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Abstract

Gastro oesophagael reflux disease (GORD) is common in the Western hemisphere. Patients with regurgitated reflux are
typically treated with fundoplication surgery. We present a newly designed polyurethane implant which passively aids the
sphincter in reducing gastric fluids within the oesophagus. The gastric implant has an open porous inner side which allows
for tissue ingrowth from the oesophagus and thus allows for fixation around the sphincter. In addition, a device for minimally
invasive surgery of this implant was developed and used in a pig model. The unmodified GORD implant was placed around
the pig’s oesophagus with unsatisfactory results, leading to insufficient fixation at the implantation site and scarring tissue
leading to dysphagia. In addition, two surface modifications, plasma activation and TiO, deposition were used to improve the
implant’s host tissue response. The biocompatibility effects of the surface treatments and sterilisation method on the implant
were investigated in vitro and in vivo. In vitro tests found that the plasma activation and TiO2 deposition have effectively
enhanced the surface hydrophilicity and, consequently, the cell response to the implant. In addition, the gamma sterilisation
harmed the plasma-activated implant. The plasma activation was more effective than TiO, deposition as a surface treatment
method for improving the tissue response of this implant in vivo. In addition, the in vivo experiment proved tissue ingrowth
as deep as 1 mm into the porous structure of the implant. The GORD implants were encapsulated wholly in fibrous tissue;
however, the capsule thickness diminished over time. Finally, the TiO,-coated implants showed the poorest histocompatibility,
contradictory to the in vitro findings. This study shows that it is possible to produce a plasma-treated porous polyurethane
gastric implant that allows for fibrous tissue ingrowth, reduced in vivo encapsulation, and enhanced chemical properties.
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Graphical Abstract

Model of the implant with an inner porous and an outer non-porous surface. The hypothesis was that the porous surface
allows for fibroblastic infiltration into the porous structure (A) and fixation by scarring at the point of implantation, the
lower oesophageal sphincter (LOS). The outer side is smooth (B), which hinders neighbouring tissue attachments. In addi-
tion, a Nitinol ring (C) aids the implant in exerting pressure around the LOS, thus reducing sphincter volume. In addition,
this metal ring aids visualisation with, e.g. X-ray or CT during post-therapy follow-ups. The open, flexible design eases the
freeing of the ring in a stretched position and placement around the cardia (D-F). The internal diameter of 28 mm prevents
stenosis but markedly reinforces the lower oesophagal sphincter. In addition, its size allows for minimally invasive surgery.
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Introduction

Gastric oesophagael reflux disease (GORD) is common in
the western hemisphere [1—4], and as many as one out of ten
experience gastric refluxes weekly[3]. Anti-reflux medicine
is one of the most prescribed primary-care medications. In
worst-case scenarios, the long-term effects of heartburn will
develop into cancer, which causes a reduction in life quality
[5]. Therefore, heartburn symptoms should be taken ear-
nestly, and suitable treatment options.

There are published guidelines on disease management
[6-9]. The consensus is that “PPIs are the most effective
therapy and should be used as the first therapy to control
GORD after the clinical diagnosis has been made” [10].
Medications such as proton pump inhibitors (PPI) are costly;
unfortunately, these medications must be administered life-
long [11]. Surgical intervention is the usual treatment if
symptoms persist, even with PPI [12]. Longstanding treat-
ment aims to administer the lowest medication level possible
[13]. Laparoscopic fundoplication surgery, the gold standard
surgery procedure, obliges a skilled surgeon and should only
be used for particular cases [4], e.g. for PPI intolerance or
resistance to long-term medication usage amongst patients
[12]. Surgery is not 100% satisfying for most patients [14,
15] due to the technical demanding laparoscopic fundoplica-
tion, where surgeons’ skills and experience govern its suc-
cess [16]. An additional disadvantage is the fundoplication
unsuccessfulness occurring in up to 40% of such cases [17,
18]. Other complications, such as dysphagia, inability to
belch, and bloating symptoms, are reported in up to twenty
percent of fundoplication surgery[19-21]. Thus there is a
demand for a safer, more efficient and less invasive therapy
than fundoplication surgery.

In the 70 s, Jean-Pierre Angelchik developed an implant
for reflux disease treatment called the Angelchik Anti-reflux
Prothesis (APP) [22]. The immediate post-operative results
were superior to the standard surgical method Fundoplika-
tio, and 30,000 implants were inserted [23]. Only in long-
term studies did the implant's weaknesses become apparent,
namely primarily the triggering of dysphagia and lack of
fixation as the Lower Oesophageal Sphincter (LOS) [24,
25]. Further studies presented many complications and a less
effective pH reduction than fundoplication [26, 27], which
led to the withdrawal of the APP implant from the market.
We introduce an alternative to laparoscopic fundoplication
inspired by the APP, where a circle-shaped polyurethane
implant is placed around the oesophagus’s sphincter. Since
this implant exerts a passive pressure upon the LOS and thus
supports the sphincter, the gastric reflux into the oesophagus

is reduced (Graphical abstract (GA), D-F). The pressure aid
to the sphincter is a key advantage of the gastric implant
since LOS function loss is the main cause of the GORD.
Two forces are applied to LOS, one by the implant itself and
another by a superelastic metal, nitinol (Graphical abstract
(GA), B). This porous inner side (GA, A) is the hypothesis
to allow for tissue ingrowth and prevent migration along
the oesophagus or perforation of the gastric implant. This
feature prevents unfortunate dislocation, as seen by the APP
implant, which has a smooth silicon surface towards the
oesophagus. Another advantage over the APP is a 20-times
weight reduction, which asserts less gravitational forces to
the implant. Clinical trials of APP failed due to its migra-
tion, perforation or dysphagia due to uncontrolled encapsula-
tion [23, 26, 28]. The outside of the implant is kept smooth
to prevent the growth of nearby lying tissues (GA. B) and
reduce encapsulation. It has an internal diameter of 28 mm
and a nominal wall thickness of 3 mm, allowing natural ori-
fice transluminal endoscopic surgery (NOTES). GORD is a
common disease [29]. The yearly need for GORD implants
in Europe alone is estimated at 250,000. Therefore, large-
scale implant production is essential. Our GORD implant is
produced by injection moulding with a specialised design
mould [30], where supercritical fluid (SCF) was injected
into the polymer during production to enable an open porous
structure. Medical grade thermoplastic polyurethane (TPU,
Texin® 985, Bayer, Pa, USA) was selected as raw material
owing to its outstanding elastic properties, biocompatible
and bioinertness [31-34]. Although it has been shown that
it is possible to produce a highly porous GORD implant with
the SCF with porosity up to 75% and acceptable in vitro
response [30, 35, 36], the gastric implant has not been tested
in vivo condition. SCF is a popular method to provide open
porous in medical polymers [37-41]. The main hypothesis
of the porous inner structure was to prevent the implant
from sliding along the oesophagus (see GA, D), however so
far, we have not shown that the porous structure inside the
polyurethane indeed fixates the gastric implant at the Lower
Oesophageal Sphincter (LOS). Therefore, the current study
aimed to evaluate the gastric implant’s in vivo performance
and determine whether any surface modification was nec-
essary to induce tissue ingrowth into the porous structure.
Both a pig and rabbit were used as animal models. The suc-
cessful functionality and performance in minimally invasive
surgery natural orifice transluminal endoscopic surgery with
this gastric implant is published elsewhere and will not be
repeated here [42]. Established TPU surface modification
techniques was used to allow for fast-forward regulatory
processes and clinical translation.
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Material and Methods
Implant Production

The raw material was medical-grade thermoplastic polyu-
rethane TPU (Texin® 985, Bayer, Pa, USA). An injection
moulding machine (KM 125-520C2, Krauss Maffei Tech-
nologies GmbH, Munich, Germany) with a supercritical
fluid CO, (Trexel Inc., Woburn, MA, USA) was used for the
production of the porous/non-porous GORD implant. The
injection mould was custom-made. The production details
and parameters have been investigated and described else-
where and are therefore not further elaborated [30, 36].

First Animal Trial (Pig Study)

The Munich miniature pig Troll was selected as the ani-
mal model because it has an appropriate growth rate and
no longer has gains weighted significantly after the GORD
implant implantation at about three months. It grows to
around 55-60 cm and can reach a final weight of 60-70 kg.
The animal experiment series includes eight animals. One
day before the operation, the experimental animal was taken
from an external board to the animal care of Klinikum
Rechts Der Isar, Technische Universitiat Munich. Access to
the cages was limited to persons; trained laboratory animal
keepers monitored the animal. A light—dark light program
with twilight phases simulates daylight conditions. Special
feed and tap water from an automatic nipple drinker are
available indefinitely. The animal was fasted for 10 h prior
to surgery. 3.6.2 Anaesthesia and surgery. General anaes-
thesia was initiated with a drug mixture (2 mg/kg azaper-
one, 10-15 mg/kg ketamine, 0.5-1.0 mg/animal atropine),
injected intramuscularly into the experimental animal in the
animal housing room. The sedated animal was given access
to the marginal vein in the ear, through which propofol was
introduced until it could be intubated. After intubation, the
experimental animal was artificially ventilated. To maintain
anaesthesia, propofol was given as a continuous drip infu-
sion (approx. 7 mg/kg/h) and fentanyl as required (approx.
1.5 ml/bolus). During the surgical procedure, the animal was

monitored via capnometry, pulse oximetry, blood pressure
measurement, ECG and temperature probe, and the depth of
anaesthesia and ventilation were readjusted if necessary. In
order to compensate for the fluid loss, fluid was permanently
administered intravenously at the maintenance requirement
level (10-20 ml/kg/h). The abdominal cavity was opened,
the oesophagocardial transition was shown, and its muscu-
lature was completely removed over a width of approx. 2 cm,
which induced reflux disease in the experimental animal.
Strict care was taken to ensure that neither the two vagus
cords nor the mucosa of the oesophagus were injured, as this
would falsify the results. In human patients, the reflux dis-
ease would already be acute, and the muscles would not be
removed. Finally, the GORD implant was inserted, and the
peritoneum, fascia and skin were closed with sutures. After
waking up from the anaesthetic, the test animal received
water and liquid food (Fresubin), and from the third post-
operative day, it was switched back to normal nutrition as
described above. Extensive convalescence was achieved on
the fourth post-operative day, and the animal was taken to
the exterior boarding house.

Termination Criteria

1) Significant deterioration in general well-being, in particu-
lar, disturbance of eating, 2) Evidence of intra-abdominal
abscess, 3) Development of relevant oesophagitis, 4) Evi-
dence of migration of the GORD implant, and 5) Evidence
of perforation of the tissue.

Surface Treatments to Improve Tissue Response

The implants were treated with a low pressure (0.3 mBar,
10 min., 90% capacity) oxygen plasma process (TETRA 30
LF PC, Diener electronic GmbH + Co. KG, Nagold, Ger-
many) to enhance the hydrophilicity and cell adhesion, also
to allow for the cell ingrowth into the porous inner part of
the implant. Further information regarding surface treatment
has been reported by Schlicht et al. [43]. The implants were
coated with a thin anatase TiO, film using a deposition pro-
cess by GfE Medizintechnik GmbH (GfE Medizintechnik
GmbH, Niirnberg, Germany). The surface of the implants

Table 1 Different surface
treatments and sterilisation

Surface treatment method

Gamma sterilisation

Sample name

methods Untreated

Plasma activation
Plasma activation
TiO,-deposition

25 and 60 kGy
25 and 60 kGy
None

25 and 60 kGy

Inj. Mould, 25, 60 kGy

Inj. Mould, Plasma treating, 25, 60 kGy
Inj. Mould, Plasma treating

Inj. Mould, TiO,-deposition, 25, 60 kGy

Plasma activation and TiO,-deposition were performed to increase the cytotoxicity of the implants. Gamma
sterilisation was carried out for a high sterility assurance level. After these, the implants were tested
in vitro and in vivo to determine the influence of the surface treatments and sterilisation on the biocompat-

ibility of the implants
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was evenly coated with a thin TiO, film on a nanometer
scale at low temperature and pressure to protect the bulk
properties of the polymer implant. After surface treatment,
the implants were sterilised by gamma sterilisation (Isotron,
Allershausen, Germany) at 25 and 60 kGy.). The tested
implants are listed in Table 1.

Chemical and Physical Analysis After Surface
Treatments

A differential scanning calorimeter (DSC, Jupiter Netzsch
Geritebau GmbH, Selb, Germany) was used to determine
the melting points, glass transition temperatures and crys-
tallinity of the polymer implants according to the procedure
previously described [34].

Molecular weight analysis of the implant was measured
according to the procedure previously described [34] in a gel
permeation chromatography (GPC) system (600E, Waters
GmbH, Eschborn, Germany) with a refractive index detec-
tor, Waters 410, a column oven Jetstream, 717 plus Autosa-
mpler, three Waters Styragel HT columns 2, 4 and 6.

The attenuated total reflectance Fourier transform infra-
red spectroscopy (ATR-FTIR; Spectrum One, PerkinElmer
Instruments, Rodgau-Juegesheim, Germany) was used to
observe the surface structure of the gastric implants after
different surface treatments and sterilisation [34].

Characterisation of Macro- and Microstructures
After Surface Treatments

MicroCT (SkyScan 1172, SkyScan, Kontich, Belgium) was
used to measure the porous structures quantitatively) at 7 um
resolution using a voltage of 59 kV and a current of 167 pA.
Image reconstruction and analysis were conducted using the
software package provided by SkyScan. The procedure was
published elsewhere and, therefore, not further elaborated
[30].

Scanning electron microscopy SEM (S-3500 N, Hitachi
Science Systems, Tokyo, Japan) was used to observe the
cell attachment on the implant surface. In order to observe
optical fixation of cell growth on the implant surface with
SEM, the sample must be treated by the following proce-
dure. After cell seeding, the implants were washed twice
with PBS and immersed in 3% glutaraldehyde (VWR,
Darmstadt, Germany) at 4° C for two days. Subsequently,
the implants were dehydrated using graded ethanol (VWR,
Darmstadt, Germany) series from 50 to 99%, with two ten-
minute incubation periods for each step. In the end, dehy-
dration was completed by critical point drying using CO,
(CO, protective gas DIN-32525-C1, Westfalen AG, Miinster,
Germany). After dehydration, the implants were sputtered
and examined in SEM.

The implants were dipped in liquid N, after
TiO,-deposition and disrupted manually to expose a fracture
for the SEM-EDX testing, which should reveal the deposi-
tion quality in the deeper laying pore structure.

In Vitro Experiments After Surface Treatments

A permanent cell line (Detroit 551, CCL-110, ATCC,
Manassas, USA) was used in this study, the cultivation of
cells used in in vitro experiments in Petri dishes (T25 and
T75, TPP, Trasadingen, Switzerland) and the correspond-
ing medium (DMEM, Biochrom AG, Berlin, Germany). A
cell culture incubator (Heraeus Kendro Laboratory Products
GmbH, Langenselbold, Germany) was used for cell cultiva-
tion at 37° C and 5% CO2 atmosphere conditions. A pre-
liminary test was performed using different cell numbers
(3000, 5000, 10,000 cells/ml cell suspension) for different
cultivation times (3, 5 and 7 days) to determine the 100%
confluence of cell proliferation. After testing, it was found
that a cell number of 10,000 cells/ml cell suspensions in
Petri dish T25 for seven days of cultivation time was the
optimal condition for cell cultivation.

Cell vitality was controlled using a microscope (Axiovert
25, Carl Zeiss, Jena, Germany). The Casy® 1-Cell Coun-
ter Analyser System, Model TT (Schirfe System GmbH,
Reutlingen, Germany), was used to determine the cell num-
ber. A weak electrolyte diluted the cell suspension from
one hundred (Casy®ton, sterile filtered, Schirfe System
GmbH, Reutlingen, Germany) [31]. Vital cells were moni-
tored within a size variant of 10-40 pm. The porous gastric
implants were cut to suit the size of 24-Well plates so that
buoyancy could be avoided after the insertion of implants
into wells. Subsequently, cell suspension with 2 x 10° cells
was pipetted onto each sample, and the well plates were
placed in a culture incubator (C150, BINDER Inc., Great
River, NY, USA) for 60 min at 37 °C under a 5% CO, atmos-
phere. After this, I ml medium was added to each sample,
and the Well plates were placed in an incubator for further
seeding.

WST-1 Assay

Sterile, porous samples (750 mg) from the implant with dif-
ferent surface treatments were incubated in a culture medium
for 7 days. The culture medium after incubation (C150,
BINDER Inc., Great River, NY, USA) was added to 96-Well
plates, and a cell suspension with 6000 cells was given to
each well for 1, 3 and 7 days at 37 °C in a 5% CO, atmos-
phere. After a certain incubation time, 10%vol. Cell pro-
liferation reagent WST-1 (Roche diagnostics GmbH, Man-
nheim, Germany) was added directly into the medium. After
90 min, the behaviour of these fibroblasts was analysed.
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Vitality Experiments of the Cultivated Fibroblasts

A LIVE/DEAD® Viability/Cytotoxicity Assay Kit
(26611 W, Invitrogen GmbH, Karlsruhe, Germany) with the
reagents Calcein AM (4 mM in DMSO) and Ethidiumho-
modimer-1 (EthD-1, 2 mM in DMSO/H20 1:4) was used to
test the vitality of the fibroblast in the Gastric implants[44]
after 1, 3 and 7 days. The images were recorded with an Axi-
oCam digital camera and assessed with the software AxioVi-
sion 4.6 (Carl Zeiss, Jena, Germany) [45].

Second Animal Experiment (Rabbit Study) to Verify
Tissue Ingrowth

The second in vivo test on rabbits served as a model of cells
ingrowth into the porous structure prior to a second large pig
study. The implant was cut into pieces and subcutaneously
implanted in the dorsal region of New Zealand white female
rabbits (Mean weight 3.01 +0.11 kg) and left to heal for 12
and 24 weeks. The test plan is shown in \* MERGEFOR-
MAT Fig. 10. Three healthy adults New Zealand white rab-
bits for each implantation period were operated on, i.e. 12
pieces of each implant type for every implantation time were
available. Operation time was 40.75 min =+ 17.8. The rabbits
were housed in single cages with a base area of 0.4 m* and
unlimited water and food according to the European guide-
line (2007/526/EG). The German Animal Research Author-
ity approved the experiments and registered this authority.
The procedures were conducted in accordance with the
European Animal Welfare Act of December 20th, 1974, No.
73, Chapter VI, Sects. 20-22, and the German Regulation on
Animal Experimentation of October 16th 1996. The persons
who performed the surgical procedure were trained to obey
animal welfare and handling protocols.

At the end of each implantation period, all pieces of
implants were explanted for further histological analy-
sis. Due to the flexibility and porous structure of Gastric
implants, the histological preparation of implants with tissue
based on paraffin wax embedding was unsuitable. Thus the
histological preparation was made using cold polymerisa-
tion of PMMA (poly-methylmethacrylate) [46]. Paragon-
colouring was used for the identification of cells as well as
tissue from implants. The preparations were observed using
light microscopy (Axiovert 200, Carl Zeiss, Jena, Germany).
In addition, two independent pathologists did the histopatho-
logical scoring of the slides.

Statistical Analysis
The results were expressed as means with standard errors.
One-way ANOVA then analysed the data, and the post hoc

paired Tukey test (Origin 7, OriginLab Corporation, North-
ampton, USA). All p values were compared with a value of
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0.05 to determine significance. The results presented in this
article are significant unless otherwise stated.

Results and Discussion
First Animal Study

Pigs were selected as animal model due to their anatomy
similarity to human oesophagus and stomach. The series
of animal experiments was initially started with six pigs of
this breed. The laparoscopic device implanted the GORD
implant (Fig. 1, A-F). It was already known that the GORD
implant had a high potential for inducing stenosis, and the
pigs would live for less than a year. The domestic pigs were
sacrificed after an average of 135 days (22-273 days) in 4
cases (70-273 days) due to poor general conditions attrib-
uted to oesophageal stenosis. One pig had a wound-healing
disorder requiring euthanasia at 22 days (Fig. 1 G). In one
pig, the implant dislocated into the thorax, which meant no
signs of an eating disorder until euthanasia after 226 days
(Fig. 1 G). The implant could not be localised in vivo
because the GORD implant was not radiopaque.

In summary, it can be stated that the GORD implant was
still at the site of implantation after more than 42 days in
only one of 14 test animals (7%) without causing oesophagal
stenosis. In this case, however, the implant was not fixed
but lay loosely around the oesophagus. In all explants, the
capsular tissue was easily detached from the implant, sug-
gesting that the desired tissue from the oesophageal wall did
not penetrate the implant’s porous (Fig. 1, H). Therefore, a
fixation as a hypothesis was not achieved. After implantation
in pigs, the implant was encased in a capsule. This process
did not end but progressed—sometimes slowly, sometimes
faster—until the oesophagus was closed by the constricting
scar tissue (Fig. 1, I). This condition was reached in some
pigs after two months, in others only after nine months. His-
tological analysis showed no ingrowth of fibroblast or any
other connective tissue into the porous part of the implant,
a hypothesis (Fig. 1, I, white arrow), which is likely to be
linked to polymer hydrophobicity [47-50].

The reasons for the unsatisfactory results of GORD's
implant in animal experiments (Fig. 1) were determined:

e The implant was not sufficiently fixed at the site of
implantation.

e The GORD implant's porous inner side was not infil-
trated by any biological tissue (Fig. 1, I).

e Hydrophobic properties of the polyurethane prevent the
cells of the oesophageal wall from initially coming into
contact with deeper pores and, thus, from growing.

e Sharp edges lead to severe irritation of the surrounding
tissue and thus to increased scar tissue.
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Fig. 1 Frist animal trial of the \ P |
GORD implant, where the B S
applicator was used to place
the implant around the pig’s
oesophagus (A-F). The long-
term pig study (n=6) had to
be terminated due to uncon-
trolled encapsulation of the
implant (H), which resulted in
dysphagia and no intact food.
Histological evidence showed
no ingrowth of fibrous or any
other tissues into the porous
structure (I), where the con-
nective tissue did not reach the
porous section of the implant
(white arrows). This lead to
migration of the implant along

the oesophagus, an unwanted

event as the implant should stay G 1 - a¢e~—1 Nt Implant related death . . ® MMS Troll '
fixated at the LOS L ; ro J

I -
I - =)
I - =)

-

N

Pig number

0 50 100 150 200 250 300 350 400
Survival (days)

H ‘" UBE

GORD
Implant :

Oesophagus

e The implant was not visible on X-rays, which means that Due to an unsatisfactory pig study, the implant design
the position of the implant must be checked postopera-  was modified (Fig. 2), where the gastric implant was made
tively difficult. thinner, reduced sharp edges and a nitinol ring was placed
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Fig.2 Improvement to the
gastric implant after the pig
study. Thinner implants were
developed with less sharp edges
to reduce encapsulation (A-C).
The implant was injected
moulded cylinder (D) to ensure
an even porous structure. The
innerside was removed by a
custom-made stamp (G and H).
One can see the outside closed
pore structure and the inside
porous structure (I) after the
innerside was removed. The
gastric implant was inserted
with a Nitinol wire (D) such
that the implant could exert
pressure on the LOS to reduce
the sphincter volume, as shown
in A-C. The nitinol ring not
only exerts pressure but also
enable post-operative inspection
of the implant as the metal is
more easily recognised by, e.g.
ultrasound, MRI, CT or X-ray

inside the implant. The nitinol ring should extend additional
pressure to the LOS for more effective closure of the sphinc-
ter as well as enable post-operative inspection by imaging
techniques (ultrasound, X-ray, Magnetic resonance imaging
(MRI), computerised tomography (CT), etc.). In addition,
two surface treatments based on literature were chosen [49,
50].

Surface Modification to GORD Implant to Improve
Biological Response

The biocompatibility of an implant is decided on its prop-
erties facilitated by its surface properties and/or the com-
bination of chemical, physical, biological, and mechanical
properties [51, 52]. One major disadvantage of polyure-
thanes is their hydrophobicity [48, 53], which may inhibit
cell attachment, spread and growth [54]. One-way is to use
a low-powered plasma treatment with low reaction tempera-
ture, which chemically changes the polymeric surface [55,
56]. Alves et al. found that the plasma treatment process
on polyurethane increased the hydrophilicity [51]. In addi-
tion, several research groups have investigated improving
cell attachment on such polymeric surfaces [57-61]. Plasma
activation and TiO, deposition were utilised as a surface
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Oesophagus

treatment to improve cell adhesion and aid tissue ingrowth
into the implant [62]. Gamma irradiation was used as the
sterilisation method since this sterilisation method has been
reported to be favourable for this kind of thermoplastic pol-
yurethane as opposed to steam sterilisation [32, 34].

Pore Morphology

The pore morphology was analysed with microCT, where
five different sections of the porous structure were chosen.
The mean porosity was found to be 81.4 +0.4%, mean pore
size 264 +64.0 um and strut size 43.4 um (Table 2). Accord-
ing to previous studies, this pore structure should allow for
tissue ingrowth [63—65]. The degree of anisotropy was 1.41,
indicating that the pores were nearly circular [66]. There
were no significant differences between the different surface
treatments (Table 2).

Chemical Changes of Implants After Surface
Treatments and Sterilisation

The gastric implants' chemical state after different treat-
ments were qualitatively characterised through ATR FT-IR
(Annotated Transmission Reflection Fourier Transmission
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Table 2 Selected parameters Parameter Mean SD

from 3D pCT analysis

displaying mean values and Inj. Mould. 25 kGy Porosity (%) 81.4 0.4

standard deviation (SD) from Object surface (um2) 4357842190 7,549,024.0

selected area of the porous

gastric implant (n=3) Intersection surface (um2/um3)  39,576,397.5 983,133.5
Mean pore size (um) 263.8 64.1
Structure separation (um) 43.4 1.0
Degree of anisotropy 14 0.2
Fractal dimension 2.4 0.0

Inj. Mould. Plasma treating, 25 kGy Porosity (%) 82.3 0.4
Object surface (um?2) 441,013,629.6 7,639,612.3
Intersection surface (um2/um3) 40,047,266.2 992,407.1
Mean pore size (um) 266.9 64.8
Structure separation (um) 44.0 1.2
Degree of anisotropy 1.4 0.2
Fractal dimension 24 0.0
Inj. Mould. TiO2 deposition, 25 kGy  Porosity (%) 81.1 0.4

Object surface (um?2) 434,476,866.3 7,526,376.9
Intersection surface (um2/um3) 39,455,680.3 978,190.1
Mean pore size (um) 263.2 63.9
Structure separation (um) 433 1.0
Degree of anisotropy 1.4 0.2
Fractal dimension 24 0.0

No significant difference between groups

Inj. Mold TiO, coating 25k

Inj. Mold Plasma treatin
Inj. Mold TiO, coating 60kG:

o Inj. Mold Plasma treating 60kG!
Ry
< Inj. Mold Plasma treating 2
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Fig.3 ATR FT-IR-spectra of implants following different implant
surface treatments and sterilisation

Infrared Analysis) \* MERGEFORMAT Fig. 3). No major
difference in the spectra was detected (< 5% transmission
deviation). Plasma activation, TiO,-deposition and different
gamma-ray doses had only minor alterations to the implant
surface chemistry. Similar results were also presented in a
similar study [33, 67].

Contact angle and water adsorption test with and with-
out surface treatments are presented in Table 3. After

Table 3 Weight average molecular mass (Mw) of the gastric implants

Sample M,, (g/mol) SD

Unprocessed TPU 226,239.6 3926.4
Inj. Mould, non-sterile 109,321.8* 237.7
Inj. Mould. 25 kGy 128,056.8 & 730.7
Inj. Mould. 60 kGy 152,307.8 b€ 2181.3
Inj. Mould. Plasma treated 111,634.8 % 3275.3
Inj. Mould. Plasma treating, 25 kGy 122,226.3 &0 593.3
Inj. Mould. Plasma treating, 60 kGy 152,663.0 +5¢ 1624.3
Inj. Mould. TiO2 deposition 120,253.9 &0 2614
Inj. Mould. TiO2 deposition, 25 kGy 140,862.5 & 803.7
Inj. Mould. TiO2 deposition, 60 kGy 161,446.3 & 2312.1

p<0.05 versus unprocessed thermoplastic polyurethane TPU,
bp<0.05 versus Inj. Mould, non-sterile, p <0.05 versus Inj. Mould,
25 kGy, Inj. Mould, n=6, Inj. Mouldinjection moulded

surface treatments, the contact angle has decreased from
103° for untreated to 64° for plasma-activated and 78° for
TiO,-deposition. However, the contact angle measurement
was performed on the injection moulded plate due to the dif-
ficulty of measuring the contact angle on a porous surface.
The contact angle reduction induced by plasma activation
can be attributed to surface functionalisation by interlock
polar groups such as (—C—-0—C) and (-—C=0) [68, 69].
TiO,-deposition increases polar group (such as—Ti—0-)
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due to its chemical structure. At the same time, potential
oxidation of the polymer surface during the deposition
process may also lead to the rise of polar species [70-72].
The porous implant surface was treated by plasma activa-
tion, and TiO,-deposition adsorbed the water faster than
the untreated surface. Since studies have shown that one
can achieve higher cell adhesion by lowering the material
surface's water contact angle by more than seventy degrees
[73-75], the current treatment should positively affect the
cell response towards the GORD implant.

Since the implant used is highly porous (>80%) and has
large pore diameters (mean size 264 um), we were inter-
ested in the penetration depth of the TiO,-deposition. The
distribution of titanium atoms was analysed with SEM-EDX
(Energy Dispersive X-ray Spectroscopy) and showed that
these atoms could be found as deep as 3 mm inside the
implant (Fig. 4). As a result, the concentration of titanium
atoms decreased in depth.

The thermal analysis showed that the y-sterilized implants
had three peaks (Fig. 5). The first and second peaks (ca.
70 °C, 115 °C) came from the short- and long-range dis-
ruption order chains. The third peak (ca. 175 °C) can be
attributed to the melting of the microcrystalline region in the
hard segment microphase [76]. Unprocessed thermoplastic
polyurethane had only two inconspicuous peaks. Since the
peak area was directly proportional to the crystallinity of
polymers, the peak changes may indicate the processing and
sterilisation influences on the gastric implant structure as
the implant’s crystallinity significantly increased after the
injection moulding compared with unprocessed thermo-
plastic polyurethane. The increased orientation degree of
thermoplastic polyurethane long molecule chains has been

140 —
1204}
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60 -

40

Ti element concentration

20

L T T T T T T
0 500 1000 1500 2000 2500 3000
Distance from porous surface (um)

Fig.4 The Ti-atom distribution on the fracture of the implant after
TiO2 deposition. The observed fracture of the implant is shown in the
figure. The right half part was coated with gold. It is seen that from
left to right, the Ti-atom concentration has decreased continuously.
The Ti-atom was found even 3 mm deep inside the implant
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Fig.5 Differential Scanning Calorimeter (DSC) analysis of implants
after gamma-ray sterilisation

reported previously due to the shearing and heat [77]. As
reported by others, gamma radiation causes crosslinking of
long polymer chains, where there is a limiting chain’s free
motion, and therefore prohibited crystallite regions [78, 79].
As a result, the implant’s crystallinity by 25 kGy showed a
reduction according to the smaller peak area compared with
the unsterilised gastric implant, and the lowest value was by
60 kGy due to more crosslinking of polymer long chains.

Finally, the weight average molar mass of the gastric
implant was tested in this study (Table 3). Many physical
properties of polymers has related to the molar mass, such
as the rheological properties of the polymer melt [80]. Some
chemical structure changes in the polymer can be observed
by measuring the molar mass of the polymer [81, 82]. Con-
sequently, the degradation of polymers can be proved if the
molar mass has changed due to the breaking of the long-
chain molecule [83-85]. Table 3 shows the molar mass of
the gastric implants with or without surface treatments and
gamma sterilisations. The unprocessed thermoplastic pol-
yurethane has the largest molar mass, M, of 226 kg/mol.
After 4 h of hot air drying, a small loss of M,, (approx. 5%)
was observed. After injection moulding, the M,, decreased
quickly to the value of 109 kg/mol, and almost half of the
thermoplastic polyurethane granules were unprocessed.
The molar mass loss of polymers due to the processing was
widely found in most polymers[86, 87]. The molar mass
loss of thermoplastic polyurethane due to injection mould-
ing was also found in different studies [88, 89]. The general
agreement was that the polymer processing methods, such
as extrusion and injection moulding, stress the polymer long
chain due to the high temperature, high pressure in the cyl-
inder, and the shearing of the screws. Those factors break
the polymers’ long molecule chain and the consequent molar
mass loss [90, 91].
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The gastric implants irradiated by gamma-rays behaved
reversely and gained molar mass. The M, of implant for
25 kGy and 60 kGy irradiation was 128 kg/mol, 152 kg/mol,
17% and 39% improvement, respectively. Gamma-ray irradi-
ation is widely used for inducing a crosslinking between free
monomers or short polymer chains to control the mechanical
properties of polymers [92-94]. It could be assumed that
the thermoplastic polyurethane molecule chain’s crosslink-
ing has occurred due to gamma-ray irradiation. One of the
results of gamma-ray irradiation is the rise of molar mass.
Similar observations were found for PU [95, 96], but reverse
results were also reported [97, 98]. It seemed that at a low
dose range of radiation, the molar mass increases with rises
in the dose but acts on the contrary at a high dose range of
radiation.

The two surface treatments did not alter the gastric
implant's molecular weight, as no significant differences
were seen between these two groups (plasma-treated versus
TiO2 deposition) for Mw (Table 3).

All tests mentioned above have indicated that the surface
treatments and gamma-ray sterilisation have changed the
surface properties of thermoplastic polyurethane foamed
implants on a micro-scale and the physical characteristics
of thermoplastic polyurethane itself. These changes are
expected for the change biocompatibility of the implants.
The following sections will describe the biological tests and
the influence of surface treatments and sterilisations on the
implants (Fig. 6).

In Vitro Study to Verify the Potential of Surface
Treatments

The Influences of Surface Treatments

The implants after surface treatments showed a higher opti-
cal density on each test day than implants without treatment,

. P
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and all results were consistent with the changes in the wet-
tability of the implants after surface treatments (Fig. 7, A).
The optical density was directly proportional to the number
of viable cells, which indicated that the surface treatments
such as plasma activation or TiO,-deposition could effec-
tively improve the implant cytotoxicity. Similar results have
been verified by others [56, 99]. For example, on days 1, 3
and 7 after cell seeding, the optical density of every sample
type had a durative increase, which meant appropriate cell
proliferation. All implants showed optical density values
over 70% of the values of negative controls, which meant
that the implants were non-cytotoxic [100].

A cell vitality colouring test, LIVE/DEAD® was per-
formed as the qualitative test of the cell response of implants
(Fig. 7). LIVE/DEAD® confirmed the WST-1 assay. The
untreated sample showed the lowest cell vitality, fewer vital
cells and more nuclei of non-vital cells (Fig. 8, A), whereas
higher cell vitality levels (more green vital cells) were found
in implants after plasma activation and TiO,-deposition
(Fig. 8, D and G). In addition, cells’ netlike morphology
was found in implants’ tests after surface treatments. The
increase of optical density in WST-1 assay and vitality of
cells in LIVE/DEAD® colouring assay could primarily be
attributed to the modified surface of implants induced by
plasma activation and sterilisation, which efficiently pre-
vented the release of toxic degradation products. Methylen-
edianiline (MDA) was the main toxic degradation product
released from thermoplastic polyurethane [32, 101]. The
results showed a slight cytotoxic effect of implants after
surface treatment.

The proliferation of cells on the implant surface was
tested through cell seeding and is shown in Fig. 9. After
7 days of incubation, all implants were attached by seeded
cells. The untreated implant surface was slightly covered
by cells (Fig. 9A and B). On the contrary, a cell layer com-
pletely covered the implant surface with treatments (plasma
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Fig.6 WST-1 assays to compare the mitochondrial activities of fibro-
blast on implant surface with different surface treatments (A), differ-
ent gamma-ray irradiation (B), and effects of gamma-ray irradiation
on the plasma-treated implant (C). The negative control was pure
medium. The tests were performed on the Ist, 3rd and 7th day after
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cell seeding to indicate the proliferation of cells on the implant sur-
face. The optical density is directly proportional to the number of
viable cells. (*p<0.05, **p <0.05 vs. implants without surface treat-
ments at the same testing day, n=38)
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Fig.7 Vitality colouring (LIVE/DEAD®) after cultivation of fibro-
blastic cell with extract medium. A: negative control; B: implant
sterilised at 25 kGy; C: implant sterilised at 25 kGy, D: Implant
with TiO,-deposition and sterilised at 25 kGy; E: Implant with
TiO,-deposition and sterilised at 25 kGy; F: Implant with plasma

activation and TiO2-deposition) (Fig. 9C-F). The cells
attached themselves to the implant surface, some even into
the porous structure. This ingrowth of cells into the pore was
desired because it could prevent the migration of implants
along the oesophagus. A significant acceleration of the cell
adhesion and proliferation was observed due to the surface
treatment (Fig. 9C-F). The cell seeding results could suggest
that the hydrophilic implant surface after the plasma treat-
ment and TiO,-deposition was more favourable for the cell
spreading and growth than the hydrophobic surface of the
untreated implant. Consequently, oxygen atoms or radicals
improved the cell spreading and proliferation behaviours on
polymeric surfaces, as also seen by Filova et al. [102].

The Influences of Gamma-Ray Irradiation as a Sterilisation
Method

All the implants were sterilised through gamma-ray irradia-
tion before WST-1 assay was performed. In this case, two
different doses of irradiation were tested on the implant to
understand the potential effects of gamma-ray irradiation on

@ Springer

A: negative control

B: Inj. Mold, 25 kGy

C: Inj. Mold, 60 kGy

D: Inj. Mold, TiO2, 25 kGy

E: Inj. Mold, TiO2, 60 kGy

F: Inj. Mold, plasma

G: Inj. Mold, plasma, 25 kGy
H: Inj. Mold, plasma, 60 kGy

deposition and no sterilisation; G: Implant with plasma deposition
and sterilised at 25 kGy; H: Implant with plasma deposition and steri-
lised at 60 kGy. Green is vital cells, and red is the nuclei of non-vital
cells. The images were taken after three days of incubation

the surface properties after treatment, as well as the biologi-
cal behaviours of implants. The WST-1 assay of extract of
untreated and TiO,-coated implants with different gamma-
ray irradiation doses is illustrated in Fig. 7, B. The tests of
plasma-treated implants will be separately discussed. The
optical density of the untreated implant increased signifi-
cantly with an increasing dose of gamma-ray irradiation on
every test day. The reason could be a change in the chemi-
cal structure of thermoplastic polyurethane after the irradia-
tion. It was assumed that the crosslinking of the thermoplas-
tic polyurethane molecule chain had occurred due to the
gamma-ray irradiation, and the release of toxic degradation
product from implants was consequently prevented. As a
result, optical density with increased gamma-ray dose was
observed. The increase in optical density of TiO,-coated
implants from 25 to 60 kGy gamma-ray irradiation could
also be explained by the same reason. For example, the
TiO,-layer coated on the implant surface may have acted
as a protection layer to prevent the release of toxic degrada-
tion products so that the TiO,-coated implant at 25 kGy of
gamma-ray always had a higher optical density than those
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Fig.8 SEM images of the
implant surface with/without
treatment after 7-day incu-
bation. A and B: Untreated
sample; C and D: Sample after
plasma activation; E and F:
Sample after TiO,-deposition.
All implants were sterilised
with a 25 kGy gamma-ray

without treatment. All implants showed an optical density
over 70% of negative control and indicated adequate cell
mitochondrial activity.

The LIVE/DEAD® assay tests (Fig. 8) gave qualitatively
similar results to WST-1 assays. The untreated sample with
25 kGy of gamma-ray irradiation showed the worst cell
vitality (Fig. 8, B). However, with the rise of the gamma-
ray dose, more viable cells were found (Fig. 8, C); this effect
was not obvious for TiO,-coated implants (Fig. 8, D and E).

After seven days of incubation, the cells have well pro-
liferated on the TiO,-coated surface of implants (Fig. 10).
Both gamma-ray doses found a homogeneous cell layer, and
no apparent difference in cell proliferation was observed
(Fig. 10, C and D). Untreated implants showed few cells
on their surface (Fig. 10, A and B). The cells spread hetero-
geneously and just partially covered the implant surfaces.
However, all implants showed ingrowth of cells into the

70 ymi

porous structure, especially for the TiO,-coated implants
(Fig. 10, C and D).

Figure 7, C demonstrated the WST-1 assay of implants
treated by plasma activation with and without sterilisation.
The optical density of unsterilised implants had the lowest
value. The reason could be attributed to the plasma treat-
ment’s inadequacy of the sterilisation process, although
efficacy has been reported [103—105]. The implants, after
sterilisation, showed a higher optical density on every test
day. The rise of irradiation doses from 25 to 60 kGy lead
to a reduction of optical density. This change was clear on
the 1st and 3rd test days but not significant on day 7. The
reduction of optical density with the increased irradiation
dose was due to the changes in the chemical structure of the
modified implant surface [95]. This change could destroy the
formed layer induced by plasma activation on the surface of
implants and reduce the plasma activation’s positive effect
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Fig.9 SEM images of the
surface of the implant with
different gamma-ray doses after
seven days of incubation. A and
B are untreated implants with
25 and 60 kGy gamma-ray, C
and D are TiO,-coated implants
with 25 and 60 kGy gamma-ray

on the implant’s biological behaviour. Table 3 indicated
that the percentage of the oxygen element of the implant
surface was changed after gamma-ray irradiation. The oxy-
gen content has increased from 29.7 +0.2% t0 36.6 +7.11%
after 25 kGy irradiation. More irradiation leads to a slight
decrease in this value. The significant deviation change at
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25 kGy irradiation indicated a less homogeneous oxygen
distribution on the implant surface, which could partly prove
the present chemical structure changes on the modified
implant surface. The exact reaction induced by irradiation
was not clear. However, changes in the chemical structure of
the implant were verified. This change, maybe damage, of
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11 mm

Plasma activated

TiO2 coated

2mm

Fig. 10 Test plan for second in vivo study on rabbit showing the
positioning of the specimen. 12 pieces of the implant were implanted
under the skin of the back of the rabbit. 4 of 12 are PE without porous
structure as control, 4 untreated, 4 with plasma treatment and 4 with
TiO,-deposition. For each implantation time, there were three rabbits
available

the formed layer induced by plasma activation could lead to
more release of toxic degradation product and lower optical
density with the rise of irradiation dose.

The LIVE/DEAD® assay tests were consistent with the
results of the WST-1 assays (Fig. 8, F-H). The unsteri-
lised implant showed that the worst case of the vitality of
cells might be due to its unsterilised state (Fig. 8, F). The
implants, after sterilisation, have shown better cell vitality
(Fig. 8, G-H).

Fig. 11 Histological micro-
graphs of implants after two
weeks embedding time. The red
region represents the fibrous
tissue outside the implants. The
black arrow marked the tissue
and cells that have grown into
the implants' porous structure.
The black areas were con-
taminations during the sample
preparation

Second In Vivo Tests to Verify Tissue Ingrowth Due
to Surface Treatments

After in vitro tests, the implant should be tested in vivo to
indicate its functionality and biocompatibility. In this study,
the implant was first tested on New Zealand White rabbits
to prove the hypothesis of cell ingrowth and biocompat-
ibility of the gastric implants. All operated rabbits were
healthy during the entire implantation period (24 weeks).
No distinctive signs of inflammation or infection in any
surviving animals were found. During the experiments, the
average weight of the rabbits was 3.01 £0.11 kg. The histo-
logical micrographs of implants after two weeks of embed-
ding time are shown in \¥* MERGEFORMAT Fig. 11. All
implants were fully encapsulated by a fibrous connective
tissue induced due to the cellular response. The thickness
of a capsule varied from 200 pm to 800 pm. The untreated
implant showed no ingrowth of tissues and cells into the
porous structure of implants, whereas the plasma-activated
implant induced an obvious ingrowth of tissue and cells. The
TiO,-coated implant showed just some ingrowth of tissues
but less than in plasma-activated implants (Table 4).

After 24 weeks, the capsule thickness around the implants
decreased for all three groups, maximal 200 um. A capsule
decrease from the gastric implant would the clinical perfor-
mance since it would reduce the dysphagia as pigs suffered
from dysphagia due to uncontrolled implant encapsula-
tion from the first animal trial. The ingrowth of tissues and
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Table 4 Histopathological scoring of the histological slides (n=20) from the second in vivo experiment

Control (Implantof ~ GORD implant-No GORD implant-Plasma- ~ GORD implant-

PE) surface treatment treated TiO, treated

12W 24 W 12W 24 W 12W 24 W 12W 24 W
Encapsulation around the implant Yes Yes Yes Yes Yes Yes Yes Yes
Tissue ingrowth into the porous structure 0 0 + + +++ +++ ++ ++
Tissue in growth in the entire porous structure No No No No No Almost No No

0 no sign, + some cellular structure, + + several cellular layers, + + +complete tissue ingrowth

cells has strongly increased by plasma-activated implants,
and the TiO,-coated implants showed less ingrowth ( \*
MERGEFORMAT Fig. 12). In the case of plasma-activated
and untreated implants, the tissue has grown almost 1 mm
deep into the implant. Some cells were even found in the
middle of the implant (Table 4). Considering the fibrous
capsule and cell ingrowth, the aim of fixing the implant
around the oesophagus's sphincter through cell ingrowth
could be achieved. Previous study has shown that fibroblas-
tic ingrowth into biomaterial, can fixate devices in soft tis-
sues [106—109]. Lehle et al. found that after 4 weeks, the
implants made of PET and PP, uncoated and TiO,-coated,
showed a thinner capsule compared with results from 1 week
of implantation in rats [110]. The histocompatibility of

Fig. 12 Histological micro-
graphs of implants after

24 weeks embedding time.
Untreated and plasma-activated
implants showed increased
ingrowth of tissues and cells
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TiO,-coated implants was worse than plasma treated, even
untreated, whereas, in an earlier study of in vitro tests with
human fibroblast, the TiO,-coated implants always had com-
parable cytotoxicity to plasma-treated implants and better
than untreated implants (Table 4). On the other hand, it was
reported that an increased foreign body giant cell density
and thick collagen bundles around TiO,-coated implant
compared with uncoated controls were observed in tests on
rabbits [111]. This may be the reason for less histocompat-
ibility of TiO,-coated implants or enhanced in vivo degrada-
tion due to the TiO, deposition process. On the other side,
the tissue reactions depend on many aspects such as surface
properties, dimension and nature of the implant, which is
relevant [112].
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Conclusion

A medical device to treat GORD has been developed where
supercritical CO2 was used to produce a thermoplastic
polyurethane implant with an open porous inner side to
enable fixation at the implantation site. This implant was
unsuccessful in a long-term pig model as the gastric implant
did not show tissue ingrowth into the porous structure to
prevent implant migration along the oesophagus. Addition-
ally, the pigs suffered from dysphagia due to uncontrolled
implant encapsulation. Two surface treatments, plasma and
TiO2 deposition, were proposed to overcome the clinical
and histological failures of the pig study. The implant sur-
face hydrophilicity was improved after surface treatments.
The in vitro tests proved that the cell attachments to the
implants significantly increased after surface treatment as
fibroblasts adhered to the surface and proliferated carpet-
like after seven days of incubation. Both surface treatments
showed higher cell ingrowth in porous structures than
untreated implants. The gamma-ray sterilisation improved
the cytotoxicity of implants as it led to a crosslinking of the
thermoplastic polyurethane molecule chain. The vitro tests
proved that the optical density decreased with the rise of
gamma-ray dose, which was consistent with LIVE/DEAD®
tests. Inconsistent with the in vitro finding, the TiO,-coated
implants showed the worst histocompatibility.

The cell and tissue ingrowth in the porous structure of
implants were testified through in vivo studies in rabbits.
Histological evidence of connective tissue was found about
1 mm deep into the gastric implants. The implants were
encapsulated in fibrous tissue, as seen in the pig study, as
opposed to the first in vivo study; this capsule thickness
decreased with implantation time. This study shows that
plasma treatment gastric implant enhanced both chemical,
in vitro and in vivo response to the implant. A second pig
study is planned to verify the rabbit study results and prove
plasma treatment TPU indeed induce fixation around the
oesophagus.
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