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ARTICLE INFO ABSTRACT

Keywords: Surgical stomas are essential interventions for many medical conditions, however, can create physical compli-
Polyether ether ketone cations, such as peristomal skin irritation. Medical stoma devices (MSD) are a potential treatment to mitigate
PEEK, such complications. Polyether ether ketone (PEEK) is a promising material for implantable MSD due to its
gf;i;ﬁ;;{;;smy established biocompatibility within orthodontic and orthopaedic applications. However, its cytocompatibility
1SO 10993 with human epidermal keratinocytes has not been evaluated according to ISO 10993-5:2009 guidelines. This

study aimed to assess the biocompatibility of a novel PEEK MSD with human keratinocytes (HaCaT cells). Cells
were cultured on discs of PEEK, surface-modified PEEK (m-PEEK), and polylactic acid (PLA). Surface topography
was investigated via SEM to assess surface roughness (S,, S;), and water contact angle (WCA). m-PEEK
demonstrated increased S, and WCA compared to PLA and unmodified PEEK. Cell proliferation and viability
were evaluated using CyQUANT™ and AlamarBlue™ assays and no significant differences were observed among
PLA, PEEK, and m-PEEK. Cell adhesion was assessed using an adhesion assay, with m-PEEK demonstrating
significantly higher cell adhesion than PLA (p < 0.05), with cell attachment confirmed via SEM imaging.
Cytokine analysis of supernatants using Luminex Immunoassay revealed two (IL-la and IL-6) of six cytokines
outlined in the ISO 10993-20:2006 guidelines were elevated in the presence of PEEK at 72 h. These findings
suggest that PEEK is non-cytotoxic and biocompatible with human keratinocytes. Further studies are warranted
to assess PEEK’s compatibility with colonic cells, 3D skin models, and in vivo systems (including for chronic
inflammatory responses) for MSD applications.

Medical stoma device
HacCaT cell line
THP-1 cell line

1. Introduction removal of adhesive ostomy barriers [4,5]. Despite this, there has been

limited development and evaluation of methods to resolve these com-

Stoma is a surgical procedure that involves exteriorising a portion of
the bowel or urinary tract to the anterior abdominal surface [1]. They
are implemented for various conditions and diseases, such as bowel or
bladder removal, inflammatory bowel disease, colorectal or bladder
cancer and diverticulitis [2]. This can pose challenging situations due to
the various physiological, physical and psychological complications
associated with stomas [3]. One of the major complications (occurring
in approximately 70 % of cases) is chronic cutaneous reactions of the
peristomal skin [3]. A substantial contributor to this skin irritation is
leakage of faecal or urinary matter onto the peristomal skin, and com-
plications associated with continuous and repeated application and

plications and to improve patient medical and quality of life outcomes.

One promising development in this area is the introduction of arti-
ficial medical stoma devices (MSD). Permanent medical devices such as
MSD must meet the ISO 10993 guidelines for biocompatibility prior to
their application for use in clinical trials supported by regulatory
agencies such as the Therapeutic Goods Authority (TGA, Australia), and
Food and Drug Administration (FDA, US). One of the most effective MSD
to date is the Transcutaneous Implant Evacuation System (TIES® Sys-
tem) developed by OstomyCure, which consists of a transcutaneous
mesh-like titanium cylinder [6]. However, metal implants come with
several limitations including incompatibility with medical imaging,
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high thermal conductivity and cytotoxicity from corroded titanium
particles overtime [7,8].

Medical grade polymers are a promising alternative to overcome
these limitations, such as polyether ether ketone (PEEK). PEEK is a
thermoplastic that is currently used as an implantable medical device
utilised extensively in commercial orthopaedic and orthodontic appli-
cations and has well-established biocompatibility with bone and muscle
[9]. Despite PEEK’s approval for other biomedical applications, it is not
yet been investigated in relation to the skin’s biocompatibility. There-
fore, the aim of the current study was to characterise a novel MSD made
from PEEK and determine whether it meets the ISO 10993 guidelines for
biocompatibility with human epidermal keratinocytes.

2. Materials and methods
2.1. Material preparation

The PEEK MSD was designed, manufactured, and supplied by the
project sponsor Mr. John Vella (Patent: 2022, Stoma implant assembly,
WO 2022/174288 Al, Australia, World Intellectual Property Organisa-
tion). The MSD (Fig. 1) was created through injection moulding and
consists of both smooth unmodified PEEK (referred throughout as PEEK)
surfaces and roughened modified PEEK (m-PEEK) surfaces. To smooth
several surfaces of the device photochemical etching was first applied
following by electrical discharge machining to create a further rough-
ened surface to the devices modified region. Experimentation was per-
formed on both PEEK and m-PEEK. To isolate sections for
experimentation, 5 mm discs were hole-punched using a 5 mm Wad
Punch (Boker, NSW, Australia). Untreated 96 well flat bottom poly-
styrene tissue culture plates (Nunclon Delta, Thermo Fisher, Australia)
and polylactic acid (PLA) discs were used as negative controls for
cytotoxicity as PLA has established biocompatibility with HaCaT
(human skin keratinocyte) cells. PLA (Bambu Lab, Australia) discs were
3D printed via fused deposition modelling into a 5 mm (diameter) and 1
mm (height) disc using a X1-Carbon 3D Printer (Bambu Lab, Australia;
Supplementary Fig. 1). Sterilisation was achieved by autoclaving the
discs at 121 °C for 20 min.

2.2. Material surface analysis

The chemical compositions of the experimental PEEK & m-PEEK
were evaluated via Fourier Transform Infrared Spectroscopy (FTIR)
using a Nicolet iS50 FTIR spectrometer (Thermo Fisher Scientific, WI,
US). All spectra were measured from 400 to 4000 cm ' and background
spectrum was eliminated from each measurement. Surface analysis was
performed using a JCM6000 Scanning Electron Microscope (JEOL Ltd.,
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Japan) to determine the microstructures of PLA, PEEK, and m-PEEK.
Discs were attached to conductive carbon tabs then sputter coated with
gold nanoparticles using a JEOL Smart Coater (DII-29010SCTR / DII-
29030SCTR) before imaging at 100x and 500x magnification. Surface
roughness was measured using a digital microscope (Olympus
DSX1000) by capturing 3D images at 1080 x magnification. Images were
analysed using the associated PRECiV™ DSX Software (Olympus,
Australia). Arithmetical mean height (S,) and the maximum height (S,)
were recorded to analyse surface topography. To determine hydrophi-
licity, water contact angle (WCA) was measured using a digital micro-
scope (Olympus DSX1000). In a temperature-controlled room
(22-24 °C), 1 pL of distilled water was pipetted onto the surface of the
material. Images were taken after 10 s and processed in ImageJ software
to determine the WCA. For all materials tested, surface roughness and
WCA measurements were recorded in triplicate, at three different
timepoints.

2.3. In vitro keratinocyte cell culture

Human immortalised keratinocyte (HaCaT) and monocyte (THP-1)
cell lines were purchased from Thermo Fisher. HaCaT cells were
cultured in high glucose Dulbecco’s Modified Eagle Medium (DMEM;
Merck, Australia) supplemented with 10 % Foetal Bovine Serum (FBS;
Merck, Australia). THP-1 cells were cultured in RPMI-1640 Medium
(Thermo Fisher, Australia) supplemented with 10 % Foetal Bovine
Serum (FBS; Merck, Australia). Cells were maintained at 37 °C in a
humidified atmosphere of 5 % CO3 and 95 % air. THP-1 cells were
differentiated into macrophage-like cells by incubation for 48 h with
100 nM phorbol 12-myristate 13-acetate (PMA; Merck, Australia) fol-
lowed by a 72 h recovery with fresh RPMI-1640 Medium.

2.4. Cell proliferation and viability

Cell proliferation and viability was measured using AlamarBlue™
and CyQUANT™ assays following manufacturers guidelines (Thermo
Fisher, Australia). For each protocol, HaCaT cells were cultured sepa-
rately onto PLA, PEEK, and m-PEEK discs for 24 and 72 h in 96-well
plates at a seeding density of 1 x 10* cells/well in 200 pL of DMEM
media supplemented with +10 % FBS. Cells were also cultured in
polystyrene wells at each time point as a secondary negative control for
cytotoxicity as per the ISO 10993-5 guidelines. As a positive control for
cytotoxicity, cell death was induced by heating 1 x 10% HaCaT cells at
60 °C for 20 min. To quantify cell numbers, a standard curve was
generated by seeding a serial dilution of cells (ranging from 8 x 10*
cells/well to O cells/well) 18 h prior to performing the assays.

For the CyQUANT™ assay, all media was removed from wells (n = 6)
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Fig. 1. PEEK implant prototype manufactured via injection moulding. The left image displays the smooth-surfaced variant (unmodified PEEK), while the right
panel shows the roughened surface modification (modified PEEK). The central circular region in both variants represents the area which is the intended location of

the stoma opening.
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containing live adherent cells. Positive controls containing suspended
dead cells were centrifuged at 300 rpm for 5 min. The supernatant was
then removed, and all cells were frozen at —80 °C for 24 h. After 24 h,
cells were thawed and resuspended in the CyQUANT® GR dye/cell-lysis
buffer reagent and incubated for 5 min at room temperature. Samples
were analysed using Varioskan LUX Multimode microplate reader
(Thermo Fisher, Australia) with an excitation wavelength of 480 nm and
an emission wavelength of 520 nm. The fluorescence was adjusted
against blank wells, and the number of cells was calculated based on the
standard curve. The cell number was then normalised against the 24 h
polystyrene cell counts according to the below formula:

Cell Count
N li 11 Number (%) = 1
ormalised Cell Number (%) Cell Count for 24 hour Polystyrene x100

For the AlamarBlue™ assay, 20 pL of AlamarBlue™ solution was
added to wells (n = 3) and incubated for four hours at 37 °C in a hu-
midified incubator with 5 % CO2. 100 pL of each sample was transferred
to a 96 well plate and was analysed for fluorescence intensity using a
Varioskan LUX Multimode microplate reader (Thermo Fisher, Australia)
with an excitation wavelength of 570 nm and an emission wavelength of
610 nm. The fluorescence was adjusted against blank wells, and the cell
number was determined using the standard curve. The cell number was
again normalised again the 24 h polystyrene data as previously
described.

2.5. Cell morphology analysis

HaCaT cells were cultured on discs for 24 and 72 h in 96-well plates
at a seeding density of 1 x 10* cells/well in 200 pL of DMEM media
supplemented with 10 % FBS. Following incubation, the media was
removed, and the cells were fixed with 2.5 % glutaraldehyde (Merck,
Australia) for 24 h at 4 °C. The fixing solution was removed, cells were
washed three times in PBS and dehydrated with an ethanol dilution
series in PBS (50 %, 70 %, 80 %, 95 % and 100 %) for 10 min per wash at
room temperature. Dehydrated samples were then chemically dried
using 50 % Bis(trimethylsilyl)amine (HMDS solution; Merck, Australia)
for 10 min at room temperature, following replacement with 100 %
HMDS solution and allowed for complete evaporation. Samples were
then processed for scanning electron microscopy as previously described
in section 2.2.

2.6. Adhesion assay

The adhesion assay was based on a previously established protocol
although with some modifications [10]. HaCaT cells were cultured on
PEEK, m-PEEK and PLA discs (n = 5) for 72 h in 96-well plates at a
seeding density of 1 x 10* cells/well in 200 pL of DMEM media. After
incubation, cells were placed on an IKA® KS 4000i control (IKA,
Australia) plate shaker at 320 rpm and 37 °C for 15 min. The media was
collected, and cell counts were performed using a TC20 Automated Cell
Counter (Biorad, CA, US) to determine the number of detached cells
(Npetached)- Next, 200 pL of TrypLE™ Express Enzyme 1x solution
(Merck, Australia) was added to wells which were then shaken at 500
rpm and 37 °C for 10 min to remove remaining cells. The number of cells
adhered after the initial shake (Nadherent) Was counted. The percentage
of cells still adhered after the initial 320 rpm shake was calculated using
the following formula:

NAdherent

Adherent Cells (%) = x 100

NAdherent + NDetached
2.7. Luminex cytokine panel
HaCaT, THP-1 and macrophage cells alone and macrophages and

HaCaT cells in co-culture were cultured in the presence and absence of
m-PEEK for 72 h. Cytokines were quantified from cell supernatant using
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the ProcartaPlex™ Human Cytokine Panel 1B, 25plex assay (Thermo
Fisher, Australia) using the standard manufacturer’s protocol. Briefly,
100 pL of cell culture supernatant was incubated with simplex beads at
600 rpm for 120 min at room temperature. Beads were washed twice
with wash buffer and 25 pL of Biotinylated Detection Antibody Mix was
added per well and incubated at 600 rpm for 30 min at room tempera-
ture. Beads were washed as above then 50 pL of Streptavidin-PE (SA-PE)
solution was added per well and incubated at 600 rpm for 30 min at
room temperature. Beads were washed (as above), and the plate was
shaken at 600 rpm for 5 min at room temperature prior to reading on the
Luminex™ 200 instrument (Luminex Corporation, US).

2.8. Statistical analysis

All values are represented as the mean + standard error of the mean
(SEM). Statistical analysis and graph generation was performed using
GraphPad Prism version 10 software (La Jolla, CA, US). Statistical sig-
nificance testing was performed to compare the surface roughness,
WCA, normalised cell number, and adhesion strength between PLA,
PEEK, m-PEEK, and polystyrene. As per ISO 10993-5 guidelines, a
nonsignificant difference (p > 0.05) between PEEK materials and PLA
(known non-toxic control) would be deemed an indicator of biocom-
patibility [11]. Statistical significance testing was analysed using
ANOVA tests with Tukey post-hoc tests and significance was defined as a
p-value <0.05. Graphs were generated using GraphPad Prism 10 soft-
ware (La Jolla, CA, US).

3. Results
3.1. Surface topography & characterisation

FTIR spectra of the unmodified PEEK & m-PEEK were analysed to
determine the chemical composition of the PEEK & m-PEEK surface.
FTIR results of both PEEK samples are displayed in Fig. 2 in the form of
absorbance as a function of wavenumber (cm™!). Three main absor-
bance peaks were identified in the 400-650 cm ™! region indicating there
may be aromatic ring bending or deformation in both PEEK & m-PEEK
(Fig. 2). An ether group was identified around 1100 cm™! which may
also be indicative of potential ether or aromatic skeletal vibrations. An
additional peak at 1200 cm ™! was noted in both PEEK samples which
suggests C-O-C symmetric stretching. An additional small peak was
observed at approximately 1600 cm™?, possibly depicting aromatic C=C
stretching. A small peak in the region of 1700 cm ™! may be related to the
presence of a ketone ring (C=0). Around 3100 em ) a single peak was
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Fig. 2. Fourier transmission infrared (FTIR) spectra of PEEK MSD. Un-
modified (smooth PEEK) and modified PEEK surfaces were assessed by FTIR.
Data represented with absorbance (arbitrary units) as a function of wave-
number (cm™Y).
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noted possibly due to C—H stretch vibrations.

The microstructures for PLA, PEEK and m-PEEK are shown in the
scanning electron microscopy images below (Fig. 3). The PLA samples
(Fig. 3A-B) have relatively flat topography with irregularly spaced
divots relative to the unmodified PEEK surface (Fig. 3C-D). These divots
were roughly aligned in orientation but varied in size. In comparison,
the unmodified PEEK had mild streaking with irregular shallow in-
dentations (Fig. 3C-D). The topography of m-PEEK was considerably
rougher (Fig. 3E-F) than either PEEK or PLA. This roughness was
irregular with prominent ridges and valleys that appear to vary in size.
Within these larger regions, there is additional microtextural variations.
However, m-PEEK did not have organised patterns such as regular mi-
crogrooves, pores, fibres, or pillars.

Arithmetical mean height (S,) values for PLA, PEEK and m-PEEK
were 3.304 4 0.245 mm, 3.248 £ 0.098 mm and 4.323 4+ 0.327 mm,
respectively (Fig. 4A). This indicated that m-PEEK had significantly
rougher surface compared to both PEEK and PLA (p < 0.05 for both
comparisons). This correlates with a significantly higher maximum
height (S,) observed in m-PEEK (38.00 + 2.868 mm) when compared to
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both PEEK (20.71 + 0.7954 mm; p < 0.0001) and PLA (4.26 + 1.860
mm; p = 0.0002; Fig. 4B). No significant difference between PEEK and
PLA was observed for either S, or S,.

Water contact angle (WCA) assay identified that m-PEEK had a
significantly higher WCA (72.90 + 2.875°) compared to PEEK (57.81 +
1.533°; p = 0.0002) or PLA (57.30 + 2.082°; p = 0.0001) (Fig. 5). There
was no significant difference between the WCA of PEEK and PLA.

3.2. Cell proliferation and viability

The results from the CyQUANT™ and AlamarBlue™ assays are
shown in Fig. 6. For both assays, cell numbers at each time point showed
no significant differences among PLA, PEEK, and m-PEEK surfaces.
Additionally, all materials showed a significant increased cell number
after 72 h indicating cell proliferation. The CyQUANT™ assay (Fig. 6A)
indicated greater cell number in polystyrene wells compared to PLA
after 24 h (p = 0.0115) and 72 h (p < 0.01), and significantly higher cell
number in both PEEK and m-PEEK after 72 h (p < 0.01 for both). This
was not observed in AlamarBlue™ assay (Fig. 6B), which showed no

High-vac. SE| PC-std. 10 kV 14/08/2024

PC-std. 10 kV 14/08/2024
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Fig. 3. Scanning electron microscopy images of the surface topography of PLA (A-B), PEEK (C—D) and m-PEEK (E-F). Images were taken at 100x magni-
fication (A, C, E) and 500x magnification (B, D, F). Abbreviations: Polylactic acid, PLA; Polyether ether ketone, PEEK; Modified polyether ether ketone, m-PEEK.
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Fig. 4. Surface roughness of PLA, PEEK, and m-PEEK. The surface roughness metrics (A) S, and (B) S, were assessed on PLA, PEEK, and m-PEEK material. Values
are represented as the mean + SEM. * = p < 0.05, *** = p < 0.001. Abbreviations: Polylactic acid, PLA; Polyether ether ketone, PEEK; Modified polyether ether ketone, m-

PEEK; Arithmetical mean height, S,; The maximum height, S,.
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Fig. 5. Water contact angle for PLA, PEEK, and m-PEEK. WCA (°) was
assessed at ambient temperature on PLA, PEEK, and m-PEEK materials. Values
are represented as the mean + SEM. *** = p < 0.001. Abbreviations: Polylactic

acid, PLA; Polyether ether ketone, PEEK; Modified polyether ether ketone, m-PEEK;
Water Contact Angle, WCA.

differences in cell number between polystyrene and any other material.
CyQUANT™ assay reagent stains the DNA of cells (alive or dead), nor-
malising the positive control cell number to 69.642 + 7.767 %. The
AlamarBlue™ assay requires living cells to metabolise the reagent,
indicating the normalised cell number for the positive control as 0.994
+ 0.673 %.

3.3. Cell morphology analysis

Scanning electron microscopy images (Fig. 7) revealed distinct
morphological characteristics of HaCaT cells cultured on PLA, PEEK,
and m-PEEK surfaces. Both PEEK and m-PEEK displayed cell morpho-
logical changes from 24 h (Fig. 7C and E) to 72 h (Fig. 7D and F). This
change is from singular spheroid-shaped cells at 24 h to a cellular
monolayer consisting of flattened and well-spread cell shapes at 72 h.
Spheroid cells had an average diameter of 12 pm, while flattened cells

measured between 20 pm and 30 pm in diameter. These cell sizes were
consistent across all materials. Additionally, HaCaT cells cultured on
PEEK and m-PEEK surfaces displayed clear cytoplasmic extensions, such
as filopodia, connecting cells to create cell unions at the timepoint. This
morphological shift was not observed on cells cultured on PLA surface,
which retained the spheroidal structure at the 72 h timepoint (Fig. 7B).
Furthermore, the autoclaving and dehydration process appeared to
degrade the PLA, as evident by small fragments shown in Fig. 7A-B,
which also appeared to have adhered to cells on the surface.

3.4. Cell adhesion

Cell adhesion results indicate that after the initial 320 rpm shake, m-
PEEK had the highest percentage of cell adhesion (40.86 + 5.718 %),
followed by PEEK (28.68 + 6.562 %) (Fig. 8). HaCaT cells cultured on
PLA surface displayed lowest cell adhesion (17.22 + 2.499 %), which
was significantly reduced when compared to m-PEEK (p = 0.0232,
Fig. 8). However, no statistical significance was observed between PEEK,
PLA, & m-PEEK.

3.5. Cytokine profile and immune response

The ProcartaPlex™ Human Cytokine Panel 1B (Thermo Fisher,
Australia) assays 25 different protein targets, listed in Supplementary
Table 1. Six cytokines (interferon gamma, IFN-y; interleukin-1 alpha, IL-
lo; interleukin-6, IL-6; interleukin-10, IL-10; tumour necrosis factor
alpha, TNF-o; and tumour necrosis factor beta, TNF-$) highlighted by
the 10,993-20:2006 guidelines (Principles and methods for immuno-
toxicology testing of medical devices [12]) are reported here. Results of
the the full cytokine panel are detailed in Supplementary Fig. 4 &
Table 1. The expression of two cytokines IL-1a and IL-6, was signifi-
cantly increased in cells co-cultured with PEEK, compared to those co-
cultured without PEEK (p < 0.0001, Fig. 9). There was no significant
change in the remaining four cytokines (IFNy, IL-10, TNF-a, and TNF-p).

4. Discussion

This study demonstrated that both the unmodified and modified
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Fig. 6. Comparison of HaCaT cell viability with polystyrene, PLA, PEEK, and m-PEEK after 24 and 72 h. Assessment of cell viability in HaCaT cells using A)
CyQUANT™ and B) AlamarBlue™ assay in the presence of polystyrene cell culture wells, PLA, PEEK, and m-PEEK. The positive control for cytotoxicity contains 1 x
10* dead HaCaT cells. Values are represented as the mean = SEM. * = p < 0.05, ** = p < 0.01, *** = p < 0.001, **** = p < 0.0001. Abbreviations: Polylactic acid, PLA;

Polyether ether ketone, PEEK; Modified polyether ether ketone, m-PEEK.

PEEK are biocompatible with human epidermal keratinocytes according
to the ISO 10993-5 guidelines for in vitro cytotoxicity [11]. The other
major findings from the characterisation analyses were that:

1. m-PEEK had a significantly higher surface roughness and higher
WCA than both PEEK and PLA, while no significant differences in
surface characteristics between PEEK and PLA were observed.

2. m-PEEK had superior cell adhesion properties and induced greater
changes in cell morphology compared to PEEK and PLA.

3. Immunological results showed two of the six cytokines outlined in
the ISO 10993-20:2006 guidelines [12] were significantly increased
in the conditioned media of cells cultures in the presence of PEEK
compared to cells without PEEK (one pro-inflammatory and one
multifunctional cytokine).

The spectra for both samples displayed comparable peak positions
across the measured range, indicating that the core chemical structure of
PEEK is preserved following surface modification. The results here are in
line with literature assessing unmodified PEEK for surface chemical
composition as determined by FTIR with a similar core structure shown
[13]. Characteristic peaks associated with aromatic C=C stretching
(1600 cm’l), ether linkages (asymmetric and symmetric C-O-C
stretching around 1300-1200 cm™ 1), and aromatic skeletal vibrations
(1100 cm™!) were observed in both spectra, confirming the presence of

the expected functional groups in the polyether ether ketone backbone.
Despite the overall spectral similarity, subtle differences were noted.
Specifically, the PEEK modified sample exhibited a slight reduction in
peak intensity within the 1200-1000 cm ! region. This decrease may be
attributed to partial surface oxidation or chemical restructuring result-
ing from the photochemical etching process. These modifications are
likely to enhance surface reactivity or hydrophilicity while maintaining
the desirable mechanical and chemical stability of the base material.
Further studies using surface-sensitive techniques such as X-ray Photo-
electron Spectroscopy (XPS) are recommended to confirm and quantify
more specific chemical changes induced by photochemical modification
of PEEK and the biological significance of such changes.

Surface topography is a critical determinant of cell adhesion and
growth. In this study, m-PEEK exhibited significantly greater surface
roughness compared to both unmodified PEEK and PLA, providing
increased adhesion points that are known to enhance cell proliferation
[14]. However, the influence of surface topography is also dependent on
the degree of roughness and the presence of microfeatures such as mi-
crogrooves or pillars, which can direct cell orientation and differentia-
tion [15]. The surface of m-PEEK was irregular but lacked defined
microfeatures. To control for the effects of surface roughness, PLA discs
were 3D printed to achieve a comparable surface roughness [16]. Sur-
face roughness measurements confirmed no significant difference be-
tween PLA and PEEK, ensuring that observed differences in cellular
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Fig. 7. SEM images of HaCaT cells cultured on PLA (A-B), PEEK (C—D), and m-PEEK (E-F). Cells were incubated for 24 h (A, C, E) and 72 h (B, D, F). Pseudo
colouring was applied in MountainsLab® software (Digital Surf, Switzerland) to enhance contrast and aid visual interpretation of SEM images. Images displayed are
between 500-2000x magnification. Abbreviations: Polylactic acid, PLA; Polyether ether ketone, PEEK; Modified polyether ether ketone, m-PEEK.
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Fig. 8. HaCaT cell adhesion on PLA, PEEK, and m-PEEK after 72 h. Values
are represented as the mean + SEM. * = p < 0.05. Abbreviations: Polylactic acid,
PLA; Polyether ether ketone, PEEK; Modified polyether ether ketone, m-PEEK.

interactions are attributable to material composition rather than topo-
graphical variation.

Surface roughness can also affect wettability [17]. The WCAs of PEEK
and PLA were similar, consistent with previous reports indicating typical
ranges of 70-90° for PEEK and 75-85° for PLA [18,19]. However, the
measured WCAs in this study were lower than these ranges; for example,
Ma and Guo [20] reported a WCA of 75.6 + 1.9° for injection-moulded
PEEK, compared to 57.81 £+ 1.53° observed here. Such discrepancies
likely reflect variations in manufacturing methods and measurement
protocols [20-22]. WCA data presented here may suggest the roughened
surface m-PEEK is creating air pockets which become trapped beneath the
liquid droplets during testing, effectively reducing the contact area be-
tween the liquid and the solid surface as explained by the Cassie-Baxter
equation. Importantly, all materials exhibited WCAs below 90°, sug-
gesting hydrophilicity, which is favourable for protein adsorption and
subsequent cell adhesion [23], however chemical composition and sur-
face energy of the device and the implications for protein adsorption
requires further evaluation to elucidate the surface characterisation.
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Fig. 9. The immune response of HaCaT, THP-1, and macrophages cultured in the presence and absence of PEEK. HaCaT, THP-1 and macrophage cells were
cultured alone for 72 h with (+) and without (—) PEEK. HaCaT cells were also cultured in co-culture with macrophage cells for 72 h with and without PEEK.
Cytokines were quantified using the ProcartaPlex™ Human Cytokine Panel 1B, 25plex assay (Thermo Fisher, Australia). Abbreviations: N-D, not detected; Macro,

macrophages.
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Both the CyQUANT™ and AlamarBlue™ assays demonstrated no
significant differences in the number of viable HaCaT cells cultured on
PLA, PEEK, or m-PEEK. As PLA is a widely accepted non-cytotoxic,
biocompatible polymer [24,25], its inclusion as a negative control
aligns with ISO 10993-5 guidelines, which recommend comparison
against a non-cytotoxic material to assess in vitro cytotoxicity [12]. The
agreement between both assays reinforces the reliability of these find-
ings. The AlamarBlue™ assay evaluates cell viability based on metabolic
activity, indicating that cells on all materials were metabolically active
and proliferating [26]. Given that metabolic activity can be influenced
by factors such as cellular stress and media conditions, results were
corroborated using the CyQUANT™ assay, which more directly quan-
tifies cell number via nucleic acid staining [27,28]. Positive controls
yielded the expected cytotoxic response in both assays, further vali-
dating assay performance in accordance with ISO 10993-5 requirements
[11]. Although higher cell numbers were observed on polystyrene wells
(CyQUANT™), this was expected due to the Nunclon™ Delta (Thermo
Fisher) surface treatment of cell culture plastics that promote optimal
cell growth. Notably, AlamarBlue™ results did not show a significant
advantage for polystyrene, supporting the conclusion that PEEK, and m-
PEEK are not cytotoxic. The lower cell counts observed with the
CyQUANT™ assay may reflect cell loss during washing, rather than true
differences in viability. Taken together, this data suggests that PEEK
supports keratinocyte viability and meets the ISO 10993-5 criteria for in
vitro biocompatibility.

To date, only two prior studies have reported culturing human
epidermal keratinocytes on PEEK [29,30]. However, neither study
adhered to ISO 10993-5 guidelines. Saad et al. [30] assessed surface
modifications to enhance HaCaT growth on PEEK and titanium but did
not include a non-cytotoxic polymer control. Similarly, Ekambaram and
Dharmalingam [29] investigated sulphonated PEEK nanofibers as drug
carriers, focusing on processing parameters rather than biocompatibility
assessment. These studies also lacked appropriate negative and positive
controls. Moreover, findings on modified PEEK nanostructures cannot
be extrapolated to unmodified solid PEEK discs. To the authors’
knowledge, this is the first study to evaluate and confirm the biocom-
patibility of unmodified PEEK with human epidermal keratinocytes in
accordance with ISO 10993-5 guidelines for in vitro cytotoxicity, sup-
porting its potential use in long-term medical skin devices (MSDs).

While limited research exists on PEEK’s interaction with human
epidermal keratinocytes, several studies have investigated its biocom-
patibility with other soft tissues, such as gingival keratinocytes and
gingival fibroblasts [10,22]. Unmodified PEEK generally supports lower
proliferation of gingival keratinocytes compared to titanium, and this
has been attributed to its relatively flat surface topography, despite ti-
tanium exhibited a lower WCA [22,36,37]. Similar findings have been
reported for gingival fibroblasts, where cell proliferation on unmodified
PEEK was inferior to titanium or zirconia surfaces [10,21,31].

Surface modification of PEEK to increase roughness has been shown
to enhance cellular response. m-PEEK demonstrates comparable
biocompatibility to titanium and zirconia in both immortalised and
primary human-derived gingival keratinocytes, with positive outcomes
observed over extended culture periods (1-10 days) [22,32,33]. Like-
wise, gingival fibroblasts cultured on roughened PEEK surfaces exhibit
equal or superior proliferation compared to those on titanium or zirco-
nia [10,22,33-36]. Furthermore, inflammatory cytokine expression (IL-
1B, IL-6, TNF-a) by gingival fibroblasts following 24 h exposure to PEEK
is comparable to that induced by Ti-6Al-4 V, PEKK, and Y-TZP [34].
Collectively, these findings support the conclusion that PEEK is
biocompatible with soft tissues, although surface modification may be
necessary for cell attachment and proliferation. Despite titanium’s su-
perior cell-supporting properties, its clinical use is limited by drawbacks
such as incompatibility with medical imaging, high thermal conduc-
tivity, and the potential cytotoxicity of corrosion products over time
[7,8].

A notable limitation of the present study is the 72 h time frame,
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whereas the literature demonstrates PEEK’s suitability for longer-term
soft tissue compatibility [22,33,35].Establishing long-term biocompat-
ibility is critical for applications involving permanent MSD. Encourag-
ingly, PEEK’s high chemical and thermal stability reduces the likelihood
of altered biocompatibility over time [37], and degradation particles
have been shown to elicit minimal cytotoxic or immune responses [38].
The adhesion assay indicated that m-PEEK supported superior HaCaT
cell adhesion, likely due to increased cell morphology changes observed
after 72 h. Cells on PLA remained spheroid, aligning with previous re-
ports that attribute poor PLA adhesion to a lack of surface functional
groups, rendering it bioinert [39,40]. Verification of these findings
would require surface chemical analysis, such as X-ray photoelectron
spectroscopy. These findings suggest that PEEK and m-PEEK offer
improved adhesion properties, which is critical for MSD exposed to
shear forces. No previous studies have evaluated PEEK’s adhesion to
human epidermal keratinocytes; however, studies using gingival fibro-
blasts reported a non-significant trend toward superior adhesion on
PEEK compared to titanium and zirconia [10]. PLA’s poor adhesion
likely affected the 24 h CyQUANT™ assay results. Similarly, SEM at 72 h
showed fewer adherent cells on PLA than on PEEK or m-PEEK, despite
comparable cell numbers in the AlamarBlue™ assay. These discrep-
ancies suggest cell detachment during cell washing procedures.

Although m-PEEK had increased roughness compared to PEEK, this
did not translate into enhanced cell proliferation. This may be due to
increased surface roughness also increasing WCA, thereby reducing
hydrophilicity, as reported in prior studies [21]. Similar findings have
been observed in gingival keratinocyte models, where increased
roughness did not always correlate with improved growth [21].
Nevertheless, m-PEEK showed a non-significant trend toward improved
adhesion over PEEK, likely due to roughened surfaces providing more
anchorage points for cell attachment [41]. Therefore, m-PEEK may offer
advantages in vivo under dynamic conditions involving shear stress.

A limitation of this study is the use of an in vitro HaCaT monoculture,
which does not replicate the complex immune signaling environment of
human skin. Keratinocytes play a critical role in initiating inflammation
by secreting cytokines (e.g., IL-1, TNF-a), interferons (e.g., IFN-y), che-
mokines, and antimicrobial peptides [42,43]. However, in vitro mono-
cultures lack immune cells such as monocytes and neutrophils required
for activating pro-inflammatory cytokines via caspase-1 [44]. In this
study, co-cultures of HaCaT cells with macrophages exposed to PEEK
showed increased levels of IL-1a and IL-6. IL-1a is a key alarmin released
upon cell stress, signaling early tissue irritation or inflammation. IL-6 is
a multifunctional cytokine which can be involved in pro- and anti-
inflammatory pathways, depending on context. In its pro-
inflammatory function, IL-6 can be upregulated for immune cell
recruitment and the acute-phase response. In contrast, in its anti-
inflammatory function IL-6 can induce other anti-inflammatory cyto-
kines such as IL-10 or inhibit TNF-a (which were both unchanged in the
present study) [45]. The elevation of these cytokines in context of one
another suggests there may be an acute inflammatory response in cells
exposed to PEEK, and although indicative of cell stress, it did not result
in a reduction of cell proliferation or viability. The present study cor-
roborates previous findings that co-culture models yield different cyto-
kine profiles and viability outcomes compared to monocultures [46].
Therefore, while monoculture is appropriate for in vitro cytotoxicity
testing under ISO 10993-5 guidelines, further validation in co-culture
and in vivo models is essential. Future work should also assess the
chronic immune response in accordance with the ISO 10993-20:2006
guidelines for immunotoxicology which can be confirmed with histo-
logical evidence of tissue inflammation in vivo [47]. Furthermore, in the
present study PEEK was used alone to assess cytokine profiles and whilst
our data suggests the core chemical composition of the surface of PEEK
and m-PEEK are comparable, subtle differences in surface chemistry
may be present and could alter the immune profile.

Another important consideration of the study is the use of HaCaT
cells, an immortalised human keratinocyte cell line genetically modified
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to support continuous proliferation [48,49]. Immortalised cells often
exhibit increased resistance to stress and reduced sensitivity to cytotoxic
or inflammatory stimuli compared to primary cells, potentially leading
to more favourable biocompatibility outcomes [48,49]. As a result,
materials deemed non-cytotoxic in immortalised cell models may still
elicit adverse responses in primary human keratinocytes. However,
studies using gingival keratinocytes have reported comparable results
between immortalised and primary cell lines, suggesting that immor-
talised models can provide relevant insights in certain contexts [22,32].
While the ISO 10993-5 guidelines do not mandate the use of primary cell
lines, this factor should be considered when interpreting the present
study’s findings.

5. Conclusion

This study aimed to characterise a novel MSD made from PEEK to
determine whether it meets the ISO 10993 guidelines for biocompati-
bility with human keratinocytes. The results from this study suggest that
PEEK in short-term exposure is biocompatible with human epidermal
keratinocytes, meeting the ISO 10993-5 guideline for in vitro cytotox-
icity, however there are indications of early immune function upregu-
lation. These results are significant because they are an important step
forward for the development of an MSD made from PEEK. Furthermore,
this opens the door for PEEK to be implemented in other epidermal
applications and could even inform decisions regarding superficial
medical implants. However, since this is a pre-clinical in vitro pilot study,
PEEK’s biocompatibility would need to be further evaluated through co-
cultures and in vivo testing. Future studies should also investigate if
PEEK is biocompatible with additional stoma-specific cells such as colon
cells that the MSD may also interact with and use animal or human
models to confirm the findings.
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