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ABSTRACT

Titanium as the leading implant material in locked plating is challenged by polymers such as carbon
fiber-reinforced polyetheretherketone (CFR-PEEK), which became the focus of interest of researchers and
manufacturers in recent years. However, data on human tissue response to these new implant materials
are rare.

Osteosynthesis plates and peri-implant soft tissue samples of 16 healed proximal humerus fractures
were examined (n = 8 CFR-PEEK, n = 8 titanium). Soft tissue was analyzed by immunohistochemistry
and pCT. The entrapped foreign bodies were further examined for their material composition by FTIR.
To gain insight into their origin and formation mechanism, explanted and new plates were evaluated by
SEM, EDX, profilometry and HR-CT.

In the peri-implant soft tissue of the CFR-PEEK plates, an inflammatory tissue reaction was detected.
Tissues contained foreign bodies, which could be identified as tantalum wires, carbon fiber fragments
and PEEK particles. Titanium particles were also found in the peri-implant soft tissue of the titanium
plates but showed a less intense surrounding tissue inflammation in immunohistochemistry. The surface
of explanted CFR-PEEK plates was rougher and showed exposed and broken carbon fibers as well as pro-
truding and deformed tantalum wires, especially in used screw holes, whereas scratches were identified
on the titanium plate surfaces.

Particles were present in the peri-implant soft tissue neighboring both implant materials and could
be clearly assigned to the plate material. Particles from both plate materials caused detectable tissue
inflammation, with more inflammatory cells found in soft tissue over CFR-PEEK plates than over titanium
plates.

Statement of significance

Osteosynthesis plates are ubiquitously used in various medical specialties for the reconstruction of bone
fractures and defects and are therefore indispensable for trauma surgeons, ENT specialists and many oth-
ers. The leading implant material are metals such as titanium, but recently implants made of polymers
such as carbon fiber-reinforced polyetheretherketone (CFR-PEEK) have become increasingly popular. How-
ever, little is known about human tissue reaction and particle generation related to these new implant
types. To clarify this question, 16 osteosynthesis plates (n = 8 titanium and n = 8 CFR-PEEK) and the
overlying soft tissue were analyzed regarding particle occurrence and tissue inflammation. Tissue inflam-
mation is clinically relevant for the development of scar tissue, which is discussed to cause movement
restrictions and thus contributes significantly to patient outcome.
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1. Introduction

Dislocated fractures of the human skeleton can be treated by
open reduction and locked plating, using anatomically pre-shaped
plates [1-3]. These plates are available in a variety of implant ma-
terials, which have attracted increasing attention in recent years.
In addition to stainless steel, titanium and its alloys have been
established as a standard implant material [4]. Titanium is inert,
has a comparable elasticity to cortical bone and contains no nickel
or chromium, which both can lead to allergic reactions, particu-
larly in contrast to stainless steel. Yet, stainless steel previously
dominated the market for decades [4,5]. However, surgical grade
stainless steel consists largely of nickel and the number of peo-
ple suffering from hypersensitivity to that transition metal has in-
creased significantly over the years, so that steel has come un-
der criticism, which helped titanium alloy to a buoyant rise [4].
In 2003, Voggenreiter et al. published a study in which they in-
vestigated the immune-inflammatory tissue response to steel and
titanium implants in vivo [5]. They found a significantly increased
number of inflammatory cells in soft tissue over steel as well as in
tissue over titanium plates [5]. A different study showed a signifi-
cant amount of particle release in tissue around titanium implants
in mini pig maxillae [6]. Furthermore, the authors found increased
cytotoxicity and DNA damage caused by titanium particles, com-
pared to equally sized zirconium ceramic particles [6]. This shows
that titanium is not an ideal implant material either, even if it does
not lead to allergic reactions. So, researchers and manufacturers
are still looking for an optimal solution. A fairly new implant ma-
terial is carbon fiber-reinforced polyetheretherketone (CFR-PEEK)
[7]. In contrast to metallic implants, the thermoplastic polymer
is biocompatible, non-allergenic and non-mutagenic, heat-resistant,
corrosion-free, and radiolucent [7,8]. The materials hydrophobic
properties are seen as a reason for fewer adhesion to surround-
ing tissues [9]. However, a study published in 2019 showed that
in animal experiments with mini-pigs significantly more multin-
uclear giant cells were present in the soft tissue over dental im-
plants made of CFR-PEEK, compared to the soft tissue over tita-
nium caps [10]. Moreover, it remains unclear how the human or-
ganism reacts to CFR-PEEK particles of varying sizes. Evaluations of
humane tissue are rare. The authors only found case descriptions
but no publication in which the reaction of the human organism to
CFR-PEEK implants has been investigated systematically, especially
with respect to longer-term implantation of mechanically loaded
osteosynthesis plates [11-13]. In 2016 Merolli et al. described the
case of a woman that suffered from destructive tenosynovitis after
open reduction and internal fixation (ORIF) of a distal radius frac-
ture with a CFR-PEEK plate. In the histopathological examination
they found a granulomatous reaction with multi-nucleated giant
cells and carbon fibers within fibrous tissue [13].

In the present study a systematic histological evaluation of the
peri-implant soft tissue after open reduction and locked plating
with CFR-PEEK and titanium plates of proximal humerus fractures
was obtained. Particle analysis of enclosed and free foreign bodies,
their interaction with the surrounding soft tissue and the analysis
of the plates themselves allowed to gain further insights into the
origin and biological relevance of the foreign bodies.

2. Materials and methods

After approval of the retrospective study design by the Lo-
cal Ethics Committee of the Ludwig-Maximilians-University (LMU)
Munich, Germany, the study was conducted in accordance with
CONSORT (CONsolidated Standards of Reporting Trials) 2010 pol-
icy and the Helsinki Declaration. All patients agreed to participate
in this study with written detailed informed consent.
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The study included 16 patients who were treated by open re-
duction and locked plating for a proximal humerus fracture either
with an implant made of CFR-PEEK or titanium and suffered of
impaired movement and/or persistent pain after fracture healing,
which is why the indication for implant removal was given. Each
group (CFR-PEEK vs. titanium) consisted of n = 8 patients. All oper-
ations were performed via a delto-pectoral approach. Between the
primary fracture treatment and implant removal, none of the pa-
tients underwent surgery on the affected shoulder.

2.1. Implants

The CFR-PEEK plate used in this study was the PEEKPower®
humeral fracture plate (Arthrex, Naples, Florida, USA) (see Fig. 1A-
C). This anatomically pre-shaped plate consists of CFR-PEEK, in
which radio dense tantalum wires are embedded (Fig. 1B and
b). For fixation to the bone, titanium-aluminum-vanadium alloy
(according to ISO 5832-3) screws are used, which can be fixed
polyaxially and locked in the plate. Therefore, a thread is cut into
the bushing by the screw heads themselves, allowing polyaxially
locked plating (Fig. 1c). This provides fixation of the screws in ar-
eas with better bone quality, which is of particular advantage in
patients with reduced bone mass density.

The titanium alloy implant for osteosynthesis of proximal
humerus fractures used in this study was the PHILOS® (DePuy
Synthes, Johnson & Johnson Medical, Raynham, Massachusetts,
USA), an anatomically pre-shaped plate with pre-manufactured
holes and milled threads, in order to allow monoaxial locking of ti-
tanium screws and to realize the principle of angular stability (see
Fig. 1D-F).

2.2. Patient collective, tissue and implant collection

The decision as to which implant was used in the patients was
made by the surgeon at the time of fracture treatment and thus
before the initiation of this retrospective study. The mean age of
the participants was 53.9 + 15.5 years (mean + standard devia-
tion; CFR-PEEK 58.6 + 17.5 vs. titanium 49.3 + 12.6; p = 0.279
Mann Whitney test). After radiologically confirmed fracture heal-
ing, the implants were removed through the same delto-pectoral
approach used for fixation. Criteria for exclusion were misplaced
implant, healing in malposition, implant breakage, infection, avas-
cular necrosis, concomitant pathology requiring therapy and age
less than 18 years. No deviations in radiologically confirmed frac-
ture healing were observed between study groups.

The reasons for implant removal were persistent pain and/or
limitation of movement. Implant removal occurred on aver-
age 13.7 + 5.8 months (mean + standard deviation; CFR-PEEK
11.6 + 2.8 vs. titanium 159 + 7.4; p = 0.279 Mann Whitney
test) after fracture treatment. After skin incision and preparation
through the muscles, the soft tissue layer (Fig. 2[A] and [B]) lying
over the plate was prepared thoroughly, removed and parts of it
frozen at —20 °C for further processing. Finally, most of the mate-
rial was used for routine paraffin histology.

2.3. UCT of peri-implant soft tissue

For localization and non-destructive mapping of possibly en-
trapped particles within the peri-implant soft tissue, pCT-scans
with a custom build research CT (CT-alpha, ProCon X-Ray, Sarstedst,
Germany) were performed. The CT scanner was equipped with a
nano focus X-ray source (XWT-225-TCHE, X Ray Worx, Germany)
and a 75 pm pixel size CMOS flat panel detector (Dexela 2923,
PerkinElmer, USA) at a 2 x 2 binning. Soft tissue samples were im-
mersed in 70 % ethanol and placed in a closed 35 mm dish, which
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Fig. 1. [A]-[C] and [D]-[F] show radiographs and photographs of the plates used. [b] and [c] as well as [e] and [f] show the different hole configurations: While the CFR-PEEK
(PEEKPower® humeral fracture plate) plate holes are not threaded (see [c]) until the screws are inserted, the threads in the titanium plates (PHILOS®) are pre-milled (see
[f]). The bright white tantalum wires in CFR-PEEK plate were visible in the X-ray of the patient [A] as well as in the images of the plate without any tissue [B, b].

Fig. 2. Intraoperative views of a plate with the overlying soft tissue (white arrows) which is removed for further examination after detachment from the underlying titanium
plate.
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was mounted on a custom designed 3D-printed samples holder.
Scan parameters are shown in Suppl. Tab. 1.

Acquired raw data was reconstructed with X-Aid (version
2020.10.1, MITOS GmbH, Garching, Germany) after correction for
geometrical errors and beam hardening. The evaluation was per-
formed in Dragonfly Pro (ORS, Montreal, Quebec, Canada).

2.4. Histology

Paraffin-embedded sections were deparaffinized in xylene and
then rehydrated in descending series of alcohol. Standard Haema-
toxylin Eosin stained sections were prepared prior to the immuno-
histochemical investigation. For immunohistochemical detection of
macrophage and inflammation associated antigens, sections were
first blocked with Vector Labs “Bloxall” (SP6000) followed by a
treatment with 5 % horse serum diluted with phosphate buffered
saline solution (PBS). Incubation with the primary antibodies was
performed overnight in a moist chamber at 4 °C. A panel of
monoclonal antibodies against CD68, CD163, mature, tissue fixed
macrophage antigen and calprotectin was used to identify and lo-
calize macrophages of different, inflammation related phenotypes
(Suppl. Tab. 2). Sections were then washed with PBS and incubated
with a biotinylated horse anti-mouse secondary antibody (Vector
Labs, Newark, CA, USA) for 30 min at room temperature. After
another washing step with PBS an earlier prepared ABC-Complex
was applied for 30 min at room temperature. Then, after addi-
tional washing steps with PBS a 4 min incubation in the dark with
Vector Impact DAB substrate (Vector Labs, Newark, CA, USA) fol-
lowed. After a washing step in tap water, counter staining was
performed with Meyer's haematoxylin (Sigma-Aldrich CAS 517-28-
2, Germany). For negative control, the primary antibody was re-
placed with PBS. The immunohistochemical analysis was based on
a semi-quantitative assessment score and was counting positive
cells per tissue section (no cells positive (0), one cell positive ((+)),
2 or more cells, but less than 10 (+), 10 or more cells positive
(++))-

2.5. Infrared microscopy (FTIR)

In order to examine the particles in the soft tissue more pre-
cisely with regard to their material composition, peri-implant tis-
sue samples were embedded in PMMA, stained with Giemsa-
eosin stain and underwent Fourier transform infrared spectroscopy
(FTIR) analysis without further sample preparation. The samples
were placed under the FTIR microscope (LUMOS FTIR microscope,
Bruker, Germany), and various locations across the samples were
analyzed using the attenuated total reflectance (ATR) method. The
germanium ATR crystal (tip diameter about 100 pm) was brought
into contact with the sample surface, and depending on the size of
the particles, infrared spectra with an area of 10x10 um? to 36x36
um? were evaluated. The area of a target spot was defined by the
variable aperture inside of the instrument. With this technique, in-
frared light can detect information down to a penetration depth of
about 0.2-1.1 pm in the sample.

2.6. High resolution CT-scans of paraffin-embedded soft tissue and
plates

For further characterization of the particles in the soft tissue
and to identify the localization on the plates from which these
particles originated, high-resolution (HR-) CT-scans of the paraffin-
embedded tissue samples and plate samples were performed us-
ing the RX Solutions EasyTom XL system (RX Solutions, Cha-
vanod, France). This was done by cutting cubes of approximately
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35 x 9 x 10 mm out of the explanted plates. Similarly, cubes
of approximately 9 x 9 x 9 mm were excised from the paraffin-
embedded soft tissue specimens. The choice was made for regions
that indicated a relevant particle load in CT scans of the peri-
implant soft tissue. The scan parameters for investigation of differ-
ent aspects of the CFR-PEEK plates and of the paraffin-embedded
tissue samples are summarized in Suppl. Tab. 1. The scan parame-
ters have been optimized to the different objectives of the exam-
ination. Different combination of two micro-focus tubes and two
detector types were used depending on the objectives. These are:
a 230 kV reflection type micro-focus and a 100 kV transmission-
type nano-focus X-ray tube both from Hamamatsu; a Varian PaxS-
can 2520DX flat panel detector (with a columnar Csl converter;
1920 x 1536 pixel matrix; pixel pitch of 127 pum; 16 bits of dy-
namic range) and a high-resolution CCD camera (Ximea) coupled
to a 20 um-thick Gadox scintillator through optical fibers with a
detection matrix of 2016 x 1344 pixels and an effective pixel size
of 18 pm. For soft materials at high resolution (CFR-PEEK plate
and soft tissue sample), the X-ray propagation-based phase con-
trast technique was utilized to improve the contrast-to-noise ra-
tio of the images. For phase retrieval, the well-known Paganin
method [14] was used under the assumption of single-material ob-
ject. As common practice for broad-spectrum laboratory sources,
the parameters of the Paganin filter, in this case specifically the
—6 dB cut-off frequency, is tuned manually by visual inspection
of the image and was set to around 3.5 % of the Nyquist fre-
quency [15]. After phase retrieval, for the 3D reconstruction fil-
tered back projection by the FDK algorithm [16] in the commercial
software Xact of RX Solutions was used just as for all the other
HR-CT-scans.

2.7. Scanning electron microscopy and energy dispersive X-ray
analysis

To identify the areas on the plates from which the particles
originate and to differentiate what material they are of, the scan-
ning electron microscopy (SEM) imaging were done with the Scan-
ning electron Microscope (SEM, S-4700 II FESEM, Hitachi High
Technologies, Tokyo, Japan). For this purpose, all samples were
coated with a 20 nm thick carbon layer. Energy Dispersive X-
ray analysis (EDX, Oxford Instruments, Abingdon, United Kingdom)
was performed for elemental analysis.

2.8. Roughness measurement of surfaces by white light profilometry

The roughness measurement was done with uncleaned and
used implants as well as new plates. Quantitative measurements
were taken using a non-contact white light FRT MicroProf® 200
Profilometer equipped with a CWL 300 um sensor (Fries Research
& Technology, Germany) on n = 6 measurement points. The ma-
chining marks were oriented along the x-axis. The roughness value
Ra (arithmetic average of the absolute values of the profile) was
expressed in micrometers [17]. The calculations were performed on
1.0 x 1.0 mm scan areas with a point density of 1000 points/line
along the x- and y-axis.

2.9. Statistics

Statistical analysis was performed using SPSS Statistics software,
version 28 (IBM Corp. Released 2021. Amonk, NY, USA). Data are
reported as mean =+ standard deviation, for categorical data as ab-
solute frequency with percentage distribution. The statistical anal-
ysis was done using a Mann-Whitney test for non-normally dis-
tributed values. The significance level was set at p < 0.05.
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Fig. 3. [A] and [B] show the results of the pCTs of the soft tissue samples. The 3-D
rendering of the two tissue specimens is shown on the left. [A] and the zoom in [a]
show peri-implant soft tissue from a CFR-PEEK plate: colored in red, particles and
longer fibers of different sizes and configurations are shown in the tissue indicated
in gray. [B] and the zoom in [b] show peri-implant soft tissue from a titanium
plate: colored in blue, particles of different sizes can be seen in the tissue shown in
gray. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

3. Results
3.1. uCT of peri-implant soft tissue

The 1CT of the soft tissue shows entrapped particles of different
shape, configuration and size. In the peri-implant soft tissue over
CFR-PEEK plates larger fiber and wire fragments as well as smaller
roundish particles were found, whereas in the peri-implant soft
tissue over titanium plates only smaller foreign bodies could be
detected. Fig. 3 shows two examples of soft tissue samples with
enclosed foreign bodies.

3.2. Histology

Soft tissue removal yielded samples with different volumes and
varying tissue density, which sometimes made it difficult to cut
them with a standard paraffin microtome. Routine H&E-stained
sections (Fig. 4) showed dark, irregularly distributed particles in
the tissue samples neighbouring the two types of implants. Parti-
cles varied in size and shape. The semi-quantitative assessment of
the immunohistochemically labelled sections revealed that a wide
range of different macrophages is present in the connective tissue
next to implants. Labelling intensity of the tissue matrix was not
considered, instead only the number of positive cells was recorded
for each antibody. Since the distribution of positive cells per sec-
tion was very inhomogeneous, the limitation to a single field of
view was not suitable for this type of assessment. Thus, the entire
section had to be evaluated.

In the sections immunolabelled with an antibody against CD68,
a universal macrophage marker, more than 10 cells were positive
in 6 CFR-PEEK and 7 titanium samples. The other 2 and 1 samples
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showed at least 2-9 positive cells (Figs. 5 and 6). The statistical
analysis showed no significant difference between CFR-PEEK and
titanium (p = 0.535).

When assessing the results for CD163, a marker expressed on
M2 macrophages, 2 of the 8 tissue samples from CFR-PEEK plates
had more than 10 positive cells, one sample had 2-9 positive cells,
while in 3 one cell was detected positive. The remaining 2 samples
were negative. In the soft tissue over titanium plates, 2-9 cells are
positive in 4 samples and 1 cell in 1 sample; 3 samples were nega-
tive (Figs. 5 and 6). The statistical evaluation showed no significant
difference between CFR-PEEK and titanium (p = 0.702).

After labelling with 25F9, an antibody recognizing mature,
tissue-fixed macrophages, 6 samples from the soft tissue of CFR-
PEEK plates showed 2-9 positive cells and 2 samples were nega-
tive. In the soft tissue from titanium plates, 2-9 cells were positive
in one sample, 1 cell in 2 samples, and 5 samples were negative
(Figs. 5 and 6). The statistical analysis of the semiquantitative eval-
uation showed significantly more positive cells in the soft-tissue
over CFR-PEEK than over titanium (p = 0.038).

When labelling with an antibody against Calprotectin
(MRP8/14), a marker constitutively expressed in neutrophils
and monocytes (both cell types also may express CD68 and
phagocytose extracellular material), all samples of CFR-PEEK plates
showed more than 10 positive cells. In the soft tissue of titanium
plates, more than 10 cells are positive in 4 samples, 2-9 cells are
positive in 3 samples and 1 cell was positive in 1 sample (Figs. 5
and 6). The statistical analysis of the semiquantitative evaluation
showed significantly more positive cells in the soft-tissue over
CFR-PEEK than over titanium (p = 0.027).

It should be noted that CD68 is a common marker for all
types of macrophages occurring at different stages of inflamma-
tion while the other three antibodies recognize cells (with elevated
macrophage activity or not) which are indicative of early, interme-
diate or late stages of inflammation.

3.3. Infrared microscopy (FTIR)

FTIR microscopy was used in the investigation of particles with
regard to their material composition, in which it was confirmed
that the particles in the soft tissue over CFR-PEEK plates consist of
PEEK and carbon fiber. Fig. 7 shows spectra of an identified PEEK
particle (red spectrum; with some residues of the PMMA resin)
and carbon fiber (black) in the sample as well as reference spectra
of PEEK (blue) and PMMA (green). Spectra obtained from the sam-
ple are showing increased absorbance towards lower wavenumber
due to an optical effect of carbon in the carbon fibers (see black
spectrum).

3.4. HR-CT-scans of paraffin-embedded soft tissue and plates

The HR-CT-scans of the CFR-PEEK plates show the different ori-
entation of the carbon fibers as well as the high density (Fig. 8[A]).
Furthermore, the apparently randomly embedded tantalum wires
can be seen in the HR-CT-scans of the CFR-PEEK plates (Fig. 8[B]).
Moreover, it is remarkable that the tantalum wires are partic-
ularly dense around screw holes (Fig. 8[B] marked with aster-
isk) and that some of the tantalum wires are detached from the
bond and protrude into the screw hole (Fig. 8[B] marked with
arrow).

When we further analyzed the soft tissue samples with HR-CT-
scans (see Fig. 9), we could detect clear particle inclusions, which
are assigned to different materials based on their X-ray attenuation
values compared to similarly sized reference metal samples em-
bedded in paraffin and measured under identical conditions. The
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Fig. 4. HE stained sections of soft tissue specimens. [A] shows soft tissue from a CFR-PEEK plate. Framed in yellow, foreign bodies of different configuration and size are
seen. [B] shows soft tissue from a titanium plate. Again, foreign particles are shown framed in yellow. (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.)
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Fig. 5. Graphic visualization of the results of the semi-quantitative evaluation of immunohistochemical slides. Samples are plotted on the Y-axis in each case; a black bar
indicates > 10 positive cells, a dark gray bar represents 2-9 positive cells, a light gray bar means 1 positive cell, and a white bar indicates no positive cells. The left column
shows the CFR-PEEK samples and the right column the titanium samples. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

most attenuating metal is tantalum, followed by titanium, while
the least radio dense materials that could be identified in the sam-
ple are particles of PEEK and carbon fibers.

3.5. Scanning electron microscopy (SEM) and energy dispersive X-ray
analysis (EDX)

On the surface of the explanted CFR-PEEK plates, which ap-
pears rough in SEM, larger pits and exposed carbon fibers (@ 3 pm
approx.) can be seen, some of which show fractures (Fig. 10[B]).
A closer look at the screw holes in the SEM of explanted CFR-
PEEK plates (Fig. 10[C]) reveals individual tantalum wires (@ 50 pm
approx.), that are partially detached from the composite and lie
freely in the hole (Fig. 10[C]). It can be seen that these are heav-
ily deformed and twisted in some places (Fig. 10[C] and [D]). El-
emental analysis by EDX shows that the deformed areas of the
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wires have a higher titanium-aluminum-vanadium content than
the round tantalum wires (Fig. 10[E]). As typical for explanted im-
plant materials some small residua from body fluids and small
tissue fragments were found on surfaces and in cavities (see
Fig. 12 & Suppl. Fig. 1).

Interestingly, SEM images of the new CFR-PEEK plates revealed
exposed tantalum wires and carbon fibers on the surface in some
of the pre-shaped holes (Fig. 11[A] and [B]). All areas were as-
signed to the respective materials by EDX element analysis. Fur-
thermore, there are exposed carbon fibers, only some of which
are sheathed by PEEK. The exposed tantalum wires already show
scratches and notches even in the unused state (see Figs. 10 & 11).

On the surface of the explanted PHILOS® some scratches
(Fig. 12) as well as some small areas with biological residua are
visible. All inspected pre-milled threads in screw holes were intact
and did not show damages.
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Fig. 6. Images of the different immunohistochemical stains (CD68, CD163, mature,
tissue fixed macrophage antigen (25F9) and calprotectin (MRP8/14)). The left col-
umn ([A] - [D]) shows samples from peri-implant soft tissue of CFR-PEEK plates
and the right column ([E] - [H]) shows samples from titanium plates. The positive
cells are brown, they are found especially around small particles. (For interpreta-
tion of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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3.6. Roughness measurement of surfaces by white light profilometry

The roughness measured for the explanted CFR-PEEK plate ex-
amined revealed an Ra of 142 + 0.25 pm, whereas the used tita-
nium plate had an Ra of 0.51 &+ 0.21 pm (p = 0.022). The graphical
representations of the results are shown in the Suppl. Fig. 2. How-
ever, it should be mentioned that the explanted plates still con-
tained biological residues from the time in vivo.

4. Discussion

The purpose of this study was to evaluate the inflammatory tis-
sue response to osteosynthesis plates made of CFR-PEEK and tita-
nium, which also have two different locking mechanisms for the
screw heads. Different particles could be seen in histological ex-
amination and CT-scans in peri-implant soft tissue neighboring ex-
planted CFR-PEEK and titanium plates. However, significantly more
inflammatory tissue response in soft tissue over explanted CFR-
PEEK plates, compared to soft tissue over explanted titanium plates
could be demonstrated in the immunohistochemical examination.
Using infrared microscopy, it was possible to prove that the par-
ticles in the soft tissue over CFR-PEEK plates consisted of carbon
fibers and PEEK fragments from the plates, as they had the same
spectrum. Furthermore, it could be shown that they were not en-
trained particles such as stainless steel from instruments used for
im- and explantation. Since the question arose as to where these
particles came from, the plates were examined in more detail us-
ing SEM, EDX and HR-CT. The roughness measurements of Ra val-
ues on both plate materials showed significantly rougher surfaces
of the CFR-PEEK plates compared to the titanium plates. Further-
more, fragmented carbon fibers could be detected on the surface
of the CFR-PEEK plates, which according to their size of only about
3 um could be ingested by macrophages while larger fragments are
too big to fit into a single cell. In addition, the screw holes of the
plates showed exposed, partially protruding and partially crushed
tantalum filaments, which presumably came off when the thread
was screwed in to provide angular stable fixation since the degree
of TiAlV of the tantalum wire corresponded with the degree of de-
formation.

Another possible source of particle release could be movement
in the implant-bone or plate-screw interface during the time in
situ. Preliminary work on load to failure and movement in the
bone-implant interface comparing the titanium alloy PHILOS® and
PEEK plates for the proximal humerus showed that the polymer
implants had a lower load to failure and allowed significantly more
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Fig. 7. FTIR microscopy of peri-implant tissue embedded in PMMA with Giemsa-eosin surface stain: In the optical image [A], the analyzed area appears roughened compared
to the original surface. The foreign particle is marked with a yellow ring and the corresponding FTIR spectrum is shown in [B] as a red line. Comparison with reference
spectra of PEEK (blue line), carbon fibers (black line) and PMMA (green line) identifies the foreign particle as a composite of PEEK and carbon fibers with residues of PMMA
coming from the resin. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 8. HR-CT-scans of explanted CFR-PEEK plates. [A] shows a 3D rendering of the densely packed carbon fibers in the PEEK matrix. The orientation and the density of
fibers (yellow arrows) differ in various regions. The reconstruction of the network of red tantalum wires in [B] illustrates the locally different number of wires. Asterisks
mark the screw holes, arrows mark tantalum wires that have been released from the composite, # marks a thread hole on the outer rim of the plate. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)

[A]

3mm

[B]

3mm

[C]

150 uym

Fig. 9. High resolution CT-scans of Paraffin-embedded soft tissue. 3D rendering of the paraffin block with tissue (brownish) and debris in different colors depending on their
attenuation are shown in [A] and only the inclusions and the paraffin (the tissue was made transparent) in [B]. The foreign objects were color-coded: red for the highest
absorbing metals (indicative for tantalum wires), green for medium absorbing (indicative for titanium, if present) and blue for lowest absorbing material such as PEEK and
carbon fibers. [C] and [D] show foreign objects in larger magnification. Several chunks of broken-off carbon fiber bundles are clearly visualized in the tissue by HR-CT. (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

movement in the bone-implant interface [18,19]. This could also
explain the higher concentration of foreign bodies in the soft tis-
sue over CFR-PEEK plates compared to the titanium group in this
study. However, both biomechanical studies only model the very
first time the plates are in situ, when the fracture gaps are not
filled with newly formed tissue yet. Furthermore, the biomechani-
cal testing does not simulate everyday conditions [18,19].

At this point it must be emphasized that osteosynthesis plates,
in contrast to e.g. arthroplasty, are in many cases removed again
after a certain period of time [20]. Accordingly, the authors of this
paper assume that the particles are predominantly released during
implantation and to a lesser extent during the time in situ. This is
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a different mechanism of particle formation compared to the gen-
eration of wear particles in arthroplasties, where they are usually
formed by the load and (micro-)movement during the time in situ
and only in smaller proportions during implantation [21,22].

This study has used a variety of methods to examine the plates
and peri-implant soft tissue. It turned out that due to the dif-
ferent size and materials of the particles, one method alone is
not sufficient. Particularly histology and CT had complementary ef-
fects: Larger foreign particles (> 20 yum) are often simply torn out
when the histological sections are cut, whereas the resolution of
the CT reaches its limits with the smallest particles, which are still
seen in histology. Furthermore, the three-dimensional reconstruc-
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Fig. 10. Explanted CFR-PEEK plate in SEM: at lower magnification in [A], the surface appears quite rough with frequent deeper pits (white arrows). Several carbon fibers
(yellow arrows) are exposed to the tissue, some are covered with PEEK. At higher magnification in [B] cracks and fractures of carbon fibers were found. In a used locking
head screw hole of an explanted CFR-PEEK plate [C], the protruding, twisted and bent tantalum wires marked with blue arrows were conspicuous. In the closer view, marked
with a rectangular shape and shown in [D], a tantalum wire (blue arrow) can be seen deep in the PEEK plate next to carbon fibers (yellow arrows). The wire appears partially
not circular and deformed. The dark grey regions on the light grey areas of the wire correspond to the degree of deformation as well as the content of titanium-aluminum-
vanadium (TiAlIV) relative to tantalum (Ta) as determined by EDX as shown in the diagram [E]. The black arrows in [D] correspond to the bars of the diagram in [E]. The
detailed EDX spectra from the three analysis points marked in [D] and [E] are represented in suppl. Fig. 3. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Fig. 11. SEM images of a screw hole in a new CFR-PEEK plate. In the overview image [A], the light grey tantalum wires (blue arrows) can be seen on the surface of the screw
hole. The element tantalum was identified at each of these locations by EDX. Several carbon fibers (yellow arrows) were also exposed on the surface, and several others
were covered with PEEK. In magnification image [B], several small fragments of PEEK, carbon fibers (yellow arrows), or tantalum (small blue arrows) can be detected. The
prominent light gray tantalum wire shows scratches and cavities on the surface, which are marked with larger blue arrows. The detailed EDX spectra from the prominent
light gray tantalum wire is shown in Suppl. Fig. 4. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

tion of the CT-scans of the intact samples enables the spatial as- shown using CT. Especially with regard to the smallest particles,
sessment of the particles in the soft tissue and allows an accu- a thorough assessment in this study is only possible with his-
rate morphological description of the larger foreign bodies. How- tology. A precise description regarding the material composition
ever, it should be noted that due to the similar radiodensity of was provided by FTIR, where the exact material composition of
PEEK, carbon fibers and the surrounding soft tissue, it is not pos- individual foreign bodies could be determined in the histological
sible to visualize foreign bodies from these materials in the pCT section.

of the peri-implant soft tissue. Only the tantalum wires and tita- To the authors’ knowledge, this is the first study that has ex-
nium particles are visualized here. HR-CT of the paraffin-embedded amined human soft tissue over osteosynthesis plates of different
samples also reaches its limits the smaller these particles become, materials in more detail and with such a variety of different meth-

so it can be assumed that information is also lost here, and the ods. As one result, the study demonstrated that the inflammatory
true extent of the PEEK and carbon fiber particle load cannot be tissue response is significantly stronger over CFR-PEEK plates, com-
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3.0kV 13.4mm

Fig. 12. SEM image from the surface and a used screw hole of an explanted ti-
tanium plate. On the surface some smaller scratches and marks are visible (small
light green arrows) and the thread is intact (large red arrows) covered with biolog-
ical residua. Even on the smooth surface residua could be found as darker regions
(*). p labels the conductive preparation material. (For interpretation of the refer-
ences to color in this figure legend, the reader is referred to the web version of this
article.)

pared to soft tissue over titanium alloy plates. These results are
supported by a study that found similar tissue reactions and parti-
cles in the overlying synovium after explantation of PEEK hip pros-
theses [23].

Interestingly, the inflammatory cells in this study are mainly
found around collections of small and minute particles. The large
clusters of foreign material show fewer inflammatory cells in their
vicinity. The authors attribute this to the fact that the smallest
particles can be internalized by macrophages, but the large frag-
ments are indigestible for them. This assumption is supported by
the results of a 2016 publication that investigated which size of ti-
tanium particles stimulates macrophage polarization. It turned out
that not nanoparticles (< 100 nm) but microparticles (< 5 pm) are
the largest inducers of such reprogramming [24]. Nevertheless, the
question remains what happens to the accumulations of larger par-
ticles. Furthermore, it remains unclear how the trapped particles
are possibly digested and where the cells transport them. These re-
sults are contrary to findings made by Nieminen et al. who showed
no relevant number of macrophages or particles in the surrounding
tissue of pure PEEK plates, which were implanted in the subcuta-
neous tissue of sheep [25]. However, it should be noted that these
plates were not fixed to the bone; accordingly, no screws were in-
serted into the plate bushings [25]. This fact supports the theory of
the authors of this study that the fragments were released when
the threads were screwed in. The results of Avery et al. on the
other hand, support the results of this work [26]. They were able to
show that when PEEK and titanium were implanted into mice, pro-
inflammatory macrophages were activated around PEEK implants.
They also conclude that a stronger inflammatory response is in-
duced by PEEK than by titanium or titanium alloys [26].

The HR-CT-scans and the SEM of the plates showed fragmented
carbon fibers with a size of about 3 pm on the rough surface of
the new, unused plates as well as on the explanted plates made of
CFR-PEEK on the one hand and partially exposed tantalum threads
on the other hand. Since the plates had not yet been implanted,
damage to the surface during surgery or implant removal could
be ruled out. It can therefore be assumed that these originated
from the manufacturing process. Due to the size of the carbon fiber
fragments of approximately 3 pm, the particles can be ingested by
macrophages [24]. Studies showed that titanium particles of this
size stimulate the polarization of macrophages from the native MO

137

Acta Biomaterialia 180 (2024) 128-139

to the proinflammatory M1 phenotype [24,27] and therefore cause
inflammation, which leads to proliferation of fibroblasts. This tissue
proliferation, in turn, is suspected, among other factors, to cause
movement restrictions in the affected joints [28]. Whether also car-
bon fragments and PEEK particles induce macrophage polarization
has not yet been investigated. As infrared microscopy showed, the
particles in the soft tissue also consist of PEEK, which comes from
the plates, too. These particles are capable of inducing an inflam-
matory reaction as well. This was shown in a 2018 publication in
which PEEK wear particles in rat knees triggered inflammation in-
duced and maintained by CD8+ T cells [29].

Moreover, tantalum wires were detected in the screw bushings
of the explanted plates, which had partially detached from the
bond. The most likely reason here was cutting of the thread during
insertion of the locking screws. In 2002, Langford et al. confirmed
the results of a study conducted in 1998 by identifying produc-
tion defects such as rough corners and protruding edges as well
as damage presumably caused during the implantation process in
the SEM analysis of maxillofacial titanium plates [30,31]. However,
there was no increased corrosion or surface deterioration. Whether
the damaged plates caused an increased inflammatory reaction or
soft tissue hypertrophy was not evaluated [30]. Nevertheless, pre-
liminary work showed that tantalum improves the cell adhesive-
ness of implant materials [32]. This is certainly advantageous, for
example, when it comes to osseointegration of dental implants, but
disadvantageous when it potentially causes soft tissue adhesions to
osteosynthesis plates and thus movement limitations.

The challenges of the manufacturing process of orthopedic im-
plants made of CFR-PEEK composites also become evident in a fi-
nite element analysis, in which was shown that the arrangement
of the layers in relation to each other is decisive for the bending
and torsional strength of the material [33]. It was also shown here
that cracks cause the carbon fibers to detach from the PEEK [33].

In addition, it must be reflected whether the rough surface con-
tributes to the adhesion of connective tissue and thus promotes
an unwanted ingrowth into the surrounding soft tissue in the case
of osteosynthesis plates. In previous work, it was shown that sur-
face properties have an influence on cell adhesion [34]. Some stud-
ies have already been published on the optimal CFR-PEEK surface
for osteointegrative implants, but there is a lack of studies dealing
with surfaces that provoke as little cell adhesion as possible. Here,
CFR-PEEK with its hydrophobicity already seems to have good pre-
requisites [9], but nevertheless adjustments still seem to be neces-
sary. It remains to be proven whether smoother, polished CFR-PEEK
plates result in less adhesion to surrounding soft tissue.

It should be emphasized that both plate systems have advan-
tages and disadvantages. The CFR-PEEK plates used can be fixed
polyaxially in the bone, allowing the surgeon to place the screws
in bone with best quality. In addition, the radioluminescence of
the polymer plates enables better control of the reduction in X-
rays. This is counterbalanced by the higher particle load and sig-
nificantly more pronounced inflammatory reaction to the particles
in the surrounding soft tissue. The present study does not allow a
direct distinction as to whether the material used or the number
of particles produced by the different implants is the main factor
for the observed inflammatory reaction. The titanium plates, on the
other hand, can only be fixed monoaxially, but offer the possibility
of screw tip augmentation, which increases the bone-implant in-
terface, resulting in better screw retention in bone with poor qual-
ity. In addition, fewer particles were found in the soft tissue over
titanium plates, which also induced significantly less inflammation.
Which implant the surgeon ultimately chooses therefore remains a
case-by-case decision.

However, based on the results of this study, the authors tend to
advise their patients with CFR-PEEK plates to have the implant and
adjoining scar tissue removed after fracture healing is complete.
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Regarding the limitations of this study, it must be mentioned
that in each experimental group only the implants and implant
materials of one manufacturer were evaluated. Furthermore, re-
garding angular stability, it must be emphasized that the titanium
implant evaluated is a monoaxial system and the CFR-PEEK plates
are polyaxial due to the screws cutting the threads into the bush-
ings of the plate. However, there are also systems in which the
plate thread is already pre-milled, so that there is certainly less
abrasion in the patient's body and also less damage to the plate.

In conclusion, the presented work shows that after explantation
of locking plates made of CFR-PEEK and titanium on the proximal
humerus, distinctly more particles are present in the soft tissue
over CFR-PEEK than in that over titanium plates. These particles
also induce a stronger inflammatory tissue reaction, which could
be detected by immunohistochemistry. As a possible explanation,
the authors assume that the particles were formed when the tita-
nium screws were screwed into the CFR-PEEK plates. This hypothe-
sis is supported by the SEM and HR-CT results, which showed that
carbon fibers and tantalum wires were partially detached from the
plate composite.
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