopy samples were gold coated using a Cressington 108 auto
sputter coater (Cressington, Watford UK).

2.5 | Fabrication of microwell scaffolds

Thin films holding 4,630 microwells were made using the method
described by Hadavi et al. (2019) by means of micro-thermoforming
(Truckenmdiller et al., 2011). The 4000PEOT30PBT70 microwell scaf-
folds were produced by pressing the polymer films in between a metal
mold (Lightmotif, Enschede, the Netherlands) and a 560 pm thick
polyethylene film functioning as backing material (Figure 1a,c). The
construct was placed in a hydraulic press (Atlas Manual Hydraulic
press, Specac), upon which the mold pressure was set to 40 kN at
30°C. The temperature was subsequently increased to 85°C while the
pressure was kept at 40 kN. As soon as the temperature reached
85°C, the pressure was increased to 65 kN and the temperature was
set to 20°C. When the press was cooled to 20°C, the pressure was
released. The mold was then submerged in 70% ethanol for 15 min at

room temperature to ease separating the polymer film from the mold.
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Poly(ester urethane) microwell scaffolds were fabricated by press-
ing a 20-um thick polyethylene film in between the metal mold and a
540-pm thick paraffin film functioning as backing material (Figure 1b,
d). The construct was placed in the hydraulic press, clamped in
between the two pressure plates and heated to 41°C. During heating
the pressure was gradually increased. When the temperature
increased to 25°C, 30°C, 33°C, and 41°C the pressure was simulta-
neously increased to 30 kN, 40 kN, 50 kN, and 60 kN, respectively. As
soon as the temperature reached 41°C, the pressure was released and
samples were submerged in ice-cold ethanol for 15 min in order to
separate the scaffold from the mold. Subsequently, the microwells
were incubated in xylene for 1 min to remove any residual traces of
paraffin. Xylene was exchanged for ethanol by immersion in ethanol
for five times. After washing with ethanol, the microwell scaffold were
thoroughly rinsed in distilled water.

The microwell-containing films were then covered with a thin film

made from the same biomaterial serving as a lid and annealed by a

tailor-made hot sealing system to finally form the microwell array cell
delivery device (Figure 1e). The constructs were then disinfected
overnight by incubation in 70% ethanol, drying and subsequent wash-

ing with water.

2.6 | Implantation

The 30 mm diameter disc-shaped 4000PEOT30PBT70 and poly(ester
urethane) microwell films were implanted intraperitoneally in male
Albino Oxford rats, weighing ~200-250 g, to evaluate biomaterial-tis-
sue interactions and in vivo degradation at 1, 4, and 12 weeks post
implantation (n = 3 for each time point and each biomaterial). The
study was approved by the Dutch Central Authority for Scientific Pro-
cedures on Animals (CCD) and the intervention protocols were
approved (3006AA) by the local animal care committee of the Univer-
sity of Groningen, the Netherlands.
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2.7 | Histological evaluation

To assess the biocompatibility of the implanted microwell films,
4000PEOT30PBT70 samples were embedded in paraffin with a His-
toStar™ embedding workstation (ThermoFisher Scientific). Subse-
quently, 5 pm sections were prepared with a microtome (Microm HM
355S, Thermo Scientific). Since the melting point of the poly(ester
urethane) scaffolds is lower than that of paraffin, these scaffolds were
embedded in Tissue Tek (OCT, Sakura, catalogue# 4583) and sec-
tioned into 5 pm thick sections with a cryotome (Leica, CM3050). All
samples were stained with haematoxylin (VWR, VWRK4085-9002)
and eosin (Sigma Aldrich, E4009) to evaluate the tissue-biomaterial
interactions, or with trichrome (Sigma Aldrich HT15) for the visualiza-
tion of collagen deposition and fibrous tissue. Histological slides were
imaged using a Nikon Eclipse Ti inverted microscope and analyzed

using ImageJ software (http://rsb.info.nih.gov.ij).

3 | RESULTS AND DISCUSSION

3.1 | Invitro degradation
The 4000PEOT30PBT70 and poly(ester urethane) (Figure 2) were com-
mercially available materials for biomedical research. The microstructure
of both polymers are given in the Supporting information (Figure S1-S5
and accompanying text). in vitro degradation of the poly(ester urethane)
and 4000PEOT30PBT70 was followed by incubation of polymer films
(~20 mg) in PBS buffer at a pH of 5, 7.4, or 9 over 34 weeks. At every
time point, polymer samples were removed from the incubation buffer
and rinsed with water and air dried. Sample weight was determined, FTIR
spectra and *H NMR spectra were recorded, and macroscopic changes
were assessed by scanning electron microscopy of each sample.

Macroscopically, all 4000PEOT30PBT70 films, up to 34 weeks,
showed no visible signs of deterioration independent of incubation at
the different pH values. High magnification electron micrographs of
the films revealed some surface irregularities and some cracks at
34 weeks incubation (Figure 3a-c). On the other hand, the poly(ester
urethane) films showed cracks after 5 weeks and were fully fragmen-
ted after 34 weeks of incubation (Figure 3e,f).

The weight loss of 4000PEOT30PBT70 films over time (week O, 1,
3, 5,7, 12 and 34) indicated that the degradation of the polymer started
earlier at a pH of 9 compared to samples incubated at a pH of 5 or 7.4
(Figure 3g). At a pH of 5 and 7.4, after 34 weeks, the weight loss was
approximately 5%, while at a pH of 9 around 25% weight loss was
observed. In Figure 3g, the lines drawn can only be considered as trend
lines because no standard deviations were calculated. The observed
linear degradation profile has previously also been described for other
PEOT-PBT polymers (Kelloméki, Paasimaa, Grijpma, Kolppo, & Tormala,
2002). The amount of mass loss of PEOTPBT polymers has previously
been described to depend on its PBT content, with mass loss <10% in
PBS at pH 7.4 once the PBT mass ratio exceeds 50% (Deschamps
et al., 2004; Zhang, Feng, & Xie, 2009). Hydrolysis of the ester bonds

Y w- WILEY-—2

between the PEO and terephthalate units has been described to be
most susceptible to hydrolysis within PEOT-PBT block copolymers
(Deschamps et al., 2004; Gaharwar et al., 2014). The minor changes in
the surface texture of the films are most likely due to the low number of
these particular ester bonds and the relatively high amount of the “hard”
PBT blocks in 4000PEOT30PBT70. Moreover, both blocks in these
copolymers are phase separated into low, PEOT, and high crystalline
PBT domains. An uneven degradation throughout the polymer's micro-
structure leads to cracks and ultimately fragmentation, which becomes
visible after 34 weeks of accelerated in vitro degradation at a pH of 9
(Deschamps et al., 2004; Radder et al., 1995). in vitro degradation of
poly(ester urethane) showed a 60% weight loss over time (determined
at week 0, 1, 3, 5, 12, 15, and 34), independent of pH (Figure 3h). Deg-
radation of the poly(ester urethane) revealed the polymer to easily disin-
tegrate making the retrieval of all polymer mass difficult. Although three
samples were used for every time point and at every pH, the lines
shown in Figure 3h should be regarded trend lines. Other poly(ester ure-
thane) shows a similar S-shaped degradation profile, with differences in
degradation properties being linked to differences in hydrophilicity and
hard segment content (Umare & Chandure, 2008).

These findings indicated that extensive bulk degradation of the
poly(ester urethane) takes place, in strong contrast to 4000PEO-
T30PBT70, which only shows signs of some surface erosion after
34 weeks (Umare & Chandure, 2008; Van Blitterswijk, Leenders, &
Baaker, 1993). Degradation of the 4000PEOT30PBT70 and poly(ester
urethane) polymers proceeds through hydrolysis of the ester groups,
leading to polymer segments with hydroxyl and carboxylic acid func-
tional groups (Brown, Lowry, & Smith, 1980; Lee & Gardella, 2001;
Schoonover et al., 2001). The carboxylic acid groups may accelerate
the hydrolysis of the polyester segments in an autocatalytic process
(Lelah & Cooper, 1986; Stokes, McVenes, & Anderson, 1995).

In vitro degradation of the polymer films was also monitored by *H
NMR and FTIR spectroscopy. Only minor changes were observed for the
4000PEOT30PBT70 upon incubation independent of pH. A clear differ-
ence can be seen for the poly(ester urethane) films before and after
12 weeks incubation as shown by characteristic *H NMR spectra of the
poly(ester urethane) before and after degradation at pH 5 after 12 weeks
(Figure 4a). The spectral data show the presence of lactyl and cap-
rolactoyl end groups at 3.55 ppm, revealing hydrolysis of ester groups
has taken place. Polymer fragments recovered at later time points, inde-
pendent of pH, became difficult to dissolve in deuterated chloroform.
However, the recovered material could be dissolved in deuterated
DMSO, and the *H NMR data revealed a decrease in the signal of lactyl
methine and caprolactoyl CH,-C(O) methylene protons compared to the
3.1 ppm CH,NHC(O) proton signal. FTIR spectroscopy revealed only
minor changes for the 4000PEOT30PBT70 upon degradation (Figure 4b).
For the poly(ester urethane) films, hydrolysis of ester bonds was clearly
observed (Figure 4c). The ratio between the carbonyl absorption bands
of ester bonds at 1728 cm™* and carbamate bonds at 1680 cm™* clearly
changes as a result of ester group hydrolysis. The appearance of a broad

1

absorption peak at 3700 cm™" revealed the presence of hydroxyl and

carboxylic acid groups as a result of ester hydrolysis.
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3.2 | Thermal and mechanical properties

DSC revealed that the 4000PEOT30PBT70 is a semi-crystalline mate-
rial with a glass transition temperature of approximately —45°C and a
melting transition temperature at 218°C. No changes in these values
were observed after prolonged incubation in PBS at different pH
values during 34 weeks. The thermal properties of the amorphous
poly(ester urethane) revealed a glass transition temperature at —6.1°C
with a ACp value of 0.47 J g~* °C~%. At 105°C a very small transition
was observed, which can likely be explained by the molecular organi-
zation in the polymer due to hydrogen bonding of the carbamate link-
ages. Upon degradation the T; fully disappeared showing hydrolysis in
the polyester segments. The transition at ~100°C becomes more
defined but still it is very broad (Figure 4d). The observed increase in
crystallinity of the poly(ester urethane) may be due to the formation
of tetra-carbamate hydrogen bonded segments with short oligoester

moieties on the ends as presented in Figure 4e.

The Youngs modulus of the poly(ester urethane) (32 MPa) was
eight times lower than that of the 4000PEOT30PBT70 (260 MPa),
corresponding to the semicrystaline nature of the polyester (Figure
S6). Moreover, the peak stress of 4000PEOT30PBT70 (11.1 MPa)
was higher compared to the poly(ester urethane) (7.2 MPa). Both
polymers show a similar failure strain around 225%. A previous study
of Deschamps, Grijpma, and Feijen (2001) on the tensile behavior of
PEOT-PBT polymers revealed that an increase in the weight percent-
age of PEOT soft segments reduces the polymer strength and stiff-
ness, accompanied by an increase in elasticity of the material.

3.3 | Histology

Both poly(ester urethane) and 4000PEOT30PBT70 films were shaped
by microthermoforming into microwell scaffolds comparable to previ-
ously published research on p-cell delivery devices (Hadavi et al., 2019).
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These scaffolds were implanted in Albino Oxford rats in the intraperi-
toneal space to assess their engraftment and tissue interaction.
Implants prepared from 4000PEOT30PBT70 showed minimal
morphological changes upon implantation (Figure 5a-c) with forma-
tion of granulation/fibrous tissue after 4 weeks of implantation (Fig-
ure 5d-f) and finally formation of a clear fibrous capsule after
12 weeks of implantation (Figure 5g-1). Even though foreign body
giant cells (FBGCs) were present as of week 4 of implantation (Fig-
ure 5e), their prevalence was low. Microwell structures of 4000PEO-
T30PBT70 implants were slightly deformed over time, but most
importantly maintained the same well volume. On average, the micro-
wells were 300-350 pm deep and showed an inner diameter around
250 pm wide during the first 4 weeks of implantation, whilst implants
showed an average depth of 250 um and inner diameter of 350 pm

after 12 weeks of implantation. This altered microstructure of the

device could be caused by the foreign body reaction, resulting in mul-
tilayer fibrosis that integrated into the surrounding tissue (Figure 5j-I).
Here, failed phagocytosis leads to fusing of macrophages towards
FBGCs and also stimulates maturation of granulation tissue towards a
fibrous capsule in an attempt to isolate and prevent outspread of the
foreign body to other body regions (Klopfleisch & Jung, 2017). Some
of the fibroblasts differentiate towards myofibroblasts during fibrous
capsule formation which could lead to capsular contracture. These
myofibroblasts provide a contractile force while the collagen matrix
remodels and stabilizes the contracture, leading to implant deforma-
tion and mechanical stress (Headon, Kasem, & Mokbel, 2015).
Remarkably, a thicker fibrous layer (ranging between 50 and 150 pm)
was observed at the open side of the 4000PEOT30PBT70 implants
(Figure 5j-1), while the bottom side of the microwells only showed a

fibrous layer with a thickness of 14 +4 um. It has previously been
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FIGURE 5 Hematoxylin eosin staining of intraperitoneally implanted 4000PEOT30PBT70 rats after week 1 (a)-(c), week 4 (d)-(f) and week
12 (g)-(i), and trichrome staining of week 12 samples (j)-(I) with blue stain for collagen, red/pink for cellular cytoplasm and black for nuclei. The
presence of foreign body giant cells (#) is limited. Scale bar in all light micrographs indicates 300 pm

described that a thicker polymer layer is associated with a thicker This also stresses the importance of limiting device dimensions in
fibrous layer (Ward, Slobodzian, Tiekotter, & Wood, 2002). The pres- future cell delivery applications.
ence of the two polymer layers in close proximity to one another may The macrostructure of the 4000PEOT30PBT70 implants is some-

thus well explain the thick fibrous layer and the resulting deformation. times altered due to folding (Figure 5g,j). Although this folding does
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FIGURE 6 HE stain of poly(ester urethane)-implanted rats after week 1 (a)-(c), week 4 (d)-(f) and week 12 (g)-(ii). Polymer structure is
indicated with an arrow (b, e, h). Degradation of poly(ester urethane) is observed as early as 4 weeks of implantation and disrupted polymer
structures are observed at week 12. Foreign body giant cells (#) are present after 12 weeks of implantation (i). Scale bar in all light micrographs

indicates 300 pum

not seem to influence the mechanical stability of the implant, it may
be a concern for future application of the implant. Folding of the
implant can be prevented by the use of nickel-titanium (nitinol) sup-
port rings as this materials possess shape memory, as well as excellent
biocompatibility properties that have made nitinol a common bioma-
terial for multiple biomedical devices, including vascular stents
(Stoeckel, Pelton, & Duerig, 2004) and orthopaedics (Zakaria, Madi, &
Kasugai, 2019). Given that the degradation of PEOT-PBT polymers is
dictated by (a) hydrolysis of the PEO and terephthalate units and (b)
loss of PEOT blocks due to oxidation, the relative low frequency of
PEOT units in the 4000PEOT30PBT70 polymer composition could
well explain the sobered polymer mass loss over time (Deschamps
et al., 2002; Deschamps et al., 2004; Gaharwar et al., 2014).

On the other hand, poly(ester urethane) implants did not engraft
very well with the surrounding tissue, impeding histological analysis of

the host's tissue response, especially visible for week 1 samples (Fig-
ure 6a-c). In contrast to implants made from 4000PEOT30PBT70,
poly(ester urethane) implants deformed to a large extend already after
4 weeks of implantation (Figure 6d-f). The average well depth
decreased over time. The well depth was 210 pm at week 1 and
decreased to 80-150 um at 4 weeks. Further loss of the microwell
structure and fragmentation of the poly(ester urethane) scaffold was
observed after 12 weeks of implantation (Figure 6g-i). While poly
(ester urethane) implants evoked only few FBGCs after 4 weeks, there
was an increased recruitment of FBGCs after 12 weeks of implanta-
tion (Figure 6i). This could be explained by the fact that degradation
particles from the polymer are phagocytized by macrophages (parti-
cles with diameter < 10 pm) and FBGCs (particles with diameter of
10-100 pm) and cleared by intracellular digestion (Xia & Triffitt, 2006).
If biomaterial particles are larger, biodegradation is initiated by
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macrophages and FBGCs via bulk digestion through the release of
reactive oxygen species, enzymes, and pH lowering mechanism
(Sheikh et al., 2015). Poly(ester urethane)s are known to undergo oxy-
gen-dependent degradation regulated by phagocytes such as macro-
phages and FBGCs (Sgrott et al., 2018; Sutherland et al., 1993).

The high polymer stability over time makes the 4000PEO-
T30PBT70 implants suitable for long term implantation and allow
retrieving of the implant. Implant retrieval could be considered a valu-
able characteristic, for instance in the case of induced-pluripotent
stem cells which hold a tumorigenic potential and therefore may be
dangerous to the implant recipient (Lee, Tang, Rao, Weissman, &
Wu, 2013). Incorporating the stem cells within a retrievable delivery
device would therefore be optimal, with the device acting as a physi-
cal barrier preventing the unwanted roaming of cells throughout the
body. The relative low polymer stability over time of poly(ester ure-
thane) cell delivery devices opens ways for local cell delivery as a tem-
porary or short term solution, and may be used as a drug delivery
device, for instance for the co-delivery of cell clusters and antibiotics
(Admane et al., 2017) or oxygen-generating biomaterials (Coronel,
Liang, Li, & Stabler, 2019).

4 | CONCLUSIONS

Structural and physical analysis, weight loss measurements and SEM
analysis all showed minimal in vitro degradation of 4000PEOT30PBT
films over 34 weeks, while poly(ester urethane) films showed severe
fragmentation over 34 weeks. Similar results were obtained during
histology on microwell array devices that were intraperitoneally
implanted for 12 weeks in Albino Oxford rats. The 4000PEO-
T30PBT70 implants were capable to maintain their microwell struc-
ture and elucidate a multilayer fibrotic response that integrated into
the surrounding tissue, and could therefore be used as a retrievable
cell delivery device. On the other hand, poly(ester urethane) implants
showed loss of microwell structures over time and a minimal fibrotic
response until the onset of fragmentation 4 weeks post implantation,
indicating that it could be used for cell delivery devices in need of
local cell environment remodeling within a 4-12 week period.
Microwell array cell delivery devices can be used to deliver cell clus-
ters towards the human body for regenerative medicinal purposes.
Possible applications include the delivery of aggregated stem cells and
organoids or function as an alternative delivery site for pancreatic

islets in clinical islet transplantation for type 1 diabetes.
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