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Abstract: A major medical problem of state-of-the-art heart ventricular assist devices (LVADs)
is device-induced thrombus formation due to inadequate blood-flow dynamics generated by the
blood pump rotor. The latter is a highly complex device, with difficulties during conventional
manufacturing through milling or casting. Therefore, the additive manufacturing technology relying
on stereo-lithography (SLA) capable of producing parts of significantly increased freedom for a
blood-flow-compatible, thrombus-risk-free design was chosen as novel and flexible technology
for that type of application. However, as yet state-of-the-art SLA is not suitable to produce fully
safe blood-contacting devices. Therefore, the present experiment covered chemical, mechanical,
rheological, tribological, and complex biocompatibility characterization in accordance with i.a. ISO
10993 standards, including hemolysis and an acute thrombogenicity blood test on fresh animal blood
(both as innovative laboratory tests to avoid animal usage in preclinical studies) with a special
focus on testing demonstrators of miniaturized blood pump rotors. The conducted tests indicated
acceptable biocompatibility of the material and a slight improvement in biocompatibility with surface
modification. Additionally, a high biocompatibility of the tested materials was confirmed. Based
on studies and simulations, stereolithography (SLA) as an additive manufacturing technology with
significantly increased freedom for a blood-flow-compatible, thrombus-risk-free design was chosen
as a novel and flexible technology basis in the 4DbloodROT project to enable future manufacturing of
rotors with exceptional biomimetic complexity.

Keywords: haemocompatibile materials; rotor; blood—material interaction; in vivo assessment

1. Introduction

Myocardial failure is a complex clinical syndrome resulting from a structural or
functional impairment in the filling or expulsion of blood from the heart. It can result
from multiple cardiac or large-vessel abnormalities and certain metabolic disorders. The
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majority of patients with heart failure have these symptoms due to impaired left ventricular
myocardial function [1]. Heart failure is an epidemic of the 21st century and occurs in
33% of the population over 55 and 22% over 40 years of age [2]. It is estimated that there
are more than 5.8 million heart failure patients in the USA with a 30-day mortality rate of
11%, a hospitalization rate of ~25%, and a 5-year survival time worse than most cancers [3].
Aside from that, there are 15 million patients in Europe who account for 45% of deaths [4].
Heart transplantation is the gold standard for end-stage heart failure but is limited by the
small number of donor hearts (covering <0.5% of the need). An alternative is the use of
mechanical heart support systems (for example, left ventricular assist devices, LVADs) to
reduce tissue stress during the drug-assisted recovery phase [5]. LVADs are effective in
treating reduced ejection volume from primarily acute decompensated, haemodynamically
unstable myocardial dysfunction on a short-term (hours to days) as well as chronic, long-
term (months to years) basis. Particularly for medium and long-term treatment, implantable
continuous flow vortex pumps have become the absolute technological leader (61% in
2016), with 459 implants registered worldwide in 2008, followed by 3004 implants in 2015
(98.3% of all registered applications). Vortex LVADs generally consist of a rotor equipped
with embedded strong permanent magnets to suspend the rotor and pulses through coils in
the housing. The low power consumption will allow the replacement of the currently used
battery placed outside the patient’s body by an implanted small, rechargeable battery [5-8].
The low number of implanted LVADs points to their main two problems: they are too
expensive and can cause so-called adverse events—mainly strokes (thrombus formation in
the pump and blockage of vessels in the distance), bleeding, and infections [9]. In particular,
the problem of pump-induced thrombosis is complex and undoubtedly multifactorial [10].
The entry-level medical solution is to adapt the right treatment protocol to the right device
and improve the device by overcoming current manufacturing limitations [11].

The engineering process, along with improved material understanding and design
acceptable for haemocompatibility, is key to reducing the thrombus problem in the blood
pump. It will enable an extension of LVADs to broader patient populations [12], including
future strategies related to minimally invasive implantable devices inserted through the
femoral artery. Taking into account the existing data [13-22], it is evident that the problem
of thrombus formation could be avoided through the use of novel hybrid materials and
engineering methods based on so-called additive manufacturing technology [23-27]. It
allows almost complete freedom of the geometric design of the rotor shape providing
proper long-term contact with the blood [28].

2. Materials and Methods
2.1. Material Development

The development of materials dedicated to the construction of a new generation of
heart-support pump rotors was conducted in several stages. The first group of materials
was prepared by the Polymer Competence Center Leoben GMBH (PCCL). The differences
between these materials mainly lie in their compositions, post-processing temperatures,
and surface modifications. The variations in these parameters allow for different material
properties and functionalities. The composition of the resin was based on the M10 mix
(composition developed by Montanuniversitdt Leoben). The composition of the material
includes additives of such substances as the following:

e  Omnirad 784 and Irgacure 784—photo-initiators for radical polymerization of unsatu-
rated resins.
CNT—carbon nanotubes.
Dicumyl peroxide (DCP)—a radical initiator that can be thermally activated leading to
an increase in conversion (hereinafter polymerization) in the post-treatment process at
elevated temperatures.

e Quinoline Yellow—a component responsible for absorbing light, required for the SLA
printing process.
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Material 1 was based on the M10 mix and includes 0.8% Omnirad 784. Post-processing
was completed at 80 °C. No coating was applied as a surface modification. Material 2
included 1% carbon nanotubes (CNT) and 0.8% Omnirad 784. Post-processing was con-
ducted at 80 °C. No coating was applied as a surface modification. Materials from 3 to 9
had the same composition, which included 2% Dicumyl peroxide (DCP), 2.4% Irgacure 784,
and 0.06% Quinoline Yellow. The difference was in post-processing which was completed
at 70 °C for materials number 3, 5, and 7; 100 °C for materials number 4, 6, and 8; and 80 °C
for material number 9. No coating was applied as a surface modification for samples 3, 4,
and 9. For materials 5 and 6, the sample was modified with plasma-enhanced chemical
vapor deposition (PECVD) a-CSiO:H, and for materials 7 and 8 the sample was modified
with atomic layer deposition (ALD) of titanium nitride (TiN).

2.2. Production of Printouts of Basic Test Materials and Cardiac Assist Pump Rotors

In this work, a new, original system dedicated to the printing of photopolymers
intended for production of parts of the rotor components was designed and fabricated.
The 5230-4D base was derived from the new Lithoz 5230 commercial printing systems.
However, the 5230-4D needs to be significantly adapted so that the main printer parts
can be integrated into the new 3D printer, as it must allow full optical adjustment of
the 4DbloodROT projection system. It was essential that the distances between the light
engines and the construction field could have been adjusted within wide brackets. Only in
this case can In-Vision’s calculated light engines realize their full potential and meet the
specifications. The design was based on a robust construction, which should guarantee the
necessary mounting stability and easy adjustment (as it concerns its optical adjustment)
of the projection system inside the printer. The system enabled additional exposure at an
elevated temperature leading to a significant increase in the glass transition temperature
(51 °C before and 66 °C after curing). This can be explained by the higher network
density obtained using more extensive polymerization of uncured monomers. It should
be mentioned that this post-cure treatment must be performed above the glass transition
temperature of the printed photopolymer to facilitate the mobility of the monomers in the
polymer network, allowing the subsequent polymerization reaction.

2.3. Optimisation of Biological Properties of Methacrylate-Based Materials
2.3.1. Cell Viability and Cytotoxicity Assessed Using Direct Tests

Cell viability was assessed after 48 h incubation of human fibroblasts with tested
materials using confocal microscopy (Carl Zeiss Exciter 5 scanning confocal microscope
(Carl Zeiss, Jena, Germany)). In brief, human dermal fibroblasts (PromoCell C-12302
(PromoCell, Heidelberg, Germany)) have been seeded in a density of 0.05 x 10° cells /well
in full growth medium (Fibroblast Growth Medium 2, PromocCell) on tested materials
in 24-well plates and cultured for 24 h. The cell culture supernatant was then collected,
centrifuged (500g x 10 min) and stored (—80 °C) for evaluation of LDH levels and FDA
(fluorescein tetraacetate MitoTracker™ Green FM, Invitrogen™, Waltham, MA, USA) and
PI (propidium iodide) staining (Sigma Aldrich, St. Louis, MO, USA) for measurements of
cells’ viability.

2.3.2. Cytotoxicity Evaluation Using Indirect Method

In the first step, tested materials were flooded with a supplemented culture medium
for 24 h, respectively. After this time, the medium was collected and solutions were
prepared with a pure, new supplemented medium in ratios of 10:0; 9:1; 8:2; 7:3; 6:4; 5:5;
4:6; 3:7; 2:8; 1:9; 0:10, respectively. Human dermal fibroblasts (0.05 x 10 PromoCell) were
cultured in full growth medium in 24-well plate for 24 h. In the next step, cell culture
medium was replaced with previously prepared dilutions and cell culture was performed
for 24 h or 48 h.

After this period, the medium was collected from the wells of the multi-well dish and
centrifuged for analysis of lactate dehydrogenase levels. LDH levels for both direct and
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indirect cytotoxicity methods were completed using commercially available LDH assay
and Cobas Integra analyzer (ROCHE).

2.4. In Vivo Tests on Small Animal Models

The experiments were designed to evaluate the systemic toxicity and local response af-
ter implantation of the material for the construction of rotors for cardiac support prostheses.
In vivo tests were carried out based on one type of material, which was material number 9
post-processed at 80 °C. The choice of only one material for in vivo testing was dictated by
the limited cost and compromised choice between the results obtained from cytotoxicity
tests and the simplicity of making the material. The difference between material 7 and 9 is
that material 9 does not have a layer and 7 does. Solid materials are now definitely better
seen in medicine than layered materials, which was also pointed out in the opinion of
the Bioethics Committee. The study was conducted in accordance with standards [29,30],
and the experiments were carried out on New Zealand White rabbits. Fifteen animals
were used in the study, ten in the test group and five in the control group. The animals
were implanted subcutaneously on the left and right side of the back with disc-shaped
implants with a diameter of 14 mm and a weight of approximately 0.245 g. The dose of
test material per experimental animal was approximately 0.49 g. The average body weight
of the animals in the test group was 3.659 =+ 0.17 kg, and the dose of test material per
kg of body weight was 0.13 g. Animals from the control group were implanted with the
placement of the test material under the skin. After implantation, the animals were under
observation for 4 weeks. Before implantation and before euthanasia, the animals had blood
drawn for diagnostic analysis. After the animals were humanely terminated, a macroscopic
post-mortem evaluation of the implantation site and the internal organs of the abdomen
and thorax was performed. During the post-mortem evaluation, organs and tissue sections
were taken for histopathological evaluation.

2.4.1. Implantation Process

Prior to surgery, the animals had blood drawn for diagnostic determinations. A
mixture of xylazine and ketamine hydrochloride was then administered for premedication
and anaesthesia. After premedication, the animals were prepared for surgery; the back was
shaved, and the skin was washed with surgical field disinfectant (Figure 1a). Next, skin
incisions were made over the longest dorsal muscle in an amount corresponding to the
number of implants and a 15.0 x 15.0 mm pocket in the subcutaneous tissue was bluntly
dissected (Figure 1b). A single sterile implant was inserted into the resulting single pocket
in the group of test animals (14 mm diameter discs, 1.5 mm thick) (Figure 1c). The implant
was secured against displacement in the subcutaneous tissue by suturing the specimen
to the tissue with a non-absorbable suture (Figure 1d). The operation was repeated for
both implants. The body shells were closed with a continuous suture (Figure le). In the
control group, a skin incision was made, and the pocket was debrided, then the skin shells
were closed as in the study group. The wound was protected with Aluspray (Figure 1f). To
avoid dehydration and metabolic disturbances during the awakening period, the animals
were given 20 mL of 0.9% NaCl and 10 mL of 5% glucose for each kg of body weight.

2.4.2. Clinical Observations

The observation of the animals lasted 4 weeks. The condition of the rabbits was moni-
tored once a day for postoperative wound healing and animal behavior (stress evaluation,
food and water intake). The animals were assessed based on the criteria, and for each
subject of observation, the symptoms that could be observed were noted. These following
criteria were based on the standards [29,30]

e  Breathing—dyspnoea (abdominal type, Kussmaul) apnoea, cyanosis, rapid breathing,
nostril discharge.
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(a)

e  Physical activity—decreased /increased somnolence, loss of upright posture, anaes-
thesia, catalepsy, ataxia, unusual way of moving, extreme exhaustion, tremor, muscle
bunching tremor.

Convulsions—clonic, tonic, clonic—tonic, asphyxia, tetanic signs.

Reflexes—corneal, upright, muscle contractility, reaction to light, startle reflex.
Ocular symptoms—tearing, pupil constriction, pupil dilation, exophthalmos, opacity,
iritis, conjunctivitis, red tears, drooping of the third eyelid.

e Cardiovascular symptoms—bradycardia, tachycardia, impotence, vasodilation, vaso-

constriction.

Salivation—salivation.

Hairstyling—scraggly hair.

Anaesthesia—decreased responsiveness.

Muscle tension—hypotonia, hypertonia.

Gastrointestinal symptoms—diarrhoea, vomiting.

Skin—swelling, erythema.

(b) (c)

(d)

(e) (f)

Figure 1. Preparation for in vivo experiment (a) shaving skin on animal’s back, (b) draping site with
a sterile drape, (c) making an incision on right and left side of the back, (d) placing one subcutaneous
pocket implant each and lining discs, (e) closing wound over test material, (f) protecting wound with
AluSpray.

2.4.3. Termination of the Experiment

After 4 weeks of observation, humane euthanasia of the experimental animals was
performed. Animals were blood drawn and then given premedication and Morbital to
induce central cardiac and respiratory arrest. A macroscopic assessment of the surgical scar,
the degree of wound healing, and the appearance of the tissue surrounding the implant
was performed. Tissue sections surrounding the implant site were taken. In addition,
the following were secured for histopathological analysis: the lymph node closest to the
implant site and the organs heart, thymus, liver, spleen, kidney, and lung.

2.4.4. Diagnostic Tests

Determination performed on whole blood (CBC) was completed using a Mindray
BC VET 2800 automated haematology analyzer (Mindray Animal Medical, The Hague,
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The Netherlands). Biochemical determinations: alanine aminotransferase (ALT), aspartate
aminotransferase (AST), gammaglutamyltransferase (GGTP), lactate dehydrogenase (LDH),
alkaline phosphatase (ALP), creatinine, and total protein were performed in serum obtained
after whole blood clotting and subsequent centrifugation to separate the serum. Determi-
nations were performed using an A25 automatic biochemical analyzer (from biosystems).

2.4.5. Sectional Assessment

After the animals were humanely terminated, a macroscopic assessment was carried out,
including the appearance of the implantation site and the condition of the internal organs.

2.4.6. Histopathological Evaluation

During the post-mortem evaluation, organ and tissue sections were taken for histopatho-
logical evaluation. Tissues collected: skin from the implantation site, heart apex, lower lobe
of the left lung, fragment of the left kidney, spleen, and liver. Tissues were fixed immediately
after collection in 4% buffered formalin. Slides of the sections were prepared using the standard
paraffin method and then stained using haematoxylin and eosin.

3. Results
3.1. Printing of Methacrylate Materials for Optimization Tests Prior to In Vivo Studies

The goal was to develop a 3D printing concept using two light engines to create a
building field twice as big as usual with a total size of 128 mm X 160 mm (Figure 2a). The
advantage is that the bigger field is combined with the high precision (same pixel size)
as a small one. In the first step, the concept was finalized as one can see in Figure 2b. A
prototype printer is shown in Figure 2¢,d.

(b)

Mirror assembly
(0

Picture
level

500 (min.500)

7 Bottom
§1 side

Z|Mounting plate

1070 (max. 1100)

d

Figure 2. Concept of printer dedicated to methacrylates: (a) system overview, (b) conceptual diagram,
(c) printer prototype dedicated to printing a model of the rotor of a cardiac assist pump, overview
drawing, and (d) projection system in measuring device with first integrated light engine.
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The whole construction is based on the usage of the “Firebird”—a light engine from
IN-Vision. The main idea is to adapt the objective to fit to the construction shown in Figure 2.
The optical path of the light engine is reflected as rectangular on the first surface mirror.
The redirection of the optical path is necessary because the assembly of two firebirds right
next to each other would result in a big gap (>1 cm) between the two projected building
fields. Based on the optical requirements for 3D printing the rotors, the space constraints of
the printer setup and the requirement to tile the images of the light engines, a specification
for a new optical lens was defined. The optical design team at IN-VISION then developed a
new lens according to that specification, i.e., a nominal optical design was developed. Then,
to take into account manufacturing tolerances, comprehensive Monte Carlo analyses were
performed in order to simulate the as-built performance of the optical system. The optical
system was then iteratively optimized to become robust against manufacturing tolerances.
After finishing the optical system design further, Monte Carlo simulations were performed
to investigate the impact of different mirror surface properties on the optical quality of the
system. Based on those simulations, the team concluded they were to use a A/8 mirror.
After finishing the lens design, the sourcing of the raw glass was started. In a next step,
the mechanical design team at IN-VISION developed the mechanical layout of the lens. In
Figure 2a, one can see light engine 1 and 2 (LE1 and LE2) and the mirror assembly. Further,
the project team came to the conclusion that it is necessary that all of the movable parts
(so light engine 1/2 and the two first surface mirrors) have adjustable degrees of freedom
(DOFs) in the three Cartesian coordinates and three rotational ones around the axes. Beside
this, the discussion about the necessary surface quality of the first surface mirrors was
essential. If the quality is too poor the quality of the whole optical path becomes reduced.
Based on the previously mentioned Monte Carlo simulations, the project team chose a A/8
mirror—this means that the surface accuracy is higher than 632.8 nm/8 = 79.1 nm. The
assembly should be measured in an automatic measurement system at In-Vision. Therefore,
the design guarantees full access to all important reference plates on the light engines as
well as to the focus-lock. With this system, it seems feasible to us to combine the two optical
paths and create one big building field in the 3D printer. At IN-VISION, the next planned
tasks are the sourcing and production of all parts and the assembly of the light engines with
the newly developed lens. Specifications of the projection optics to fulfil the requirements
within the project (Ra < 200 nm, Rz < 300 nm) have been defined below:

O0O’'—>550 mm

Magnification—6.614 £ 1% (50 pm pixel size)

Aperture DMD—12° (F/2.4)

CTF at 10 Lp/mm—>75% as built

Wavelengths [nm] and weights—439 (0.1) 449 (0.5) 459 (1) 469 (0.5) 479 (0.1)
Distortion [%]—Need to have: <0.1, expected value < 0.05
Optics—Projection optics designed to include ~45 mm glass or similar

This treatment significantly increases methacrylate conversion to 91% using 1.6 wt%
Irg784 as a photoinitiator. In addition, the effect of the choice and concentration of photoini-
tiator (Phl) in the resin system on methacrylate conversion was also studied. Aside from
Irg784, the biocompatible germanium Phl Ivocerin was also studied. As shown in Table 1,
a concentration of 2.4 wt.%. Irg784 leads to 86% methacrylate conversion immediately after
printing, which increased to 95% after exposure (at 80 °C).
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Table 1. Quantitative analysis of direct cytotoxicity, analyzed using confocal microscopy technique.

No. Material Post-Processing y Su.r.facg Red Channe.:l—Dead Cells Green Chanflel—Live Cells

odification [Pixels] [Pixels]
1 M10 + 0.8% Omnirad 784 80 °C no coating 1895.82 948.17
2 M10 + 1 wt% CNT + 0.8 wt% Omnirad 784 80 °C no coating 2435.41 634.33
3 M10 + 2 wt% DCP + 2.4 wt% Irgacure 784 + wt% 0.06 Quinoline Yellow 70 °C no coating 1156.80 109.90
4 M10 + 2 wt% DCP + 2.4 wt% Irgacure 784 + wt% 0.06 Quinoline Yellow 100 °C no coating 706.90 117.10
5 M10 + 2 wt% DCP + 2.4 wt% Irgacure 784 + wt% 0.06 Quinoline Yellow 70 °C PECVD a-CSiO:H 228.15 351.76
6 M10 + 2 wt% DCP + 2.4 wt% Irgacure 784 + wt% 0.06 Quinoline Yellow 100 °C PECVD a-CSiO:H 142.71 139.00
7 M10 + 2 wt% DCP + 2.4 wt% Irgacure 784 + wt% 0.06 Quinoline Yellow 70°C ALD TiN 57.21 4387.71
8 M10 + 2 wt% DCP + 2.4 wt% Irgacure 784 + wt% 0.06 Quinoline Yellow 100 °C ALD TiN 239.07 1665.33
9 M10 + 2 wt% DCP + 2.4 wt% Irgacure 784 + wt% 0.06 Quinoline Yellow 80 °C no coating 159.00 170.00
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3.2. Optimisation of Biological Properties of Methacrylate-Based Materials
3.2.1. Direct Cytotoxity Analysis

The qualitative results of the direct cytotoxicity were shown in Figure 3, while the quan-
titative ones were given in Table 1. Following the colocalization function for samples 14,
the higher pixel count corresponded first to dead cells, while later-on to the viable cells. It
indicated the cytotoxic influence of the materials on the cells. The lowest cytotoxic effect
was observed for sample no. 7. In the case of this sample, the surface has been modified
with a titanium nitride layer. Comparing samples with the same phase composition and
the same lighting temperature, one can see that the applied layers have improved material
biocompatibility. A layer of titanium nitride significantly increased the number of living
cells. The layer of a-CSiO:H reduced the number of dead cells.

(b) (c)
& Chanel green Chanel green
> Live cells w Live cells
E 2 E 2
fr=d =%
= =
[ L
2 o |
Lo o
(\'I 500 pm & (':1
° — o
Chanel red ] Chanel red 2 Chanel red
Dead cells 5 Dead cells E Dead cells
1 © 1
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(e

) | (f)
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2
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2

500 pm

Chanel red
Dead cells
1

Chanel red
Dead cells
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1
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—
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1

Chanel red
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1
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Chanel 2 - green [pixels]

Chanel 1 - red [pixels]

~ Chanel 1-red [pixels]
Figure 3. Dissected images, presented as colocalization, characterizing overlap of channels within
given pixel space of the cell viability and cytotoxicity assessed using direct tests from confocal
microscope. Human dermal fibroblast on tested materials in 24-well plates and cultured for 24 h. The
green color indicates excitation at a wavelength around 490 nm with FDA (fluorescein tetraacetate)
and red color around 560 with PI (propidium iodide). (a) Sample 1, (b) Sample 2, (c) Sample 3,
(d) Sample 4, (e) Sample 5, (f) Sample 6, (g) Sample 7, (h) Sample 8, (i) Sample 9.
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3.2.2. Lactate Dehydrogenase Analysis

Lactate dehydrogenase (LDH) levels were analyzed after direct contact with the sample
and after an extract dilution tests.

Direct method. The results of the lactate dehydrogenase levels are shown in Figure 4a.
In this study, polystyrene was used as a positive control, which has confirmed biocompati-
bility and is used in culture-dishes production.

d
(@) 16 B
14—_ B 2
__in B
S 10 I -
2] [ | s
T 6
Q 67 T J 7
4 - T L] 7 8
o] il T 9
0] PS
(b)

OO~~~ WN -

LDH [UL]

0:10 19 28 37 46 55 64 73 82 91 100
Increasing content of medium from above the sample >

OO NOO O WN =

LDH [U/L]

010 19 28 37 46 55 04 3 82 91 100

Increasing content of medium from above the sample

>

Figure 4. (a) LDH levels of human fibroblasts” supernatants assessed after 48 h direct incubation with
tested materials in cell culture. Results were obtained during three independent experiments and are
presented as mean + SD. (b,c) LDH levels in cell culture supernatants of human dermal fibroblasts
cultured in full growth medium supplemented with different dilutions of extracts of tested materials.
Panel (b) after 24 h incubation; panel (c) after 48 h incubation. Results were obtained during three
independent experiments and are presented as mean =+ SD.

From the test results obtained, a high level can be seen for materials M10 + 2 wt% DCP
+ 2.4 wt% Irgacure 784 + wt% 0.06 Quinoline Yellow post-processed in 70 °C and M10 +
2 wt% DCP + 2.4 wt% Irgacure 784 + wt% 0.06 Quinoline Yellow post-processed in 100 °C.
The best properties for M10 + 1 wt% CNT + 0.8 wt% Omnirad 784, post-processed in 80 °C.
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Acceptable properties for M10 + 2 wt% DCP + 2.4 wt% Irgacure 784 + wt% 0.06 Quinoline
Yellow, post-processed in 70 °C with TiN coating and M10 + 2 wt% DCP + 2.4 wt% Irgacure
784 + wt% 0.06 Quinoline Yellow, post-processed in 80 °C.

Extract dilution method. For extract dilution analyses, the cells were not in direct
contact with the test material. The results of the analyses from the filtrate are shown in
Figure 4b. Tests were performed for 24 h and 48 h, respectively. Based on the obtained
results, it was concluded that the negative effect induced by contact with the test surface
was small, irrespective of the duration of the experiment. Contact of the supplemented
medium with the material did not adversely affect the quality of it, and it was mixed at
different ratios with the pure medium and exposed into the cell culture.

3.3. In Vivo Tests on Small Animal Models
3.3.1. Clinical Observations

Observations of the animals were carried out based on the criteria given in Section 2.4.2.
The results of the observations of the experimental animals are summarized in Figure 5.

| - Study group
(@) 7 (b) (c) (d) (e)

Figure 5. View of wound changes observed at post-mortem examination in study group on day 11
observation. (a) Animal in good condition. Treatment wound healed. (b) Animal in good condition.
Treatment wound healed. (c) Animal in good condition. Slight spreading of treatment wound.
(d) Animal in good condition. Treatment wound healed. (e) Animal in good condition. Treatment
wound healed. (f) Animal in good condition. Treatment wound healed. (g) Animal in good condition.
Treatment wound healed. (h) Animal in good condition. Treatment wound healed. (i) Animal in
good condition. Treatment wound healed. (j) Animal in good condition. Treatment wound healed.
Summary of changes observed at autopsy in control group, observation of postoperative wound
on day 11 of observation. (k) Animal in good condition. Treatment wound healed. (I) Animal in
good condition. Treatment wound healed. (m) Animal in good condition. Surgical wound healed.
(n) Animal in good condition. Surgical wound healed. (0) Animal in good condition. Slight spreading
of treatment wound.
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3.3.2. Diagnostic Tests

Complete blood count (CBC). There were no significant changes in CBC results indica-
tive of pathology. The results are presented in Table 2.

e  White blood cell count (WBC)—the mean leukocyte count determined for all groups
was within the reference range throughout the observation period.

e  Erythrocyte count (RBC)—the mean erythrocyte count for all study groups determined
throughout the observation period fluctuated in the lower reference range.

e Total haemoglobin concentration (HGB)—the mean total concentration determined for
all groups throughout the observation period was within the lower reference range.

e  Haematocrit (HCT)—the mean haematocrit value determined for all groups was
within the lower reference range.

e Platelet count (PLT)—the mean platelet count determined for all groups throughout
the observation period was within the lower reference range.

Biochemical parameters. The biochemical parameters assessed can be divided into
two categories: enzymes and metabolite concentrations. The following fluctuations in
enzyme activity were found:

e Alanine aminotransferase (ALT)—the mean activity of the enzyme determined for all
groups during the observation period was above the reference range.

e  Aspartate aminotransferase (AST)—the mean activity of the enzyme in both groups
fluctuated below the reference range.

e Lactate dehydrogenase (LDH)—the mean activity of the enzyme determined for all
groups during follow-up was within the normal range.

o  Gamma-glutamyltransferase (GGTP)—the mean activity of the enzyme in both groups
before implantation of the test material was within the reference range. Before eu-
thanasia, a slight increase in enzyme activity was observed in both groups above the
reference range.

e Alkaline phosphatase (ALP)—the mean enzyme activity for all groups determined
during the observation period was below the reference range.

Other biochemical parameters were as follows:
Albumin—mean albumin concentrations for all throughout the observation period
were above the reference range.

e  Creatinine—mean metabolite concentrations determined for both experimental groups
before implantation and before euthanasia are within the reference range.

e  Urea—mean metabolite concentrations determined for all groups before euthanasia
and before implantation were within the reference range.

e Total protein—mean total protein concentrations fluctuated over the observation
period for all groups within the lower limit of normal.

3.3.3. Post-Mortem Sectional Assessment

The experiment was completed as scheduled. Euthanasia of the animals was per-
formed after 4 weeks of observation. Before premedication, blood was drawn from the
animals for diagnostic tests from the marginal ear vein (approximately 4 mL). After pre-
medication, Morbital was administered to induce central cardiac and respiratory arrest.
A post-mortem examination included a macroscopic assessment of the surgical scar, the
degree of wound healing, and the appearance of the tissue surrounding the implant, as well
as an assessment of macroscopic changes in internal organs. Tissue sections surrounding
the incision site were taken. Samples taken from lymph nodes, the nearest implant sites,
and organs, such as the heart, thymus, liver, spleen, left kidney, and left lung, were secured
for histopathological analyses. In the majority of animals, no significant changes were
found in the area of the implantation site and in the abdominal and thoracic organs. Only
in animal B7/8 an effusion was found within the implantation site.
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Table 2. CBC and biochemical parameters summary.

Evaluated Parameter Normal Range Control Group—Implantation = Study Group—Implantation = Conrol Group—Euthanasia Study Group—Euthanasia
Group Unit for Animals Mean Std. Dev. Mean Std. Dev. Mean Std. Dev. Mean Std. Dev.
WBC (x10°/L) 5.2-13.5 6.08 1.46 5.93 1.37 6.46 1.36 7.86 2.25
RBC (x1012/1) 5-7.6 5.35 0.34 5.44 0.32 5.02 0.31 5.33 0.42
HGB (g/L) 105-170 115.00 9.27 112.90 5.20 112.00 7.58 115.60 6.62
HCT (%) 31-46.0 33.62 2.83 33.18 1.58 32.26 2.46 33.17 1.76
PLT (x10°/L) 100-512 184.60 33.76 126.20 52.65 172.40 79.58 194.30 32.32
ALT (U/L) 31-53 110.02 38.73 81.29 37.11 107.92 50.44 95.49 59.78
AST (U/L) 42-98 34.66 17.15 42.19 43.36 40.10 20.05 41.43 27.50
Cr (mg/dL) 0.5-2.7 1.77 0.13 1.71 0.17 1.53 0.09 1.54 0.18
LDH (U/L) 59-389 114.22 26.25 120.63 50.52 99.70 34.01 150.00 80.15
TP (g/L) 60-83 59.50 4.37 56.69 4.02 60.42 1.67 59.15 291

Urea (mg/dL) 26-84 51.00 6.58 44.69 3.94 47.88 5.65 43.93 5.61
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3.3.4. Histopathological Evaluation

Histopathological evaluation reveals no changes indicating a negative effect of the test
material on experimental animals. No microscopic signs of toxicity in the form of sterile
necrosis were observed at the implantation site. No unambiguous allergenicity in the form of
an eosinophilic cellular response or granuloma formation was observed. It should be assumed
that the inflammatory response, as well as the formation of polypoid proliferations, is an effect
of an irritant, irrespective of the aetiology, whether mechanical or chemical.

The histological results of the longest dorsal muscle peri-implant tissues are shown
in Figure 6. In the first specimen, labelled B1 (1) (Figure 6a), the topography of the lesion
showed a centrally visible post-implantation fissure, with a bordered capsule on both
sides. On the left side of the image, a polypoid granuloma with blood vessels and polypoid
proliferation is visible, on the right—a thin layer of inflammatory granulation tissue adjacent
to the muscle. In the second preparation, labelled Bl (2) (Figure 6b), the topography of
the lesion showed a centrally visible post-implantation fissure, edged on both sides by a
fibrous capsule. On the left was part of the capsule with a slight inflammatory infiltrate,
and on the right, the capsule structure is poorly cellular.

Figure 6¢,d show the results of B2 (1) and B2 (2) preparations, respectively. Figure 6¢
shows a granuloma with blood vessels and polypoid proliferation. Numerous blood vessels
and a lymphocytic-histiocytic infiltrate are visible. The topography of the lesion shows a
lack of a clearly defined post-implantation space. Fragments of a capsule of variable struc-
ture are visible. Figure 6d shows poorly collagenized connective tissue (loose connective
tissue predominates) with an admixture of inflammatory infiltrate containing histiocytes,
mast cells and lymphocytes, slightly swollen. The tissue is polyploidy proliferating. Faint
capillaries are visible. Analysis of the topography of the lesion showed a lack of a clearly
defined post-implantation space. Fragments of the capsule of the same structure are visible.

The results of specimen 3 are shown in Figure 6e. The topography of the lesion with
a centrally visible U-shaped post-implantation fissure was edged with a thin connective
tissue capsule. Connective tissue was visible all around. In Figure 6f, no typical implanta-
tion fissure is found. A linear connective tissue capsule is visible, without inflammatory
infiltration, of varying thickness, containing fibroblasts and small capillary vessels with
blood cells.

Figure 6g,h shows the histological analysis of preparation 4, labelled B4 (1) and B4 (2),
respectively. Preparation B4 (1) (Figure 6g) does not contain an implantation fissure or
pouch, but only a fragment of skin. In specimen B4 (2) (Figure 6h), the topography of the
lesion showed a centrally visible post-implantation fissure, flanked by a pouch on both
sides. On the left and right, polypoid proliferations of inflammatory granulation tissue
with blood vessels are visible.

The results of specimen 5 are shown in Figure 6i,j. Topography of the lesion, in
Figure 6i, showed a centrally visible U-shaped post-implantation fissure, edged by a
thin connective tissue capsule, with connective tissue visible all around. The topography
of the lesion, in Figure 6j, showed a post-implantation fissure, with the capsule with
numerous polypoid connective tissue proliferations containing a diffuse inflammatory
infiltrate. Analysis of specimen 6 was shown in Figure 6k,1 for specimen 1 and Figure 6k for
specimen no. 2. Figure 6k showed the topography of the lesion with a centrally visible post-
implantation fissure with a bordered capsule on both sides. Polypoid proliferations can be
seen on the left and right, with a prominent inflammatory infiltrate and granulation tissue
on the left. The topography of the lesion in Figure 61 showed a richly cellular inflammatory
granuloma forming a post-implantation capsule, with lymphocytic inflammatory infiltrates
and an admixture of histiocytes forming polypoid proliferations.
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Figure 6. Histological analysis of peri-implant tissues (longest dorsal muscle) for each animal of
study group. Staining based on haematoxylin and eosin method. Hematoxylin-stained basophilic
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structures, purple (e.g., cell nucleus); eosin-stained eosinophilic structures, pink (e.g., cytoplasm).
(a) First animal—specimen marked as B1 (1). (b) First animal—specimen marked as B1 (2). (c) Second
animal—specimen marked as B2 (1). (d) Second animal—specimen marked as B2 (2). (e) Third
animal—specimen marked as B3 (1). (f) Third animal—specimen marked as B3 (2). (g) Fourth
animal—specimen marked as B4 (1). (h) Fourth animal—specimen marked as B4 (2). (i) Fifth animal—
specimen marked as B5 (1). (j) Fifth animal—specimen marked as B5 (2). (k) Sixth animal—specimen
marked as B6 (1). (1) Sixth animal—specimen marked as B6 (2). (m) Seventh animal—specimen
marked as B7 (1). (n) Seventh animal—specimen marked as B7 (2). (o) Eight animal—specimen
marked as B8 (1). (p) Eight animal—specimen marked as B8 (2). (q) Ninth animal—specimen marked
as B9 (1). (r) Ninth animal—specimen marked as B9 (2). (s) Tenth animal-—specimen marked as
B10 (1). (t) Tenth animal—specimen marked as B10 (2).

Figure 6m,n shows the topography of the change of sample No. 7, labelled B7 (1),
Figure 6m and B7 (2), respectively, and Figure 6n. A prominent fibrotic inflammatory gran-
uloma forming a post-implantation capsule, sentinel with high cell numbers, lymphocytic
inflammatory infiltrates and admixture of histiocytes is shown in Figure 6m. The granuloma
forms polypoid proliferations. The topography of the lesion shown in Figure 6n shows a
fibrotic inflammatory granuloma forming a post-implantation capsule, with lymphocytic
infiltrates and admixture of histiocytes. The granuloma formed polypoid proliferations.

For the specimen labelled B8 (1) (Figure 60), polypoid fibrous fragments of the implant
capsule were present, focally with a lymphocytic inflammatory infiltrate. The lesion
topography for specimen B8 (2) (Figure 6p) showed fibrotic polypoid inflammatory granular
proliferations that form the wall of the implantation capsule, on top of the myxoid.

The lesion topography of slide B9 (1) (Figure 6q) shows a fibrous inflammatory gran-
uloma forming a fibrous post-implantation capsule without inflammatory infiltration,
slightly downwards, and fragments of polypoid inflammatory granuloma with a dense
predominantly lymphocytic infiltration, slightly upwards. The lesion topography of slide
B9 (2) shows a fibrotic inflammatory granuloma forming a post-implantation capsule with
a slight inflammatory infiltrate, here and there forming polypoid proliferations—Figure 6r.

The topography of the lesion of the preparation labelled B10 (1) (Figure 6s) showed
a centrally visible post-implantation fissure, rimmed with capsule on both sides. Above,
the capsule was collagenized without inflammatory infiltration and downwards polypoid
proliferations of inflammatory granules, and with marked inflammatory infiltration. In the
case of specimen B10 (2), the implantation capsule was visible. It formed connective tissue
polypoid proliferations as presented in Figure 6t.

4. Discussion

For the realization of the biocompatible resin system, a thiol-yne-methacrylate reactive
system has been evaluated during the first step of the work. This reaction was based on a
multiple-step radical mechanism leading to high monomer conversion and outstanding
thermo-mechanical properties [31,32].

In the second step, the investigated and optimized resin system was evaluated in a
3D printing process in collaboration with Lithoz. It turned out that the functional group
conversion of the monomers in the 3D printed parts (methacrylate conversion ~76% using
1.6 wt% Irgacure 784 (Irg784) as photoinitiator) is significantly lower as the conversion,
which could be obtained in thin model films (conversion methacrylate >95%; see first
evaluation report). This behavior could be explained by the lower intensity of the utilized
light in the DLP-based printing process. Since methacrylates provide a significant cytotoxic
potential, the amount of remaining methacrylate building blocks has to be decreased in the
printed parts to the lowest possible level. Moreover, also the influence of the choice and
concentration of the photoinitiator (Phl) in the resin system on the methacrylate conversion
was investigated. Besides Irg784, the also-biocompatible Germanium-based Phl Ivocerin
was tested. Based on the conducted experiments, it was finally observed that a 2.4 wt%
Irg784 content leads to 86% methacrylate conversion directly after printing, which increased
after a post-illumination (at 80 °C) to 95% [33-35].
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In the following experiment, the effect of the post-curing on the thermo-mechanical
properties using a dynamic mechanical analysis was investigated. It turned out that
the additional illumination at elevated temperatures leads to a significant increase in
the glass transition temperature. This can be explained by the higher network density
obtained with progressive polymerization of uncured monomers. It needs to be mentioned
that this post-treatment must be performed above the glass transition temperature of the
printed photopolymer to facilitate monomer mobility in the polymeric network, enabling a
subsequent polymerization reaction. Aside from the methacrylate conversion, the storage
modulus at body temperature (~37 °C) also increased significantly from 252 to 1073 in the
post-curing step.

The 3D printing technique used in present experiment needs to be improved in order
to obtain a surface with greater smoothness, free of residual uncured polymer [36-39].
Non-contact quantitative evaluation of surface topography was completed in the present
study. Using confocal microscopy, surface roughness parameters were measured. The
images were taken at 20x and 50 x magnification, and then the results were analyzed in
ZEN 3.6 software, equipped with the Topography module that allows for obtaining the
surface roughness parameters. Measurements were conducted both for samples before and
after indentation tests. For each sample and each magnification, five measurements were
made so that statistical analysis could be performed. The results of the quantitative surface
topography analysis are shown in Figure 7a,b. The Ra parameter is the arithmetic mean
deviation of the profile from the mean line. The highest value of this parameter was found
for sample 1 (according to Table 1), for which the average value was 1.6 um (Figure 7a).
The other samples had at least twice the value of this parameter. It was noted that for the
samples exposed at 70 °C, the value of the Ra parameter was twice less than the Ra values
for the corresponding samples exposed at 100 °C. No effect of the applied layer on the
surface roughness was noticed. The Rz parameter reports the height of roughness according
to the ten points of the profile. The measure of this quantity is the average roughness. The
highest value was obtained for samples 2 and 3 (according to Table 1) (Figure 7b). Sample 2
contained carbon nanotubes in its composition which may have affected the value of the
Rz parameter. The lowest value of the analyzed Rz parameter can be seen for sample 5,
illuminated at 70 °C, and for sample 8, illuminated at 100 °C.

(b)

Rz [um

v

B I|I 0I||IIIIII

Figure 7. (a) Values of Ra parameters for the tested materials. (b) Values of Rz parameters for the
tested materials.

High levels of roughness and surface defects promote platelet activation and adhesion,
which has a negative impact on the use of the material in contact with blood. The applied
surface modifications in the form of PVD- and ALD-applied layers yielded the expected
results of increasing their mechanical properties, decreasing the roughness of the substrate
and reducing cytotoxic effects [40-43]. The titanium nitride layer made using the ALD
method presented much better properties (lower value of Ra parameter) than the layer of
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amorphous, hydrogenated, oxidized silicon carbide. Also, in cytotoxicity tests, the use of
this layer achieved a cell survival rate of 98% for the sample illuminated at 70 °C and 87%
for the sample illuminated at 100 °C. According to the provisions of standards [29,30] “A
reduction in cell viability of more than 30% is considered a cytotoxic effect”; this means
that samples coated with a layer of titanium nitride entail no cytotoxic effects. Analysis of
cytotoxicity using LDH-lactate-dehydrogenase-level testing showed that all samples tested
were within a standard deviation of the LDH level value for the control sample, which in
this study was polystyrene. This result may indeed indicate the absence of a cytotoxic effect,
but it is only when the results are matched with fluorescence analysis that the cytotoxic
properties for the tested materials can be verified. Material biocompatibility is a complex
mechanism, and no single test can fully determine the biocompatibility of a material, so
additional testing, including in vivo testing, is necessary.

The clinical observations carried out up to date showed no significant changes during
the experiments like the ones described presently [44,45]. The surgical wound healed
without complications; the study material was not displaced. Diagnostic examinations
showed no systemic inflammation (no leukocytosis), the morphological parameters re-
mained normal, indicating that the biomaterial did not affect the bone marrow, and the
haematopoietic process. The organs were characterized by normal performance. There
were no significant changes in total protein, creatinine, urea, and total bilirubin. Elevated
ALT and enzyme activities remained at similar levels for the control, study, and reference
groups throughout the observation period. The activities of the other enzymes, i.e., AST,
LDH, GGTP, and ALP, were characterized by a similar range of activity in all groups.
Based on the collected data, no significant differences in the values of the assessed parame-
ters were observed in the study group compared to the control group. Histopathological
evaluation did not reveal changes indicative of a negative effect of the test material on
experimental animals, as neither microscopic signs of toxicity in the form of sterile necrosis
were observed at the implantation site. Additionally, no unambiguous allergenicity in the
form of an eosinophilic cellular response or granuloma formation was observed. Therefore,
the presently performed experiments allow the conclusion that the inflammatory response,
as well as the formation of polypoid proliferations, is a response to an irritant, irrespective
of the aetiology—whether mechanical or chemical.
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