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Introduction. In modern medical practice, bone implants are in demand as an effective solution for restoring bone tissue, including for the
rehabilitation of patients with wounds sustained in combat. Polyetheretherketone (PEEK) is considered a promising polymer material for surgi-
cal implant production due to a number of properties that closely mimic bone tissue. However, the use of unmodified PEEK in implantology is
limited by its biological inertness and poor osseointegration. Modification of this material, including through structural changes to the surface,
can increase its biological activity, osteoconductivity, and antibacterial properties.

Objective. To evaluate the cytotoxicity and surface adhesion properties of PEEK modified via various methods.

Materials and methods. PEEK powder was synthesized via polycondensation under nucleophilic substitution conditions by reacting hydro-
quinone with 4,4’-difluorobenzophenone; for further studies, disk-shaped specimens were fabricated via milling. PEEK surface was modified
using one of three methods: sulfonation with concentrated sulfuric acid, treatment with piranha solution followed by functionalization with
glycine, or high-temperature fusion with NaCl followed by leaching. The structure of the obtained materials was studied using IR spectrometry
and scanning electron microscopy. Cytotoxicity was assessed using the MTT test. The adhesive properties of PEEK materials were evaluated
by culturing human dermal fibroblasts on their surface, followed by fluorescence visualization using Calcein AM and Hoechst 33342 fluoro-
chromes. Analysis of adhesion and morphology of attached cells was performed using an inverted Leica DMI 3000 B microscope.

Results. It was shown that PEEK obtained via polycondensation of hydroquinone and 4,4’-difluorobenzophenone does not exhibit a cytotoxic
effect on anchorage-dependent cells. Under the influence of the 1-day extract of PEEK and its dilutions, relative cell viability ranged from 96
to 126%, while for the 7-day extract, it varied from 132 to 141% (vs. 100% for the control); stimulation of proliferative activity of cells by PEEK
extract was demonstrated. It was found that modification of the specimens does not lead to increased cell adhesion. The porous PEEK speci-
men obtained by pressing with NaCl followed by its leaching was characterized by uneven adhesion and impaired viability of most cells on the
specimen surface. Treatment of PEEK with glycine led to decreased adhesion, impaired viability, and altered morphological characteristics of
a large proportion of cells on the specimen surface. On the surface of sulfonated PEEK, the cells remained viable; however, the morphology
of the attached cells differed significantly from the typical pattern. Specifically, instead of a subconfluent monolayer of flattened cells char-
acteristic of successful adhesion, cell conglomerates of various sizes, formed by rounded and, less frequently, spindle-shaped cells, were
unevenly distributed across the surface.

Conclusions. When modifying PEEK via sulfonation with concentrated H,SO,, treatment with glycine, or high-temperature fusion with NaCl,
no improvement in the biocompatibility of the material was detected; on the contrary, impairments in the viability and morphology of anchor-
age-dependent cells adhered to the surface of the modified PEEK were observed. These findings highlight the need to continue searching for
PEEK modification methods to overcome the limitations of the material and expand its areas of application in solving urgent interdisciplinary
biomedical problems.
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LNTOTOKCUYHOCTb N KNETOYHAA AOME3NA
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BeepeHune. B coBpeMeHHO MeanLMHCKOM NpakTUke KOCTHbIe MMMaHTaTbl BOCTPeboBaHb! B Ka4eCTBe 3PdeKTUBHOIO peLleHns Ans Boc-
CTaHOBEHNSI KOCTHOWM TKaHW, B TOM Y1CAe A5 peabunmraum naumeHToB C PaHeHVSIMI, MOyYeHHbIMN B 60€BbIX ycnoBusax. OgHUM 13 nep-
CMEKTMBHbIX NMOSIMMEPHbBIX MaTEePUanoB A/ MPOU3BOACTBA XUPYPIMHECKUX MIMAHTATOB CHMTaeTCst NonmnadmpadnpkeToH (MO3K) bnaro-
Japs psay CBOWCTB, CONVKAIOLLMX ero C KOCTHOW TkaHbto. OfHaKo MPUMEHEHWE B MMMNaHTONoMmK HemoanduLmposaHHoro MO9K ns-sa
ero 61oI0rM4eCKON MHEPTHOCTU U HU3KOW OCTEOMHTErPaLmn OrpaHnYeHHO. MNoBbICUTE BUONOMMYECKYO aKTUBHOCTb, OCTEOKOHOYKTUBHOCTL
1 aHTMbakTepuasibHble CBOMCTBA MOXET MOAMGVKALINS MaTeprana, B TOM YACTE NMyTEM CTPYKTYPHbIX U3MEHEHWNIA MOBEPXHOCTY.

Llenb. OueHka LMTOTOKCUYHOCTM 1 aAre3noHHbIX CBOWNCTB MOBEPXHOCTY NOAN3MUPIUPKETOHA, MOANMULIMPOBAHHOMO PasNyHbIMN CMO-
cobamu.

Marepuansl u metogbl. CuHTE3 nopoluka MO3K ocylecTBASIM METOLOM MOMMKOHAEHCALMN B YCNOBUSX HYKNEOMUIBHOrO 3aMeLLeHNst
B3aMMOAENCTBMEM MMAPOXMHOHA C 4,4’-andhTopbeH30heHOHOM; A5 AaNbHEeNLIEero nccneaoBaHns obpasaupl hopmmnpoBanv nytem dpese-
poBaHust B hopme anckoB. MISK mognduumposany 0gHUM 13 TPeX METOLOB: CyIbOHNPOBAHNEM KOHLEHTPUPOBAHHOW CEPHOW KNCO-
TOW, 06PaboTKON PaACTBOPOM «[MpaHbsi» C MOCNeAytoLLEen MyHKLMOHaNM3aumen rmmumMHOM, BbiCOKoTeMnepaTypHbiM crinasneHnem ¢ NaCl
C nocnemylolmnm BbllenadmBaHeM. V13ydeHne CTPYKTYpbl MOMyYeHHbIX MaTepuasnoB BbIMOAHANM C npumMeHeHnem VIK-cnekTpomeTpum
1N CKaHVPYIOLLEN SIEKTPOHHOW MUKpOCKOmMU. OLEHKY LIMTOTOKCMYHOCTU MPOBOAMAM C MomoLblo MTT-Tecta. AOreavBHble CBOMCTBA
[M93K-maTepranoB oLeHBanm nyTem KynbTVBUPOBaHNS Ha X MOBEPXHOCTM AepmalibHbiX (hrnbpobnacToB YenoBeka ¢ nocnenytoLlen dny-
OpecLieHTHOW BM3yanuaaumen gpayopoxpomamn Calcein AM 1 Hoechst 33342, AHanna aaresnm 1 Mopdoiorim NpUKPEnmMBLLMXCS KNETOK
NPON3BOAMN C MOMOLLIbIO MHBEPTUPOBAHHOIO MUKpockona Leica DMI 3000 B.

PesynbTtarthl. [lokasaHo, 4to NMO3K, nonyyYeHHbIn MeToA0M MONMKOHAEHCALMM B3aMMOAENCTBUEM MMAPOXNHOHA U 4,4’-andhTop6eH30dheH0-
Ha, He NPOSIBASET LMTOTOKCUHECKOrO AEACTBUS B OTHOLLEHUM MOBEPXHOCTHO-3aBUCKUMbIX KNETOK. [Mof AecTBMEM 1-CyTOYHOro SKCTpak-
Ta MNO3K n ero paseefeHnii OTHOCUTENBHAS >XXM3HECMOCOBHOCTb KNETOK BapbupoBana ot 96 no 126%, non AeNCTBUEM 7-CYyTOYHOrO —
oT 132 0o 141% (npoTme koHTpons 100%); nokadaHa CTUMyNSaUms akcTpakToMm MNMASK nponmdepaTBHOM akTMBHOCTH KneTok. OBHapy»XeHo,
4TO Moaudukaums obpasLoB He BEAET K MOBbILLEHWIO aareaunn KNeTok. MopucTein obpasey, MOSK, nonyyYeHHbIn METOAOM NpeccoBaHns
¢ NaCl c mocnegyoLmm ero BbilenadBaHNeEM, XapakTepnayeTcs HEPaBHOMEPHOM afAre3nei ¢ HapyLLEHEM XN3HECTTOCODHOCTY BobLLEN
4acTu KNETOK Ha NoBepxHOCTM 06padLoB. ObpaboTka MK rMULMHOM NMPUBOOUT K CHUXKEHUIO aareann, HapyLLEeHNO XKN3HeCnocobHOCTN
1 U3MEHEHMIO MOPOIOMMHECKNX XapaKTEPUCTUK BOSLLLON AONM KIETOK, HAXOAALLMXCS Ha MOBEPXHOCTN 06pasLioB. Ha MoBepXHOCTM Cyb-
hoHMpoBaHHOrO NMODK KNETKM COXPaHSANM XXM3HECTIOCOBHOCTL, OAHAKO MOPONOrNSA MPUKPENMBLUNXCS KIETOK CYLLECTBEHHO OTM4anach
OT TUMMYHOW: BMECTO CYOKOHMMOIHTHOrO MOHOCTOS, CChOPMMPOBAHHOMO KIIeTKaMu pacriacTaHHON hOpMbl, XapakTepHOro Ans ycnelu-
HoW afireaunu, b1 0OHapPY>KeHbI KNETOYHbIE KOHFIOMEPAaTbl Pa3HOro pa3mepa, HepPaBHOMEPHO pacnpefeneHHble MO MOBEPXHOCTH 1 chop-
MUPOBaHHbIE OKPYIbIMU, PEXKE BEPETEHOBUAHBIMU KIIETKAMU.

Boisogbl. Mpu mopudrikaumm M33K cynboHpoBaHem KoHueHTprposaHHon H,SO,, 06paboTko MyLMHOM, BbICOKOTEMMNEPaTypPHbIM
cnnasneHnem ¢ NaCl yny4lueHve 61ocCoBMECTUMOCTY MaTepuana He OTMEYEHO; HanpoTKB, Habnto4aNMCb HapyLLEHWS XXN3HECTTOCOBHOCTH
1 MOPOIOTMN MOBEPXHOCTHO-3aBMCUMbIX KNIETOK, afAre3npoBaHHbIX Ha MOBEPXHOCTU MoandurumpoBaHHoro MN339K. MNonyyeHHble pe3ynb-
TaTbl NOAYEPKNBAOT HEOHXOAMMOCTb AanbHeNLLEero noncka cnocobos moamndrkaumm NMI3K, 4To NO3BOANT NPEOLONETL OrPaHNYEHNS Ma-
Tepvana 1 paclumpuTb 061acTy ero NPUMEHEHNSt AN PELUEHUS aKTyanbHbIX MEXANCUMUMIMHAPHBIX BUOMEANLIMHCKIX 3a[a4.

KnioueBble cnoBa: MMMMaHTaLMOHHbIE MaTepuansl; noanadupadupketoH, MIOK; Moandukaums noBepxXHOCTY; CyNbhOHNPOBaHME;
pacTteop «[MpaHbs»; ranumH; nopuctein MNO3K; umMToTOKCUMYHOCTL; MTT-TecT; kneTtovHas aaresust; VIK-cnekTpockonus; ckaHupytoLlas
31EKTPOHHAA MMKPOCKOMNKA
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duHaHcupoBaHue. PaboTa BbiNofiHEHa B paMKax rocy4apCcTBeHHOro 3agaHns MUHUCTePCTBa Haykn 1 BbicLLero obpasoBaHus PO, MHe-
mokop FZZR-2026-0009.

CooTBeTcTBME NPUHLMNAM 3TUKKU. Bce noHopbl Aanv 0o6poBofbHOE NHOPMMPOBAHHOE cornache Ha npenocTaBneHne X yTUIbHOro
Bronorn4eckoro Matepunana ans BolAeneHns KynsTyp KeToK C Lenblo X MOCNeayoLero NCnob30BaHns A5t MPOBeAeHNS HayYHbIX SKC-
nepuMeHTOoB. [NpoBeaeHne nccneaoBaHnsa 0400PEHO Ha 3acedaHnn ToKanbHoro 61oatnydeckoro kommteta ®rEOY BO «[puBosmKkekuii nc-
CNefoBaTenbCKUN MEANUMHCKNIA YHUBEPCUTET> MUHUCTEPCTBA 3apaBooxpaHeHns Poccuinckon ®eaepaumm (npotokon Ne 9 ot 30.06.2023).
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INTRODUCTION

Trauma in peacetime and wartime differs in the nature
of injuries and treatment methods. In combat trauma
caused by high-velocity projectiles, complex shrapnel
wounds and extensive bone destruction predominate,
requiring surgical interventions to remove fragments
and bone debris along with the restoration of bone tis-
sue — such treatment is necessary for 85-100% of the
wounded [1]. Due to the increasing flow of such patients,
including those undergoing rehabilitation after injuries,
the need for bone implants is currently growing.

Despite the widespread use of titanium in bone graft-
ing [2], there is a growing interest in alternative materials
in modern medicine, particularly in polyetheretherketone
(PEEK) due to its physical and mechanical properties
closely mimicking those of human bone, as well as its
biocompatibility, hypoallergenicity, radiolucency, low
density, and manufacturability [3-5]. Currently, extensive
experience has been accumulated in the use of PEEK
implants in both clinical and experimental practice [6-9].

The clinical potential of PEEK and its composites has
been in spinal surgery [6, 10-14], as well as in dentistry
[15-19], traumatology and orthopedics [20-23], cranio-
plasty [24, 25], and maxillofacial surgery for facial im-
plants [26]. Information on the use of PEEK in neuro-
surgery is provided in the review by Muthiah et al. [13].
Having analyzed over 4000 articles, the authors con-
cluded that PEEK offers several advantages as a materi-
al for interbody devices, including a low elastic modulus
and radiolucency.

However, the use of PEEK is associated with certain
limitations. In a study by Khan et al. involving 95 pa-
tients with cervical spine pathologies, the reported rates
of postoperative complications included transient dys-
phagia (15.8%), wound hematoma (4.21%), and wound
infection (1.05%) [14]. At the same time, excellent out-
comes were observed in 79% of cases. The complica-
tion rate of cranioplasty using PEEK can reach 15.4%
[24]. Due to the hydrophobic nature of PEEK surfaces,
osteoblast adhesion to the implant surface is insufficient,
thereby hindering osseointegration. Furthermore, during
implantation, the formation of a fibrous capsule is often
observed, which inhibits the bonding of PEEK to bone.
Consequently, PEEK use is associated with a higher risk
of pseudarthrosis development and a lower degree of
osseointegration compared to titanium [13, 27].

Although the biological inertness of PEEK limits its
widespread use in reconstructive surgery [28, 29], its
bioactivity can be increased through surface and bulk
modification of the polymer [12, 28]. Potential modi-
fiers include titanium oxide, bioglass, calcium silicate,
B-tricalcium phosphate, natural amorphous silica fibers,
magnesium phosphates, and hydroxyapatite, includ-
ing fluorine- or strontium-doped hydroxyapatite [30].
PEEK composites generally exhibit greater mechani-
cal strength than the unmodified PEEK; however, these
modifications alter the material’s biological properties.
Therefore, an optimal balance between mechanical
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strength and biological functionality must be achieved
when designing PEEK composites.

Studies demonstrate that PEEK surface modifica-
tion enhances cell adhesion and proliferation, thereby
improving the biocompatibility and osteogenic proper-
ties of PEEK implant materials [31]. Current research
actively focuses on developing surface modification
methods that improve the cellular response of the sur-
face and promote osseointegration [32]. These methods
are mainly aimed at changing the surface morphology,
creating roughness and porosity [33], as well as increas-
ing polarity through the grafting of functional groups
[34]. Several studies report increased osteoblast prolif-
eration at an early stage (48 h) on porous PEEK surface
obtained by pressing with NaCl followed by washing. It
has been established that cell proliferation improves re-
gardless of pore size; however, over time the cell density
becomes lower than on a smooth PEEK surface [35].
One strategy for PEEK bioactivation involves the fabrica-
tion of porous PEEK and its composites [36]. The most
widely used method for creating a porous structure is
sulfonation via treatment with concentrated H,SO, [33].
In this process, PEEK or its composite is immersed in
concentrated H,SO, (95-98%), and then residual sulfur
compounds are subsequently removed by a hydrother-
mal reaction at 120 °C. For example, Dos Santos et al.
[37, 38] enhanced the biological activity of PEEK surface
using H,SO, and piranha solution, resulting in a signifi-
cant increase in cell viability compared to the unmodi-
fied material. The modified surfaces also demonstrated
a greater capacity to stimulate cell growth, indicating im-
proved cell adhesion and proliferation.

Surface modification is an effective method for im-
proving the mechanical and biological characteristics of
material surfaces while preserving their bulk properties
[39]. In their study, Chen et al. proposed a surface modi-
fication strategy combining sulfonation and cold press-
ing (in the presence of NaCl) to form a three-dimensional
hierarchical porous structure on the surface of PEEK
implants. According to the authors, the technology is
straightforward to implement and allows precise regula-
tion of macropore size by adjusting the parameters of the
porogen. Sulfonation yielded a finely porous structure
with a pore size of 0.5-10 um, promoting cell adhesion.
In contrast, cold pressing with a porogen (NaCl) followed
by particle leaching generated large pores (100200 um)
on the PEEK surface. In addition to facilitating cell in-
growth, this modification method enhanced osteogenic
differentiation and mineralization in vitro [39].

Functional group grafting is another approach for en-
hancing the osteogenic potential of PEEK materials. In a
study by Buck et al., the PEEK surface was functional-
ized with two types of groups (-NH, and -COOH), which
are capable of stimulating pro- and anti-inflammatory
responses in macrophages, respectively. Differences
in protein adsorption on the PEEK surface due to the
distinct functional groups, elicited bidirectional macro-
phage responses, thereby influencing the osteogenic
differentiation of mesenchymal stem cells. The authors
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concluded that simultaneous introduction of both func-
tional groups (-NH, and -COQOH) onto the PEEK surface
can improve implant integration with bone [40].

Both approaches — the development of PEEK com-
posites and surface modification — can be applied in
reconstructive medicine, depending on the required
balance between bioactivity and mechanical strength.
However, the available data on the use of PEEK (including
modified forms) in reconstructive surgery remain contra-
dictory, highlighting the need for further investigation.

In this study, surface modification was selected to
preserve the bulk properties of PEEK, particularly its
elasticity, while avoiding the increased brittleness com-
monly observed in highly filled composite materials. The
aim of the study was to evaluate the cytotoxicity and ad-
hesive properties of PEEK surfaces modified by three
methods: sulfonation with sulfuric acid, treatment with
glycine, and fusion with NaCl followed by leaching.

MATERIALS AND METHODS

Specimen fabrication. Polyetheretherketone (PEEK)
was synthesized at the Center for Advanced Materials
and Additive Technologies, Kabardino-Balkarian State
University, according to the method described in [41].
The key thermal and mechanical characteristics of the
synthesized PEEK were as follows: glass transition tem-
perature, 148 °C; melting temperature, 343 °C; melt flow
index, 7.8 g/10 min; flexural modulus, 3900 MPa; yield
strength, 89 MPa; and elongation at break, 81%.

Specimens for the study were fabricated as disks with
a diameter of 9 mm and a thickness of 5 mm. These disks
were produced by milling on a Roland MDX-50 machine
(Roland, Japan) from injection-molded PEEK bars. The
bars were fabricated using an SZS-20 injection molding
machine (Ningbo Haitai Machinery, China) with the follow-
ing parameters: cylinder temperature, 410-420 °C; mold
temperature, 150 °C; and clamping pressure, 8 bar.

Sulfonation. Disk-shaped specimens were incubated
in 50 mL of 98% H,SO, (analytical grade; Ekos-1 JSC) for
30 s at room temperature. Subsequently, the specimens
were washed repeatedly with distilled water (produced
using a DE-25M aquadistiller, Electromedoborudovanie
Plant) until the pH of the wash water reached a neutral
value. Finally, the samples were dried under vacuum at
120 °C for 12 h in a ULAB UT-4630V vacuum drying
oven (ULAB, China).

Treatment with piranha solution and glycine.
Disk-shaped specimens were immersed in piranha solu-
tion (a mixture of 98% H,SO, [analytical grade; Ekos-1
JSC] and 37% H,O, [grade A; Khimprom] at a volume
ratio of 2:1) for 90 s. Subsequently, the specimens were
washed repeatedly with distilled water until the pH of the
wash water reached neutrality (pH = 7). The samples
were then incubated in 100 mL of 0.002 M glycine solu-
tion (99%; Servicebio Technology, China) at 23 + 2 °C for
30 min. After washing three times with distilled water, the
specimens were dried under vacuum at 80 °C for 12 hin
a vacuum drying oven.

Fusion with NaCl. PEEK powder was mixed with
NaCl (particle size, 2-4 mm) at a mass ratio of 3:1. The
mixture was then fused in an EKPS-10 muffle furnace
(Smolensk SKTB SPU OJSC) at 370 °C for 35 min. The
resulting bar-shaped products were washed repeat-
edly with hot distilled water until the residual salt con-
tent was removed, and subsequently dried under vac-
uum at 120 °C for 12 h. The residual salt content in the
wash water was monitored by conductometry using a
SevenCompact S230 instrument (Mettler Toledo, USA).
Washing was considered complete when the conductiv-
ity of the wash water stabilized at the level of the original
distilled water (< 6 pS/cm). Disks were fabricated from
the obtained bars by milling. The porosity of the speci-
mens was determined by hydrostatic weighing with a
Liboshi MH-300A electronic densimeter (Liboshi, China)
and was found to be 18%.

Polymer structure was analyzed using a Spectrum
Two™ IR spectrometer (PerkinElmer, USA) in the wave-
number range of 4000-450 cm~'. The measurements
were acquired with an attenuated total reflectance
(ATR) accessory, a spectral resolution of 4 cm™, and
4 scans. The surface morphology of the specimens was
examined by scanning electron microscopy (SEM) us-
ing a Tescan VEGA3LMH microscope (Tescan, Czech
Republic). The imaging conditions were as follows: ac-
celerating voltage, 5 kV; SE detector; chamber pressure,
2 x 1072 Pa; and Resolution scanning mode.

Primary cultures of human dermal fibroblasts at pas-
sages 4-6 were used as test cells. The initial cell pop-
ulation was isolated from unaltered waste skin tissue
obtained from donors aged over 18 years during elec-
tive plastic surgeries. All donors were screened prior to
tissue collection for hepatitis B and C, syphilis (via the
Wassermann reaction, RW), and HIV. Donors with a his-
tory of cancer, tuberculosis, or skin diseases were ex-
cluded from the study.

The cell culture protocol is described in detail in [42].
The cultures were confirmed to be sterile and free from
mycoplasma and viral contamination. Prior to the experi-
ment, the cells exhibited a homogeneous morphology,
with a predominant spindle-shaped appearance and
formed a subconfluent monolayer. Cell viability was de-
termined to be 97-98%. The fibroblast phenotype was
consistent with that of mesenchymal stem (stromal)
cells, as evidenced by the expression profile of a panel
of surface markers: CD90+, CD105*, CD73*, CD10*, and
the absence of hematopoietic and monocytic markers
(CD45-, CD14-, CD34-, HLA-DR").

Cytotoxicity study (MTT assay). To prepare the ex-
tracts, 0.5 g aliquots of the synthesized PEEK powder
were mixed with 5 mL of growth medium. The medium
consisted of DMEM/F12 supplemented with 1% penicil-
lin/streptomycin (antibiotics) and 2% fetal bovine serum
(FBS). All reagents were supplied by PanEco (Russia).
The tubes containing the PEEK aliquots were incubated
in a SANYO MCO-18 CO, incubator (Sanyo Electric Co.,
Japan) under controlled conditions: 37 °C, 5% CO,, and
95% relative humidity. Two time points were used for
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extraction: one tube was incubated for 24 h to obtain
the 1-day extract, and the second tube for 7 days to
obtain the 7-day extract. After the extraction period, the
residual fine powder was removed by centrifugation to
pellet the particulate matter.

The obtained extracts were sterilized by sequen-
tial filtration through 0.8- and 0.22-pm pore-size filters
(Corning, USA). Subsequently, the extracts were diluted
with growth medium at volume ratios of 1:1, 1:2, 1:4, and
1:8. Throughout the preparation of the extracts and their
dilutions, the pH remained stable within the range of
7.2-7.4, as indicated by the colorimetric indicator pres-
ent in the growth medium.

The extracts and their dilutions were applied to
the test cultures seeded in a flat-bottom 96-well plate
(Costar, USA), with 8 wells allocated per sample. Prior to
exposure, cells were seeded at a density of 5000 cells
per well (equivalent to 108 cells/cm?) in 100 pL of growth
medium. The cells were pre-cultured for 24 h in a CO,
incubator under controlled conditions (37 °C, 5% CO,,
and 95% relative humidity) prior to the addition of the
test extracts. As a control, the state of the test culture
on the untreated culture plastic was assessed; 8 control
wells were allocated for each experimental series.

After 72 h of cultivation with the PEEK extracts, the
morphological state of the cell culture on the well surface
was assessed using an inverted Leica DMI 3000 B mi-
croscope equipped with LAS software (version 4.3; Leica
Microsystems, Germany). Following fixation and image
analysis, 20 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) solution at a concentra-
tion of 5 mg/mL was added to each well and incubated
for an additional 3 h in a CO, incubator under standard
conditions (37 °C, 5% CO,, 95% relative humidity). After
the incubation period, the supernatant was carefully re-
moved and replaced with an equal volume of dimethyl

sulfoxide (DMSQO; PanEco LLC, Russia). The optical den-
sity was then measured at 540 nm using an Infinite F50
microplate analyzer (Tecan, Austria).

Cell viability was used as the primary criterion for cy-
totoxicity assessment. Relative cell viability (RV) was cal-
culated according to Eqg. (1). Cytotoxicity was classified
using the following grading scale: rank 0 (RV = 100%)
and rank 1 (RV = 70-99%), indicating the absence of cy-
totoxicity; rank 2 (RV = 50-69%), corresponding to mild
cytotoxicity; rank 3 (RV = 25-49%), representing moder-
ate cytotoxicity; rank 4-5 (RV = 0-24%), indicating pro-
nounced cytotoxicity.

average OD in the experimental series
average OD in the control

(1)

RV(%) = = 100,
where RV is relative viability, and OD is optical density.
Cell adhesion. For the qualitative assessment of cell
adhesion and viability, human dermal fibroblasts were
seeded onto the surface of sterile test specimens placed
in the wells of a 24-well plate (Costar, USA). The seeding
density was standardized at 30 000 cells/cm? per speci-
men, with 3 specimens allocated for each experimental
series. Negative controls consisted of cells cultured in
3 wells without PEEK specimens, under identical cul-
ture conditions. The plates were incubated in a CO,
incubator for 24 h under standard conditions (37 °C,
5% CO,, and 95% relative humidity) in DMEM/F12 me-
dium supplemented with 1% penicillin/streptomycin and
10% fetal bovine serum (FBS). After the incubation pe-
riod, cells were stained with fluorescent probes from
BD Pharmingen™ (USA): Calcein AM, which selectively
labels the cytoplasm of viable cells, and Hoechst 33342,
a marker highly specific for double-stranded DNA.
Fluorescence images of cells on the specimen surfaces
were acquired at magnifications of x40, x100, and x200.
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Fig. 1. IR spectra of polyetheretherketone (PEEK) samples before modification and after treatment with H,SO,
(PEEKeH_SO,) and with piranha solution followed by glycine functionalization
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Representative images were compared with those ob-
tained from cells cultured on untreated culture plastic
(negative controls).

RESULTS AND DISCUSSION

The IR spectrum of untreated PEEK (Fig. 1) exhibits
characteristic absorption bands indicative of its mo-
lecular structure. The asymmetric stretching vibra-
tion of the aromatic ether C—-O bond is observed at
1221 cm™'. Absorption bands at 1650, 1490, 926, 1157,
and 1185 cm™" are assigned to diphenyl ketone moieties.
The carbonyl groups of the ketone bond are represented
by bands at 1306 cm~" and 1278 cm~'. Furthermore, the
stretching vibrations of the C=0 bonds in the benzophe-
none fragments yield absorption features at 1594 cm-™
and 1648 cm™ [41].

Upon sulfonation, a pronounced absorption band
appears in the FTIR spectrum of PEEK at approximately
3440 cm™'. This band corresponds to the O-H stretch-
ing vibration of the hydroxyl group in the sulfonic acid

A
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Performance in nanospace

Photos taken by the authors

moiety, confirming the oxidation of PEEK and the result-
ing increase in surface polarity. Additionally, the band
observed at 1050 cm™ is assigned to the symmetric
stretching vibration of the S=0 bonds [43].

In the spectrum of glycine-modified PEEK, no major
structural changes are evident. Only low-intensity peaks
are detected in the 2700-2900 cm™" region, which are
characteristic of N-H and C-N stretching vibrations as-
sociated with glycine. These features indicate successful
surface modification with the amino acid.

The surface morphology of the PEEK specimens
was evaluated by scanning electron microscopy (SEM;
Fig. 2). No significant differences in morphological char-
acteristics were observed between the unmodified
PEEK and the glycine-treated PEEK samples; both sur-
faces exhibited a relatively smooth topography. In con-
trast, the microstructure of the sulfonated PEEK showed
marked alterations, with a notable increase in surface
roughness and porosity, as illustrated in Fig. 2C.

During the colorimetric analysis, a slight but consist-
ent stimulation of cell proliferation was observed in the

SEM MAG: 9.51 kx VEGAS TESCAN

WD: 10.70 mm |
View field: 29.1 pm 2
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142.5 nm 26-9.11M

162.0nm

SEM MAG: 31.1 kx WD: 10.12 mm VEGA3 TESCAN
View field: 8.89 ym Det: SE

SM: RESOLUTION View fleld: 8.89 ym

Performance In nanospace

Fig. 2. Surface of polyetheretherketone specimens. A — unmodified; B — treated with glycine; C, D — treated with
H,SO,; pores are indicated by yellow arrows, with pore diameters indicated next to them
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Table. Cytotoxicity of polyetheretherketone extracts and their dilutions

Extraction duration
Series Parameter
1 day (24 h) 7 days
Optical density 0.277 + 0.031 0.611 £ 0.024
%’Tg' Relative viability, % 100 100
Cytotoxicity level 0 0
Optical density 0.266 + 0.031 0.805 + 0.025*
ol ed Sxdract Relative viability, % % 132
Cytotoxicity level 1 0
Optical density 0.330 + 0.030 0.860 + 0.017*
Extract 1:1 Relative viability, % 119 141
(n=28)
Cytotoxicity level 0 0
Optical density 0.305 + 0.030 0.834 + 0.023*
E’?r:af%; 2 Relative viability, % 110 136
Cytotoxicity level 0 0
Optical density 0.337 £ 0.022 0.835 + 0.015*
Eﬂgafg; 4 Relative viability, % 122 137
Cytotoxicity level 0 0
Optical density 0.350 + 0.028 0.802 + 0.031*
Extract 1:8 Relative viability, % 126 131
n=8)
Cytotoxicity level 0 0

Table prepared by the authors based on their own data

Note. * — p < 0.05 compared to the control group, Wilcoxon test; n — sample size (number of observations = number of wells).

Polyetheretherketone

Control

Photos taken by the authors

Fig. 3. Test culture cells on the surface of unmodified polyetheretherketone and inside the control wells.
Fluorescence microscopy: green — Calcein AM, blue — Hoechst 33342
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presence of diluted extracts, as evidenced by relative
cell viability (RV) values exceeding 100%. This effect
was more pronounced with the 7-day extract and its di-
lutions. These observations merit further investigation.

Cell adhesion was evaluated on unmodified and
modified PEEK specimens prepared under various
treatment conditions. On the surface of unmodified
PEEK, spindle-shaped cells were observed with a rela-
tively uniform distribution in the central region (Fig. 3).
In contrast, the cell distribution along the specimen
edges was heterogeneous, with multiple areas exhibit-
ing a lack of cell attachment. Background fluorescence
enabled characterization of the specimen surface as
predominantly smooth. Notably, surface irregularities
were detected at the edges, appearing externally as
film-like fragments.

Control

PEEKeH,SO,
(specimen 1)

PEEKeH,SO,
(specimen 2)

PEEKeH,SO,
(specimen 3)

Photos taken by the authors

When studying cell adhesion on the sulfonated PEEK
specimens, cells displaying a normal fibroblast-like mor-
phology and a relatively uniform distribution were visu-
alized on the surface of the control wells (Fig. 4A-C).
At the same time, no monolayer was observed on the
surface of the PEEKeH,SO, specimens; the cells formed
conglomerates, whose distribution varied from speci-
men to specimen (Fig. 4D-L). Specifically, specimen
No. 1 exhibited individual conglomerates of rounded
cells, sparsely distributed both in the center and along
the edges (Fig. 4D-F); specimen No. 2 showed large
conglomerates formed by rounded and spindle-shaped
cells in contact with each other, with a higher cell density
in the center than along the periphery (Fig. 4G-I); speci-
men No. 3 presented predominantly spindle-shaped
cells forming small conglomerates, where the cells

Fig. 4. Test culture cells on the surface of control wells and polyetheretherketone specimens treated with
concentrated H,SO, (PEEK*H,SO,). Fluorescence microscopy: green — Calcein AM, blue — Hoechst 33342
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created a relatively uniform sparse network in the central
region, while remaining unevenly distributed along the
edges (Fig. 4K-L).

The observed agglomeration of cells on the sul-
fonated PEEK surface may be attributed to the chemi-
cal modifications induced by exposure to 98% H,SO,.
According to the literature, such treatment leads to the
opening of the aromatic ring of the monomer unit, there-
by increasing the number of available functional groups.
This alteration in surface chemistry could promote cell
conglomeration, as previously reported by Dos Santos
et al. [38]. It is important to note a key methodological
difference between the present study and the work
of Dos Santos et al.: in their study, the PEEK surface
was pretreated with sandpaper to generate a microre-
lief, which likely facilitated a more uniform distribution of
adherent cells. In contrast, the specimens used in the
current investigation were not subjected to mechanical
pretreatment, and thus differences in surface roughness
may have influenced the pattern of cell adhesion and
distribution. Consequently, the discrepancies between
the published data and the results obtained in this study
following H,SO, treatment may stem from initial differ-
ences in the structure and chemical composition of the
surface layer. Further investigation is required to confirm
this hypothesis.

Notably, a substantial number of viable cells retaining
their typical fibroblast-like morphology were observed
within the wells after removal of the specimens (Fig. 5).
This observation indicates the absence of a cytotoxic
effect associated with the H,SO,-based surface modi-
fication of PEEK. Consequently, the morphological al-
terations observed in the cells attached to the specimen
surface are most likely attributable to the modified sur-
face properties acquired during the treatment process,
rather than to systemic cytotoxicity.

On PEEK specimens subjected to piranha solution
treatment followed by glycine functionalization (Fig. 6),
cell adhesion was reduced relative to the control wells,
and the distribution of adherent cells was heterogeneous.
Large cell-free areas were observed, with isolated ad-
herent cells predominantly localized along the specimen

Photos taken by the authors

edges. The lowest number of adhered cells was record-
ed for Specimen No. 2 (Fig. 6G-I). Concurrently, the ma-
jority of the attached cells remained viable, as indicated
by the intense green fluorescence of the cytoplasm fol-
lowing Calcein AM staining. In addition to cells displaying
a typical fibroblast-like morphology (spindle-shaped with
well-developed processes), individual cells with altered
morphology were detected, characterized by shortened
or absent cellular processes.

Cell adhesion was evaluated on physically modified
porous PEEK specimens prepared by high-temperature
fusion with NaCl followed by salt leaching. Compared to
the control, a reduction in cell adhesion was observed,
although the distribution of adherent cells across the
specimen surface was relatively uniform. For exam-
ple, on specimen No. 1, a large number of adhered
cells of round or indeterminate shape were recorded,
showing either absent or shortened processes and
unstained or weakly green-stained (Calcein AM) cyto-
plasm (Fig. 7A-C); however, a significant proportion of
them were nonviable and deformed. Specimen No. 2
exhibited a fairly large number of adhered cells with high
viability (bright green cytoplasm) and preserved typi-
cal morphology of dermal fibroblasts (elongated shape
with pronounced processes) (Fig. 7G-I). On specimen
No. 3, the cells also maintained viability and character-
istic morphology, but their number was significantly low-
er (Fig. 7K-L). These findings indicate that the applied
modification protocol does not yield a consistent altera-
tion of surface topography within the specimen series,
which is reflected in the variable patterns of cell adhe-
sion observed across individual samples.

The observed reduction in the number of viable cells
on porous PEEK specimens fabricated by pressing PEEK
with NaCl followed by leaching is likely attributable to re-
sidual NaCl within the deep pores located in the bulk of
the material. This may explain the discrepancy with the
findings reported in [35], where specimens with surface
porosity were investigated. In that study, the open archi-
tecture of surface pores enabled more efficient removal
of the porogen. In contrast, the bulk porous structure of
the current specimens limits diffusion, thereby hindering

Fig. 5. Viable cells within the wells after removal of polyetheretherketone specimens treated with concentrated
H,SO, (PEEK*H,SO,). Fluorescence microscopy: green — Galcein AM, blue — Hoechst 33342
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Control

PEEKeglycine
(specimen 1)

PEEKeglycine
(specimen 2)

PEEKeglycine
(specimen 3)

Photos taken by the authors

Fig. 6. Cell adhesion and distribution on the surface of control wells and polyetheretherketone-glycine specimens.
Fluorescence microscopy: green — Calcein AM, blue — Hoechst 33342

the complete elimination of NaCl. Further research is re-
quired to optimize the fabrication protocol and develop a
method for producing porous PEEK with controlled pore
size. Such a material would better support cell penetra-
tion and facilitate vascularization.

The present findings do not support the efficacy
of the tested surface modification methods — includ-
ing H,SO, treatment, glycine functionalization, and
high-temperature fusion with NaCl — in enhancing the
biocompatibility of PEEK. Cell adhesion serves as a criti-
cal criterion for evaluating polymers intended for medi-
cal applications, particularly in reconstructive surgery,
where establishing a favorable interaction between the
implant and host bone tissue is essential. A high degree
of cell adhesion to PEEK is indicative of biocompatibility
and suggests the potential to foster conditions condu-
cive to bone tissue formation around the implant.

The present study demonstrates that surface modi-
fication of PEEK can alter its surface morphology and
polarity — key parameters that substantially influence
the material’s biocompatibility. The applied modifica-
tion protocols not only affected the adhesion of anchor-
age-dependent cells but also induced changes in their
morphology and viability. These findings emphasize that
the evaluation of implant materials should extend be-
yond cytotoxicity testing. Cell adhesion to the specimen
surface represents merely the initial screening stage of
biocompatibility assessment. To more reliably predict
the in vivo behavior of implantable materials, a broader
characterization is required, including the evaluation of
functional cellular activities. A combined qualitative as-
sessment of adhesion and viability enables the rational
selection of the most promising candidates at the early
development stage.
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Control

PEEK porous
(specimen 1)

PEEK porous
(specimen 2)
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(specimen 3)
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Fig. 7. Cell adhesion and distribution on control wells and porous PEEK specimens modified by high-temperature
fusion with NaCl and subsequent leaching. Fluorescence microscopy: green — Calcein AM, blue — Hoechst 33342

CONCLUSIONS

This study demonstrates that PEEK, synthesized via by
polycondensation under nucleophilic substitution con-
ditions by reacting hydroquinone with 4,4’-difluoroben-
zophenone, exhibited no cytotoxic effect on anchor-
age-dependent cells, with cell viability remaining at
or above 70% in vitro. Unmodified PEEK specimens
supported the adhesion of anchorage-dependent cells
while maintaining their viability and characteristic mor-
phology, showing no significant differences compared
to the control. Surface modification of PEEK through
H,SO, treatment, piranha solution exposure, glycine
functionalization, or high-temperature fusion resulted
in variable effects on cell adhesion. The observed
reductions in cell viability and alterations in cellular

EXTREME MEDICINE | 2026

morphology indicate that the tested modification pro-
tocols may compromise the material’s biocompatibility,
thereby limiting its suitability for biomedical applica-
tions. These findings underscore the importance of not
only optimizing the modification techniques themselves
but also performing a comprehensive biological evalu-
ation of the resulting materials at the preclinical stage,
using both in vitro and in vivo models.

Despite the substantial body of experimental re-
search on PEEK composites, current modification tech-
nologies remain in the optimization and development
phase. Notably, methods reported in the literature as
successful do not consistently yield reproducible out-
comes under different experimental conditions. This
discrepancy is likely attributable to the specific nuanc-
es, subtleties, and execution parameters inherent to
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each modification technique. Therefore, future research
should prioritize the development of more effective and
practically feasible modification methods. In addition,
long-term preclinical and clinical evaluations of modified
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