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Abstract

The absence of even a single finger results in a ma-

Jorimpairment in the hand function (precise grasping,

grip power), therefore significantly affecting the social
and professional life of victims who are frequently yo-
ung people. Finger amputation is a surgical treatment

for ~69.000 patients in the EU after traumatic injury,

in which replantation microsurgery fails due to the
severity of tissue damage. The surgical reconstruction

is currently possible only via autograft transplantation,

e.g. a toe-to-hand transfer, thus leading to foot im-
pairment. Some motion functional restoration is also
possible using a bone-anchored silicone prosthesis

but without the sense revalidation.

Our current research focuses on alternatives for
surgical reconstruction by means of novel patient-
-specific, durable, biomimetic, bioactive and antibac-

terial implants for reconstructing lost bone and joints.

The implant design — and the improved micro(neuro)
surgery (beyond the project) — will consist in the fast
successful rehabilitation, including the soft-tissue
related mobility, the implantation of state-of-the-art

nerve conduits as well as the aesthetic appearance.

Key issues for the long-term functionality of the
biomaterial-based reconstruction of hard tissue are
based on surgical demands, such as: (1) perfect
integration of a bone-substituting metal with the surro-
unding bone tissue (a) with no signs of loosening due
to stress shielding at the interface and (b) enhanced
with protective activity against bacterial inflammation
(antimicrobial properties and formation of vasculari-
zed bone tissue (ossification)) even months to years
after the injury; (2) biomimetic finger joints based on
non-wearing materials without ossification meant to
prevent the loss of the motion function.

Keywords: finger implant, thin coatings, microstruc-
ture, cytotoxicity, microbiology
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Introduction

Optimal treatment after accidental finger amputation

Atraumatic finger (digit) amputation is the most common
type of highly severe injury of the upper extremities [1-3].
The hand and digital amputations account for ~69.000 visits
to emergency departments in the EU (~45.000 in the US)
[4,5]. The absence of even a single finger (especially the
thumb, ~15.000 patients/year in EU) results in major impair-
ments in the hand function, i.e. the inability to perform more
precise manoeuvres and engage in specific tasks and the
decreased power of the grip, causing social inhibition and
inadequate adaptation to society [6-8]. The multiple finger
loss only increases the disadvantageous impact on life and
work (i.e. productivity and income) [9].

Victims of severe finger injuries are usually young and
in their prime income earning years [9]. Thus, choosing an
appropriate treatment can bring substantial economic ef-
fects, not only to trauma patients but also to the lives of their
families and society. Medically, an amputation is a relatively
inexpensive and uneventful procedure, but in addition to the
motion and sensing disability, the persistent pain is prob-
lematic. Although costly and microsurgically challenging, the
gold standard for preserving the hand mechanics is replan-
tation, offering substantial functional and aesthetic benefits
[10-13]. ltis performed in ~24% of all cases in Austria, 22%
in EU28, 14% in the US and 29% in Japan with generally
higher prevalence in the case of amputation of >2 digits.
The procedure requires a long rehabilitation period and can
result in functional deficits owing to persistent finger stiffness
and limited sensation [14-17]. However, if the microsurgical
reconstruction fails (14% of cases [14] or replantation is
not an option due to the injury severity (e.g. after crushing
without a clean-cut) (~38% of total cases), techniques such
as finger pollicisation or a toe-to-hand transfer can also offer
a good reconstructive alternative [18]. Some finger function-
ality is preserved with external silicone prostheses [19-21],
if they connect to bone-anchored implants (in contrast to
a snap prosthesis providing only aesthetic function) [21,22].
However, anchoring is rarely used due to the high risks of
bacterial infection, prosthesis extrusion and osseoabsorption
of the phalangeal stump [23,24].

Z ommm® © 00000 0000000000000 00000600000000000000000

L


https://doi.org/10.34821/eng.biomat.161.2021.8-14
https://creativecommons.org/licenses/by/4.0
https://orcid.org/0000-0002-9943-6335
https://orcid.org/0000-0003-1152-5964
https://orcid.org/0000-0001-9471-1230
https://orcid.org/0000-0001-7387-7178
https://orcid.org/0000-0003-3931-232X
https://orcid.org/0000-0002-9851-790X
https://orcid.org/0000-0002-6526-2656
https://orcid.org/0000-0003-3809-1908

Since immunogenicity risks prevent the use of any al-
lografts and xenografts, the autologous reconstruction
from patient’'s own donor tissue without the loss of other
extremities (e.g. toes) is currently increasingly considered
as a future alternative, especially for patients after the loss
of the thumb or 2 and more fingers (estimated 15,000 cases/
year in EU). While the autologous connective tissue, tendons
and skin transfer from donor sites, including the vasculari-
zation, is considered a (micro-)surgical standard, the main
challenge is the hybridization of this surgical approach with
implants. The problematic issues consist in:

(1) the reconstruction of the finger bone segments as
well as joints. When the available donor sites of bone are
either strongly limited (e.g. from the iliac crest) or missing
(for joints), itis necessary to apply bone- and joint-substitute
materials. However, finger-bone-substituting implants
(for reconstructing phalanx and metacarpal bones) have to
be patient-tailored to match the length and anchoring ge-
ometry to the existing bone/joints. Finger-joint implants are
currently available only for replacing arthritic joints. They are
not suitable for the combination with any bone-substituting
implants and have strong functionality limitations due to the
material ossification (metal or polymer).

(2) the reduction of germ count and minimizing the rate
of post-traumatic hand bone infections caused by bacteria
introduced during the injury or the medical-surgical treatment
(nosocomial, partly multi-resistant nosocomial Staph. aureus
& epidermidis, E. coli, Pseudomonas) [25].

(3) the tactile function restoration: the loss of sensation
of e.g. both digital nerves of the thumb (even if the motion
is still possible without the amputation) equals 20% loss of
the hand function [26]. Tactile sensibility can be restored by
various neurovascular flap techniques [27] and a number
of nerve guidance conduits and nerve protectant wraps ap-
proved by the US Food and Drug Administration (FDA) for
clinical use in the peripheral nerve repair [28].

General demands for autologous tissue & implant
scaffold based reconstruction

In order to reconstruct the finger using a durable, patient-
tailored, biomimetic and bioactive implant (the R&D target of
the fingerIMPLANT project, bullet points 1&2 from above),
special focus must be laid on the highly complex reconstruc-
tion of motion, i.e. using structural implants (materials in
demanded shape) for finger bone and joint reconstruction.

Soft-tissue related mobility, implantation of state-of-the-
art nerve conduits and aesthetic appearance (bullet point 3)
are mainly a task for the post-project clinical studies on
adapting available microsurgical techniques.

Based on the consortium experience, the necessary
patient-specific implants for reconstruction of bones, joints
and tactile function must mandatorily be:

(1) non-cytotoxic and biocompatible for the long-term
use, i.e. initially anti-microbial and bioactive to provide the
proper bone neoformation,

(2) patient-tailored to the size and shape of the digital
defect (“finger length”), the elasticity of surrounding bone at
the interface to the existing bone in order to prevent stress
shielding and degradation of the surrounding bone, and
comparatively manageable for the surgeon,

(3) mechanically robust to provide sufficient strength
against physical forces in vivo (similarly to the normal finger
and hand motion).

The long-term surgical experience with tissue engineer-
ing, bone-substitute materials and artificial joints shows
that any implant concept without metal- or ceramic-based,
durable high-strength materials have failed in osteosynthesis
and functional reconstruction due to heavy loads and a high
number of load cycles (movements) affecting the extremities.
Consequently, the following demands arise for the biomi-
metic design of bone and joint reconstruction:

Patient-tailored bone reconstruction implants

An excellent, patient-tailored adaptation of the implant to
the patient-specific dimensional demands of the phalanx and
metacarpal bones as well as providing fast axonal regrowth
is essential to minimize the process of learning the new
grasp, adding to an already huge burden of accepting the
reconstructed extremity. Furthermore, arthroplasty in small
bones generally shows that the implant stiffness has to be
adapted to the natural bone stiffness in the areas of direct
contact (anchoring sites) because the elasticity differences
will result in the bone degradation caused by stress-shielding
and therefore the implant loosening.

The most important characteristics that the implant must
fulfil are:

(1) The response to loading similar to natural bone at the
anchoring sites (Young’s modulus (E) 25-30 GPa (ISO 6892-1)
to prevent stress shielding by using design methodology for
4D printing (3D shape + directionally-optimized stiffness by
cellular inner structure).

(2) Long-term mechanical and corrosion durability - ten-
sile testing ISO 6892-1:2016: (tensile strength >800 MPa),
fatigue limit (106 cycles, >400 MPa).

Tribologically and chemically durable artificial
ceramic joint implants

The state-of-the-art silicone or PEEK polymer-based
finger joint implants for arthritic joint replacement gener-
ally fail mechanically after 2-4 years [29-34], the CoCr or
pyrolithic carbon joints fail due to loosening, ossification or
wear after the similarly long use [35-38]. The demands are,
thus, as follows:

(1) the non-osteoconductive material to prevent the
osteoblast adhesion and ossification

(2) the highly smooth (Ra<10 nm) surface after the polish-
ing post-treatment, both high hardness (>1200 HV) & tough-
ness >6 MPa m0.5 for the minimized wear rate (<0.1 mm?/
107 cycles, modified 1ISO 14242 test)) and the reduced
anchoring sites of osteoblasts (start of ossification)

(3) the high-quality material for biomedical applications
(bulk density >3.94 g/cm?, grain size <4.5 pym, flexural
strength >400 MPa) (ASTM F603-12)

Thin bioresorbable, osteoconductive and
antimicrobial coatings on metal implants

Generally, full metal-based bone-substitute implants
impede the optimal interaction with the surrounding tissue
due to the tissue capsula formation and the risk of persis-
tent inflammation caused by the bacteria biofilm. So, to
improve the implant/tissue interaction, metal implants may
be coated with bioresorbable osteoconductive materials
(like hydroxyapatite (HAp)) to enable leaching necessary
osteoinductive ions dedicated for the faster bone neoforma-
tion during the slow dissolution in body fluids. This widely-
used (e.g. for joint arthroplasty) safe approach of an in vivo
bioreactor inside the patient’s body, instead of the ex vivo
cell cultivation with the excessive manipulation of cells, is
mandatory for tissue engineering due to the rigid regulations.
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Finally, such an approach leads to the key benefit i.e. the
formation of a natural-like bone layer. However, state-of-the-
art industrial coating technologies do not fulfil the demands
of low-temperature processing to prevent distortion of small
implant sizes. Further, materials like HAp are insufficient to
protect deep wounds and bone destruction from the enor-
mous risk of bacterial colonization in the cases of finger
traumas. In spite of the initial antibiotic therapy, inflammation
may occur even some weeks past the injury and/or the final
reconstruction surgery in less vascularized regions with low
blood supply, such as the implant surface. This constricts
further bone formation and results in implant rejection if the
emergency anti-biotic treatment is inefficient. Based on the
joint substitute know-how, the medical demands for a coating
technique at low temperatures (<120°C) are the following:

(1) the biodegradation of osteoinductive HAp within
15-20 weeks as a basis for neoformation of a thin layer
(500 - max. 1000 ym) of natural-like vascularized cortical
bone on the implant

(2) the local anti-microbial protection during these 15-20
weeks of the HAp biodegradation phase after implantation
(decrease of Staph. aureus & epidermidis, E. coli, Pseu-
domonas from 1E5 to <1EQ /ml in 24 h, ISO 22196 test
conditions) to prevent the biofilm formation and the finger
implant loss.

The main objective of the study was to design and manu-
facture a prototype finger implant.

Materials and Methods

The research and development of the optimized, biomi-
metic implant based on finite element modelling is the origin
of developing (i) high-elastic Ti-15Mo-5Zr-3Al scaffolds with
partly bionic cellular structures as bone substitutes and
(i) ultra-tough, smooth, complex 3D-shaped ZrO,-Al,O,
ceramic joint substitutes for additive manufacturing by
adapted selected laser melting (SLM) and lithography-based
ceramic manufacturing (LCM), respectively.

Microstructure analysis

The surface morphology was examined with scanning
electron microscopy (SEM). Prior to the imaging step, the
samples were coated with a gold thin film to prevent the
tissue surface charging. The visualization was performed
by FEI Versa 3D FEG SEM (FElI, Poland), with the 5.0 kV
—10.0 kV acceleration voltage and the electron beam cur-
rent of 4.0 nA.

The study was performed from the cross-section using trans-
mission electron microscopy (TEM) Tecnai G2 F20 (200 kV).
The thin films for the TEM analysis were prepared by the
focused ion beam technique (FIB) using gallium ions by the
device QUANTA 200 3D Dual Beam.

Cytotoxicity

The task addresses issues of the possible cytotoxic ef-
fects of biomaterials, i.e. the fibroblasts necrosis in relation
to the control group tested on the Ti6AI4V alloy with con-
firmed biocompatibility. The cytotoxicity test of samples was
performed by the indirect method according to ISO 10993-5
on murine fibroblasts (L929 ATCC). The potential cytotoxic
effect was determined according to the ISO 10993-5:2009
standards. Twenty-three samples measuring 1.5 cm? were
placed in confluent mouse fibroblast (L929; ATCC) cul-
tures (about 5x10° cells) and incubated for 48 h at 37°C.

Then the cells were stained with propidium iodide (PI).
The images were taken with the Axio Imiger confocal micro-
scope equipped with a camera and quantified using Axio-
Vision 4.6 (Carl Zeiss Microlmaging). A statistical analysis
(two-way ANOVA and Tukey post hoc test, P value smaller
than 0.05 was considered as significant — Statistica 10.0 PL)
was performed on three replicates from each treatment.
The number of live and necrotic cells was assessed by
confocal microscopy using the propidium iodide (Pl) marker
MitoTrucker green which stains active mitochondria. This
marker localizes the mitochondria independently of the
mitochondrial membrane potential. The propidium iodide
test is one of the more commonly used methods for cyto-
toxicity testing. To label mitochondria, cells are incubated
with MitoTracker® probes which passively diffuse across
the plasma membrane and accumulate in the active mito-
chondria. After labelling their mitochondria, the cells can be
treated with an aldehyde-based fixative for the samples that
require fixation to allow further sample processing. Some
MitoTracker® probes are also preserved after permeabilisa-
tion with certain detergents during subsequent processing
steps (e.g. Immunocytochemistry or in situ hybridisation).
Propidium iodide penetrates into the cell only when the
continuity of the cell membrane is breached. Upon entering
the cytoplasm, it labels nucleic acids and upon excitation
with green light, it turns the nucleus of the necrotic cell red.

Microbiology

The antimicrobial activity contact test was based on
ISO 22196:2007(E). Escherichia coli strain ATCC 8739
(Gram-negative) and Staphylococcus aureus strain 6538P
(gram-positive) were used, as recommended in the norm.
The obtained results were visualized as antibacterial activ-
ity index (R) which represents the difference between the
number of viable bacteria recovered from both untreated and
treated specimens. To analyze the microbiological properties
of the coatings according to ISO 22196, the samples were in-
oculated with a bacterial suspension of the units that formed
a colony of approximately 2.5 x 10% — 1.0 x 108 / ml (cfu).
Staphylococcus aureus (ATCC® 6538P™) and E. coli
(ATCC® 8739™) strains were selected for the study. The
samples were incubated for 24 h at 95% relative humidity
and at 37°C. To determine the initial number of bacteria, the
microorganisms were counted after having been applied to
the biomaterial and quickly washed away from its surface.

Results and Discussions

The concept of the implant
The suggested implant design is presented in FIG. 1.
The image shows the bone part and the joint part.

The material topography and microstructure

The surface topography images were obtained by scan-
ning electron microscopy at an accelerating voltage of 2 kV,
using a secondary electron detector. One of the images was
taken with the table tilted to 52 degrees to obtain a three-
dimensional image (FIG. 2). The microstructural tests were
performed on the reference flat samples, not on the implant.
The surface, shown in FIG. 2, corresponds to the surface
dedicated to the bone fixation.
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FIG. 1. The concept of the design: A - the suggested implant design, B - the concept of the implant-bone

connection.
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FIG. 2. SEM topography analysis of the materials intended for implants.

The detailed microstructural characterization was car-
ried out using transmission electron microscopy on the
cross-section (FIG. 3). Athin film was cut from the boundary
between the substrate and the sphere. The sphere region
showed the columnar growth of crystallites in the direction
perpendicular to the sphere surface. Twinning was also
shown, due to the tendency for twinning in hcp structures.

In order to better visualize the crystallites in the sphere
area, the microstructural characterization was carried out
in the dark field of observation from a selected diffraction
reflector (FIG. 4).

Twinning is one of the main deformation modes in hex-
agonal close-packed (HCP) materials, and it has a great
influence on mechanical properties.

The direct cytotoxic effect

The cytotoxic effect of the materials on the cells was
determined according to the 10993 standard of the direct
cytotoxicity analysis of materials. The tests were carried out
using molecular probes of the mitotrucker type to test the
level of mitochondrial activation and propidium iodide which
labels necrotic cells (FIG. 5).

The graph was developed by the colocalisation func-
tion. The colocalization analysis is performed on a pixel by
pixel basis. Every pixel in the image is plotted in the scatter
diagram based on its intensity level from each channel. The
colour in the scatterplot represents the number of pixels
that are plotted in that region. In this example, the green
intensity is shown on the x-axis and the red intensity is
shown on the y-axis.
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FIG. 5. Cytotoxic effect of the tested materials on the cells.

TABLE 1. The antimicrobial activity assumption.

Antibacterial activity R against:

Biomaterial
E. coli S. aureus
HAp/Ti64_H188 6.5 22
I E3//TiSubstrate//HAp//280A 2.6 23 I
The microbiological effect Acknowledgements
The antimicrobial activity value is presented in TABLE 1.
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of magnitude). The higher the R index is, the better the
antibacterial properties are.
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