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Abstract: Biomaterials play a crucial role in the long-term success of bone implants treatment.
Accumulation of bacterial biofilm on the implants induces inflammation leading to implant failure.
Modification of implant surface with bioactive molecules is one of the strategies to improve
biomaterial compatibility and limit inflammation. In this study, whey protein isolate (WPI) fibrillar
coatings were used as a matrix to incorporate biologically active phenolic compound phloroglucinol
(PG) at different concentration (0.1% and 0.5%) on titanium alloy (Ti6Al4V) scaffolds. Successful
Ti6Al4V coating was validated by X-ray photoelectron spectroscopy (XPS), showing decrease in
%Ti and increases in %C, %N, %O which demonstrate the presence of the protein layer. The
biological activity of PG-enriched WPI (WPI/PG) coatings was assessed using bone-forming cells,
human bone marrow-derived mesenchymal stem cells (BM-MSCs). WPI/PG coatings modulated
behaviour of BM-MSCs, but did not have negative impact on cell viability. WPI with higher
concentration of PG increased gene expression relative to osteogenesis and reduced pro-
inflammatory response of BM-MSCs after biofilm stimulation. Autoclaving reduced WPI/PG
bioactivity compared to filtration. By using WPI/PG coatings, this study addresses the challenge of
improving osteogenic potential while limiting biofilm-induced inflammation at the Ti6Al4V
surface. These coatings represent a promising strategy to enhance implant bioactivity.

Keywords: Ti6 Al4V; fibrillar coating; phenolic coating; whey protein isolate; inflammation; biofilm;
osseointegration; osteogenesis; stem cells;
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1. Introduction

Titanium (Ti) and its alloys, in particular Ti6Al4V, are widely used as primary
biomaterials for orthopedic and dental implants due to their good physical-chemical
properties and high biocompatibility with host tissues. However, despite these
advantages, the implantation of Ti into bone disrupts host tissues and induces an
inflammatory response. Immune cells and mesenchymal stem cells (MSCs) that are
recruited to the site of implantation play the key role in the bone healing process. MSCs
differentiate into mature bone-forming cells and deposit a collagen matrix, leading to bone
formation at the implant surface [1,2]. This complex and long-term process could be
affected by different factors, including bacterial infections. Shortly after implantation, the
surface of Ti implants becomes exposed to bacterial adhesion and biofilm formation. Due
to the rich and highly diverse oral microflora, the composition of bacterial biofilm around
dental implants is more complex than that on orthopedic implants. Streptococcus species
play the pivotal role in early colonization of dental implants, while in the later phases of
biofilm formation the growth of different periodontal pathogens such as Fusobacterium
nucleatum,  Prevotella  intermedia, Porphyromonas gingivalis and  Aggregatibacter
actinomycetemcomitans has been frequently observed [3,4]. Treatment of biofilm-related
infections at implant sites is challenging due to the multispecies composition of microbial
biofilm. Moreover, the excessive growth of periodontal pathogens induces a local
inflammatory response, often progressing to peri-implantitis and ultimately leading to
implant failure [5].With the increasing prevalence of antibiotic-resistant bacteria, there is
interest in antibacterial strategies which do not rely on antibiotics. These include
photoactivation modification of topography, and the use of naturally occurring
biomolecules like polyphenols [6-8].

To address bacterial adhesion on Ti surfaces and reduce inflammation, numerous
strategies have been developed, primarily focusing on surface modifications with
antimicrobial and/or anti-inflammatory coatings [9].

Whey protein isolate (WPI)-based coatings are promising candidates for surface
modification of Ti implants [10]. One of the main advantages of using WPI in Ti surface
modification is its low production cost, as WPI is a by-product of the dairy industry. In
addition, WPI spontaneously form fibrillar structures under acid conditions and high
temperature, increasing the surface/volume ratio of the coatings and enhancing cell
adhesion and spreading [11,12]. Different studies have demonstrated that WPI fibrils have
the ability to increase osteogenic differentiation and exhibit antibacterial properties
[13,14]. Furthermore, WPI fibrils can be used as matrices for the incorporation of
biologically active molecules such as glycosaminoglycans - components of extracellular
matrix (ECM) [15,16]. WPI fibrils have also been successfully modified with biologically
active marine-derived polysaccharides, proteins and polyphenols to enhance their
osteogenic properties [17]. Numerous studies have confirmed the osteogenic and anti-
inflammatory properties of phloroglucinol (PG), a subunit of marine-derived polyphenols
[18,19]. PG has been shown to possess the ability to reduce high levels of oxidative stress,
which may be one of the most critical factors contributing to bone resorption [20,21]. The
antioxidant, antibacterial and osteogenic properties of PG were also described by Liskova
et al [22]. More recently, our previous in vitro study confirmed that incorporation of PG
into collagen fibrils promotes osteogenesis and reduces inflammation. PG-enriched
collagen fibrillar coatings on Ti surfaces up-regulated the gene expression of osteogenic
markers and down-regulated the gene expression of markers involved in pro-
inflammatory response in osteoblast-like cells (5aOS-2) [23]. However, despite their
numerous advantages, collagen fibrils cannot withstand sterilization by autoclaving
which is a method widely used in biomedical field.

Two significant advantages of WPI fibrils over collagen fibrils are their much lower
cost and ability to withstand sterilization by autoclaving, a clinically accepted and cheap,
ubiquitous method. A further ethical advantage is that the use of WPI, being derived from
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102 milk, does not involve the slaughter of animals. Therefore, in the following study WPI
103 fibrils were used as matrices for incorporation of PG, which is known for its antibacterial,
104 antioxidant and anti-inflammatory properties, as well as positive impacts on cell adhesion
105 and differentiation [23,24]. To the best of our knowledge, phenolics such as PG have not
106 yet been incorporated into WPI fibril coatings for biomaterial applications. In this context,
107 this work aimed (i) to develop WPI-based fibrillar coatings enriched with PG on Ti6Al4V
108 (Ti) surfaces and (ii) to evaluate the osteogenic and anti-inflammatory properties of these
109 coatings in vitro. The atomic composition of the obtained materials was characterized
110 using X-ray photoelectron spectroscopy (XPS). Human bone marrow-derived
111 mesenchymal stem cells (BM-MSCs) were used to assess the osteogenic differentiation
112 potential of PG-enriched WPI coatings, while the anti-inflammatory activity of the
113 coatings was evaluated in response to a multispecies biofilm challenge. Ti6Al4V samples
114 were produced using electron beam melting (EBM®) technology, a 3D printing method
115 where the components are manufactured layer by layer in a vacuum using a metallic
116 precursor powder melted by an intense electron beam, as used in previous work [25]. The
117 use of a 3D printing method to fabricate samples paves the way for the application of this
118 technique with more complicated geometries and internal architectures, which are
119 possible via 3D printing techniques [26].

120 This study introduces several novel aspects, both biological and material-related. The
121 biological novelty lies in the use of BM-MSCs stimulated with multispecies biofilm, an
122 approach that remains relatively underexplored in the context of biomaterial evaluation.
123 On the material side, this is the first study to use WPI fibrils enriched with PG as a
124 biofunctional coating. Moreover, WPI fibrils are shown to provide a suitable matrix for
125 examining BM-MSC behavior under biofilm challenge. In contrast to our previous work
126 with collagen-based coatings containing PG, this model incorporates biofilm stimulation,
127 enabling a more physiologically relevant assessment in the context of peri-implantitis.
128 WPI coatings also offer great potential for immobilizing bioactive molecules [27],
129 supporting further studies on biofilm—cell-material interactions.

130 The current study aims to develop natural, cost-effective and bioactive Ti coatings for
131 biomaterial applications to improve bone healing and reduce the risk of implant loss due
132 to biofilm-related infections.

133 2. Materials and Methods

134 2.1. Preparation of WPI fibrillar suspensions

135 WPI was provided by BiPro, Davisco Foods International Inc. (Eden Prairie, MN,
136 USA). WP fibril suspensions were prepared as previously described by Keppler et al. [28].
137 A stock solution of WPI in water was prepared at a concentration of 2.5% w/v with stirring
138 until complete dissolution. The pH was adjusted to 2.0 by adding a 2 M HCI solution
139 dropwise. A total of 40 mL of WPI solution was heated in a 100 mL Duran glass bottle at
140 90°C for 5 hours with a stirring speed of 350 rpm to induce fibril formation, resulting in a
141 fibrillar suspension. The WPI fibrillar suspension was then cooled to 4°C in a water bath
142 to stop the reaction and subsequently stored at 4°C.

143 PG (Sigma-Aldrich, Gillingham, UK) was incorporated into the WPI fibrillar

144 suspensions as illustrated in Figure 1.
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146 Figure 1. Diagram of the WPI coating process with PG. Three different coating methods are
147 illustrated: (1) WPI coating only, (2) WPI + PG coating autoclaved together, and (3) WPI + PG coating
148 with PG added after the sterilization of the WPI coating. Ti: titanium alloy Ti6Al4V; WPI: whey
149 protein isolate; PG: phloroglucinol.

150 After cooling the WPI fibrillar suspension in cold water (4°C), PG was added to
151 obtain suspensions enriched with PG at two different concentrations: 0.1%, and 0.5% w/v.
152 Another method for preparing WPI fibril coatings enriched with PG involved the
153 adsorption of PG onto the surface of WPI fibrillar coatings, as described in section 2.2 and
154 illustrated in Figure 1.

155 2.2. Preparation and characterization of WPI fibrillar coatings

156 Ti6Al4V (Ti) discs (10 mm diameter and 2 mm thick) were produced using electron
157 beam melting (EBM®) technology, where the components are manufactured layer by
158 layer in a vacuum using a metallic precursor powder melted by an intense electron beam,
159 as previously described [23,29].

160 The Ti discs were first cleaned with ethanol and water. A WPI fibril suspension was
161 then applied to the Ti6Al4V discs and left for 1 hour to allow fibril adsorption, as shown
162 in Figure 1. After rinsing three times with ultrapure Milli-Q water (Milli-Q, Merck
163 Millipore, Burlington, MA, USA) to remove non-adhered fibrils and drying at room
164 temperature, the Ti discs were coated with a thin layer of WPI fibrils. Finally, these
165 coatings were sterilized by autoclaving at 121°C, 1 atm, for 15 minutes. This procedure is
166 represented as Process 1 in Figure 1. The same procedure was followed to create WPI
167 coatings enriched with PG, as described in Processes 2 and 3 in Figure 1. For Process 2,
168 WP fibrillar suspensions containing PG were used to coat the Ti discs followed the same
169 steps as described earlier. For Process 3, a PG solution in Milli-Q water (0.2 um filtered)
170 was added on top of an autoclaved WPI fibrillar coating under sterile conditions. PG
171 adsorption was allowed for 1 hour, and the coatings were then washed three times with
172 Milli-Q water and dried at room temperature. Two different concentrations of PG were
173 tested, 0.1% and 0.5% (w/v) in Milli-Q water. The resulting WPI/PG coatings are named
174 as indicated in Table 1.

175
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Table 1. WPI coatings denomination with and without PG.

Coating denomination Description
WPI fibrill ti
[WPI]autoclave toritar coating
autoclaved

WPI + PG 0.1% mixed
coating autoclaved
[WPI + PG 0.5%]autoclave WPI + PG 0.5% mixed
coating autoclaved
WPI fibrillar coating
autoclaved + PG 0.1% added
after
WHPI fibrillar coating
[WPIJautoclave + PG 0.5% autoclaved + PG 0.5% added
after

[WPI + PG 0.1%]autoclave

[WPI]autoclave + PG 0.1%

The XPS was conducted to analyze the surface chemical composition of all samples,
including uncoated and WPI/PG-coated Ti discs. The analysis was performed using a Axis
Supra spectrometer (Kratos Analytical Ltd., Manchester, UK) equipped with a
monochromatic Al Ka source (1.487 keV). Briefly, samples were mounted on a sample
holder using carbon tape and an internal flood gun was used for neutralizing charging
effects. Wide-scan spectra were acquired with a pass energy of 160 eV and a step size of 1
eV. Measurements were taken at an emission angle of 0° (relative to the surface normal),
with the spectrometer operating at a power of 225 W (15 kV x 15 mA) and analyzing an
analysis area of 700 x 300 um. Three separate locations were analyzed for each sample.
The acquired spectra were processed using CasaXPS software (version 2.3.22, Casa
Software Ltd., Devon, UK). Binding energies were calibrated against C-C component of
the Cls peak at 284.8 eV to compensate for surface charging effects. Curve-fitting
procedure of the components was performed using Gaussian-Lorentzian function with a
linear background. The Kratos experimental sensitivity factors were used in the atomic
composition calculations.

WPI fibril coatings were visualized on glass substrates by Scanning Electron
Microscopy (SEM) as described previously [24,30]. The same coating process was used as
above. Samples were compared before and after autoclaving.

2.3. Bacterial strains and culture conditions

The bacterial strains used in this study were obtained from the Periodontal Research
Group culture collection at the Department of Dentistry, University of Birmingham, UK.
Streptococcus mitis ATCC 49456 and Aggregatibacter actinomycetemcomitans ATCC 43718
were cultured for 24 hours at 37°C in a 5% CO, atmosphere on horse blood agar plates
(Oxoid, Basingstoke, UK). Fusobacterium nucleatum ssp. polymorphum ATCC 10593 was
grown at 37°C in an anaerobic chamber (80% N, 10% CO,, and 10% H; Don Whitley
DG250 Anaerobic Workstation, Don Whitley Scientific, Bingley, UK) on Schaedler
Anaerobe agar plates (Sigma-Aldrich/Merck, Darmstadt, Germany) for 48 hours.
Porphyromonas gingivalis ATCC 33277 was cultured anaerobically on horse blood agar
plates at 37°C for at least 96 hours.

Liquid cultures of S. mitis and A. actinomycetemcomitans were grown in Brain Heart
Infusion broth (Oxoid, Basingstoke, UK), while F. nucleatum and P. gingivalis were
cultured in Schaedler Anaerobe broth (Oxoid, Basingstoke, UK).

2.4. Bacterial biofilm development

Multispecies biofilms were prepared as previously described [31]. Briefly, overnight
bacterial cultures were standardized to 1 x 10”7 colony-forming units/mL in artificial saliva
(AS), which was prepared as follows: 0.25% w/v porcine stomach mucins, 0.02% w/v
potassium chloride, 0.02% w/v calcium chloride dihydrate, 0.2% w/v yeast extract, 0.5%
w/v proteose peptone (all from Sigma-Aldrich/Merck, Darmstadt, Germany), 0.35% w/v
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218 sodium chloride (Thermo Fisher Scientific, Loughborough, UK), and 0.1% w/v Lab-Lemco
219 powder (Oxoid, Basingstoke, UK) in Milli-Q water. Urea was added after autoclaving to
220 a final concentration of 0.05% v/v (Sigma-Aldrich, Gillingham, UK).

221 To initiate biofilm formation, the standardized S. mitis culture was added to a 24-well
222 plate containing 13-mm Thermanox™ coverslips (Thermo Fisher Scientific,
223 Loughborough, UK) and incubated at 37°C with 5% CO.. After 24 hours, the biofilm
224 supernatant was removed, and the standardized F. nucleatum culture was added. The
225 biofilms were then further incubated under anaerobic conditions at 37°C for another 24
226 hours. The supernatant was removed, and A. actinomycetemcomitans and P. gingivalis were
227 added. The biofilms were incubated anaerobically for an additional 4 days at 37°C, with
228 AS replaced every 24 hours.

229 2.5. Analysis of bacterial biofilm structure and composition

230 The structure of bacterial biofilm was analyzed using scanning electron microscopy
231 (SEM). For SEM imaging, biofilm samples were prepared as previously described [32].
232 Initially, the biofilms were fixed using 2.5% glutaraldehyde (Agar Scientific, Stansted, UK)
233 in 0.1 M sodium cacodylate buffer (pH 7.4, BioWorld, Dublin, Ireland) for 10 minutes at
234 room temperature. Subsequently, the biofilms were dehydrated through increasing
235 concentrations of ethanol (20%-100%). Next, the biofilms were treated with
236 hexamethyldisilazane (HMDS; Sigma-Aldrich/Merck, Darmstadt, Germany) as a drying
237 agent. After overnight evaporation of the HMDS, the biofilm samples were mounted onto
238 aluminum specimen stubs (Agar Scientific, Stansted, UK), sputter-coated with gold, and
239 visualized using a scanning electron microscope (Zeiss EVO MA10; Zeiss, Gottingen,
240 Germany).

241 The composition of bacterial biofilm was analyzed using real-time quantitative PCR
242 (qPCR). Briefly, the bacterial biofilm was scraped from the coverslip surface using
243 standard cell scrapers (Thermo Fisher Scientific, Loughborough, UK) and resuspended in
244 180 pL of digestion buffer (Invitrogen, Carlsbad, CA, USA). Total bacterial DNA was then
245 isolated using the PureLink Genomic DNA kit (Invitrogen, Carlsbad, CA, USA) following
246 manufacturer’s instructions. The quality and quantity of the extracted DNA were assessed
247 using NanoDrop spectrophotometer (Thermo Fisher Scientific, Loughborough, UK).
248 Extracted DNA was amplified using primers targeting the 16S ribosomal RNA (rRNA)
249 gene specific to each bacterial species. The primers used were the same as those described
250 previously [33]. Primers sequences are presented in Table 2.

251 Table 2. Primers targeting 165 rRNA used in qPCR analyses.

. . Primer sequence (5" to 3’)  Primer sequence (5" to 3)
Bacteria species

Forward Reverse
S. mitis GATACATA;GGCCGACCTG CCATTGCCGAAGATTCC
P. gingivalis AGGCAGCTTGCCATACTGACTGTTAGCAACTACCGA
CG TGT
A. actinomycetemcomitans GAACCTTACCTACTCTTG TGCAGCACCTGTCT-

A-CATCCGAA CAAAGC
E nucleatum GGATTTATTGGGCGTAAA GGCATTCCTACAAATATC

GC TACGAA
252 Briefly, 2.5 pL of total DNA (100 ng) was added to a reaction mix containing 7.5 uL
253 of GoTaq qPCR Master Mix (Promega, Madison, WL, USA), 0.5 puL (10 uM) of each primer
254 (GenoMed, Warsaw, Poland), and 4 uL of H20 (Promega, Madison, WI, USA). PCR
255 amplification was conducted under the following conditions: 95°C for 10 minutes,
256 followed by 40 cycles of 95°C for 15 seconds, 56°C for 45 seconds, and 72°C for 30 seconds,

257 with a final extension at 72°C for 5 minutes. The number of each bacteria was determined
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258 using a standard curve prepared from serial dilutions of DNA isolated from fresh cultures
259 of each bacterial species.

260 2.6. BM-MSCs culture and seeding

261 The study was performed using commercially available human bone marrow-
262 derived mesenchymal stem cells (BM-MSCs; catalog no. PCS-500-012) obtained from the
263 American Type Culture Collection (ATCC; Manassas, VA, USA). The cells were cultured
264 in a-minimum essential medium (a-MEM) (Lonza, Verviers, Belgium) supplemented
265 with 10% fetal bovine serum (FBS) (Invitrogen, Paisley, UK), 100 U/mL penicillin (Sigma-
266 Aldrich, Gillingham, UK), 100 pg/mL streptomycin (Sigma-Aldrich, Gillingham, UK) and
267 incubated at 37 °C in a humidified atmosphere of 95% air and 5% CO: until confluence
268 was reached. BM-MSCs at passages 3-5 were used in the present study. For all in vitro
269 assays, BM-MSCs were seeded directly onto uncoated Ti discs, Ti discs coated with WPI
270 alone ([WPI] autoclave), or Ti discs coated with WPI enriched with PG at various
271 concentrations ([WPI+PG 0.1%] autoclave, [WPI+PG 0.5%] autoclave, [WPI] autoclave
272 +PG 0.1%, [WPI] autoclave +PG 0.5%), as described earlier in subsection 2.2 and
273 summarized in Table 1. The discs were placed in wells of 48-well tissue culture
274 polystyrene (TCPS) plates (Life technologies, Paisley, UK) at a density of 3 x 10 cells per
275 disc and cultured for 72 hours.

276 2.7. BM-MSCs: bacterial biofilm challenge

277 After 72 hours of BM-MSCs cultivation in standard medium, each Ti disc with BM-
278 MSCs was carefully removed from the wells of 48-well TCPS plate using sterile forceps
279 and transferred to the wells of a 24- well TCPS plate (Life technologies, Paisley, UK). BM-
280 MSCs on the Ti discs were washed twice with fresh medium and then subsequently
281 incubated for 2 hours in antibiotic-free medium at 37°C in a 5% CO2 atmosphere, with one
282 biofilm-coated glass coverslip per well. The glass coverslips were positioned on the ring
283 supports with the biofilm-facing side oriented toward the titanium surface, according to
284 the co-culture set-up as previously described [34]. The distance between BM-MSCs layer
285 and the biofilm-coated coverslip was maintained to allow fluid flow. After 2 hours, the
286 biofilm-coated glass coverslips were removed from all wells, and the Ti discs with BM-
287 MSCs were washed twice with fresh medium. The Ti discs were then cultured for 48 hours
288 in standard medium with antibiotics for further in vitro assays, including metabolic
289 activity measurement, morphology assessment and gene expression analysis.

290 For this study, two experimental groups were established: (i) the unstimulated control
291 group, consisting of BM-MSCs cultured on Ti with and without WPI/PG coatings under
292 standard conditions, without exposure to the biofilm, and (ii) the biofilm-stimulated
293 group, in which BM-MSCs were exposed to biofilm for 2 hours under co-culture
294 conditions as described above.

295

296 2.8. SEM evaluation of BM-MSCs on Ti6 Al4V alloy

297 SEM analyzes were conducted to examine attachment, spreading and morphology
298 of BM-MSCS cultured on the surface of tested Ti discs. Briefly, after 72 hours of cell
299 cultivation, the samples were washed three times with phosphate-buffered saline (PBS)
300 for 10 minutes to remove non-adherent cells. The cells were then fixed with 2%
301 glutaraldehyde in 0.1M sodium cacodylate buffer (pH 7.4) for 2 hours at room
302 temperature. Following the removal of the glutaraldehyde solution, the samples were
303 sequentially dehydrated in increasing concentrations of ethanol. Finally,
304 hexamethyldisilane (HMDS; Sigma-Aldrich, Gillingham, UK) was added to each sample
305 and allowed to dry overnight at room temperature. Imaging was performed using a
306 scanning electron microscope (Zeiss, Gottingen, Germany).

307 2.9. BM-MSCs metabolic activity

308 The metabolic activity of BM-MSCs was determined 48 hours after biofilm

309 stimulation. Metabolic activity was assessed in both unstimulated and biofilm-stimulated
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310 BM-MSCs in parallel. Briefly, the cell culture medium was replaced with fresh medium
311 containing methylthiazolyldiphenyl-tetrazolium bromide (MTT) (Sigma-Aldrich,
312 Gillingham, UK) at a final concentration of 0,5mg/ml. After 3 hours of incubation at 37°C
313 in a humidified CO: incubator, the medium containing MTT was removed and
314 isopropanol with 0.04 N HCl was added to dissolve formazan crystals. The absorbance
315 was measured at 570 nm. All experiments were performed four times in duplicate (n=8).
316 2.10. BM-MSCs gene expression analysis
317 To determine gene expression, total RNA was isolated after 48 hours from both
318 unstimulated and biofilm-stimulated BM-MSCs using TRI reagent (Sigma-Aldrich,
319 Gillingham, UK) and the RNeasy Mini Kit (Qiagen, Crawley, UK), following the
320 manufacturer’s protocol. The purity and quantity of RNA were measured using
321 NanoDrop spectrophotometer (Thermo Fisher Scientific, Loughborough, UK). The RNA
322 was reverse-transcribed to cDNA using a one-step high-capacity cDNA Reverse
323 Transcription (RT) kit (Applied Biosystems, Warrington, UK) according to the
324 manufacturer’s instructions. The qPCR was conducted on a CFX96 Touch Real-Time PCR
325 Detection System (BioRad, Feldkirchen, Germany) using Roche SYBR Green PCR Master
326 Mix (Roche Diagnostics GmbH, Mannheim, Germany). PCR reactions were performed in
327 10 uL volumes in a 96-well plate (Roche Diagnostics GmbH, Mannheim, Germany), with
328 each reaction containing 1 pL of cDNA and 9 pL of the reaction mixture, as per the
329 manufacturer’s specifications. All samples were amplified in duplicates. The PCR
330 conditions included an initial denaturation step at 95°C for 5 minutes, followed by 40
331 cycles of 95°C for 10 seconds, 60°C for 15 seconds, and 72 °C for 20 seconds. Primer
332 sequences (Sigma-Aldrich, Gillingham, UK) for specific target genes are listed in Table 3.
333 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the reference gene in
334 each experiment. Relative quantification of mRNA levels of the target genes was analyzed
335 using the comparative CT (threshold cycle) method (2-24%), as previously described by
336 Livak et al. Relative expression levels were calculated for each sample after normalization
337 against the reference gene. All experiments were performed four times in duplicate (n=8).
338 Table 3. Primers used for RT-qPCR.
Primer sequence (5" to 3’)  Primer sequence (5" to 3)
Gene
Forward Reverse
glyceraldehyde-3-phosphate GAAGGTGAAGGTCGGAG GAGATGGTGATGGGATTT
dehydrogenase (GAPDH) TC C
RUNX family transcription TCTTAGAACAAATTCTGC TGCTTTGGTCTTGAAATC
factor 2 (RUNX2) CCTTT ACA
collagen type I alpha 1 chain GGTCAAGATGGTCGCCCCGGAACACCTCGCTCTCCA
(COL1A1) G
alkaline phosphatase (ALPL) CCTCGTTGSESCCTGGAA TTCCGTGCGGTTCCAGA
osteopontin (SPP1) CGAGGTGATAGTGTGGTT GCACCATTCAACTCCTCG
TATGG CTTTC
bone gamma- . CTACCTGTATCAATGGCT GGATTGAGCTCACACACC
carboxyglutamate protein GGG T
(BGLAP)

interleukin-1 alpha (IL14) CGCCAATGACTCAGAGG AGGGCGTCATTCAGGATG

AAGA AA
interleukin-1 beta (IL1B) TTCGAGGCACAAGGCAC AAGTCATCCTCATTGCCA
AA CTGT
interleukin-8 (IL3) ATGACTTCCAA- TCTCAGCCCTCTTCAAAA
GCTGGCCGTGGCT ACTTCT

339
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340 2.11. Statistical analysis
341 Data are presented as mean values + standard deviation (SD) or standard error of the
342 mean (SEM). Statistical differences in the in vitro studies were calculated using one-way
343 ANOVA, followed by a multiple comparison Bonferroni test, performed with SPSS
344 version 22 (IBM, Armonk, NY, USA). A p value< 0.05 was considered statistically
345 significant.
346 3. Results and Discussion
347 3.1. Characterization of the WPI/PG coatings on Ti6 Al4V alloy
348 The presence of WPI/PG coatings on Ti was confirmed using XPS analyses. As shown
349 in Figure 2, all coatings were mainly constituted of carbon (C), nitrogen (N), and oxygen
350 (O) which demonstrates the presence of the protein layer. Indeed, nitrogen and carbon
351 were detected from the protein containing primary amine (-NH2) and carboxyl (-COOH)
352 functional groups. Moreover, the decrease in %Ti from 15% (uncoated Ti) to less than 4%
353 confirmed the presence of the coating. As Ti signal was still detected in the presence of
354 WHPI fibrils, the coating may be either thinner than 15 nm which is the depth detection
355 limit of XPS, or non-uniform revealing gaps between the fibrils. No significant differences
356 were observed among the different coatings. However, the Ti content decreased
357 significantly from 3.6% (WPI) to 0.4% ([WPI]autoclave + PG 0.5%) which indicates that the
358 coating may be thinner or more uniform. PG was not easily detectable, as oxygen and
359 carbon signals may come from both the protein and Ti substrate.
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360
361 Figure 2. Atomic composition of uncoated Ti and WPI coatings without PG, with 0.1% of PG and
362 0.5% of PG. [WPI + PG 0.1%]autoclave and [WPI + PG 0.5%]autoclave mean that the coatings
363 containing PG were autoclaved. [WPI]autoclave + PG 0.1% and [WPI]autoclave + PG 0.5% mean
364 that only WPI coating was autoclaved, PG was added afterwards using a sterile filter and syringe.
365 Error bars represent SD. Ti: titanium alloy Ti6 Al4V; WPI: whey protein isolate; PG: phloroglucinol.
366
367 SEM images of coatings (Figure S1, Supplementary information) demonstrated the
368 presence of fibrils and that fibrils withstood autoclaving, as demonstrated in previous
369 work [21]. The presence of PG did not appear to influence fibril thickness, which was
370 approximately 20 microns on all samples. The fibril layers appeared to be approximately
371 1 fibril thick and covered most of the sample surfaces, which is in agreement with the XPS
372 results (Figure 2). As WPI fibrils are large molecules which withstand autoclaving and
373 have a very high surface area/volume ratio, it is expected that the coatings will be stable
374 under physiological conditions, in the same way that collagen fibril coatings are known
375 to be stable. The fibril thicknesses observed in this study are consistent with those

376 observed in previous work [24,27]. The fact that PG did not influence fibril thickness
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377 suggests that it is not incorporated into fibrils during fibril formation and binds to the
378 surface of already formed fibrils. Alternatively, if it is incorporated into fibrils, being a
379 small molecule, its presence may not impede fibril formation, or does not significantly.
380 This finding is similar to that observed in our previous work on collagen fibril coatings
381 containing PG [23] where no marked change in morphology of collagen fibrils was
382 observed due the presence of PG.

383 3.2. Characterization of the multispecies biofilm

384 The architecture of biofilm after 5 days of cultivation was assessed using scanning
385 electron microscopy (SEM). As shown in Figure 3a the biofilm showed formation of 3D
386 structure with spatial heterogeneity in bacterial arrangement. Co-aggregates of P.
387 gingivalis, A. actinomycetemcomitans, F. nucleatum, and S. mitis were observed across the
388 entire surface. These species were identified in the SEM micrograph based on their distinct
389 morphological features: S. mitis appeared as spherical cells arranged in long chains, F.
390 nucleatum as elongated and slender rods, P. gingivalis as short rods, and A.
391 actinomycetemcomitans as small, oval-shaped coccobacilli [35-38].

B3 A.actinomyestemcomitans
2 108 = Pgingivalis

3,20%
= Smiis
O Frucleatum
36,33% = Aactinamycelemcomitans

¢ 2. 48,40%

WD = 9.0 mm sr.i:LA =5§§'K X 12,07%
392
393 Figure 3. (a) Representative scanning electron micrograph of a multispecies biofilm formed on a
394 glass coverslip, subsequently used in the co-culture model with BM-MSCs. Arrows in the SEM
395 image indicate examples of four different bacterial species: S. mitis (blue arrow), F. nucleatum (green
396 arrow), P. gingivalis (yellow arrow), and A. actinomycetemcomitans (orange arrow); (b) The number
397 of each bacterial species quantified using the qPCR method and calculated per 100 ng of DNA
398 isolated from the biofilm; (c) The results of bacterial quantification presented as the percentage (%)
399 of the total number of bacteria in the biofilm.
400 Additionally, SEM analysis confirmed the presence of extracellular polymeric
401 substances (EPS), which form a sticky matrix embedding the bacteria and contributing to
402 biofilm stabilization. Quantification of each bacterial species in the mature biofilm was
403 performed using qPCR method. The results presented in Figure 3b and 3c indicated the
404 dominance of F. nucleatum within the mature biofilm, followed by P. gingivalis, with
405 smaller contributions from A. actinomycetemcomitans and S. mitis. The obtained
406 proportions of bacteria reflect the composition of pathogenic oral biofilm associated with
407 peri-implant infections, where increases in the number of pathogenic bacteria, such as F.
408 nucleatum and P. gingivalis, are observed along with a reduction in the number of
409 Streptococcus species [3-5].
410 The established multispecies biofilm was subsequently used in an in vitro co-culture
411 model with human BM-MSCs. In contrast to many previous studies focusing on single
412 bacterial species or isolated virulence factors such as lipopolysaccharide (LPS) to mimic
413 peri-implant infections, the present study employed a complex, multispecies biofilm that
414 closely reflects the polymicrobial nature of peri-implantitis [31,39,40]. Using this model,
415 WPI/PG coatings were evaluated for their potential to modulate the BM-MSC response

416 under biofilm challenge. By incorporating these coatings into the co-culture model, the
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417 study aimed to assess not only their osteogenic properties but also their ability to support
418 BM-MSC function in the presence of a biofilm microenvironment.

419

420 3.3. In vitro studies: evaluation of WPI/PG coatings in a co-culture model of multispecies biofilm

421 and BM-MSCs

422 In the present study osteogenic and anti-inflammatory properties of WPI/PG
423 coatings on Ti were evaluated using BM-MSCs. These cells can undergo differentiation
424 into multiple cell types and modulate host-immune responses by the secretion of pro-
425 healing factors, including growth factors, cytokines and chemokines [41,42]. However,
426 due to the presence of oral pathogenic biofilms, the integration of Ti implant with bone
427 tissue can be affected [3]. Therefore, in this work, BM-MSCs were stimulated with
428 multispecies biofilm to investigate the effect of the coatings on unstimulated and biofilm-
429 stimulated cell behaviour.

430 3.3.1. BM-MSCs attachment, spreading and morphology

431 The implant surface determines the morphology of MSCs, which is a key indicator
432 of cell adhesion and differentiation [43]. SEM images were obtained after 72 hours of BM-
433 MSC culture to assess the differences in cell attachment, spreading, and morphology on
434 uncoated Ti and WPI-coated Ti, with and without PG (Figure 4).

| Unstimulated cells | | Biofilm-stimulated cells |

07 NN

435

436 Figure 4. Representative SEM images of unstimulated and biofilm-stimulated BM-MSCs on (a), (g)
437 uncoated Ti6Al4V; (b), (h) WP, (c), (i) [WPI + PG 0.1%]autoclave; (d), (j) [WPI + PG 0.5%]autoclave;
438 (e), (k) [WPIJautoclave + PG 0.1%, and (f), (1) [WPIJautoclave + PG 0.5% coatings on Ti6Al4V.
439 Ellipses indicate unstimulated cells (orange) and biofilm-stimulated cells (green) and white arrows
440 show particles of Ti6Al4V powder. Scale bar: 20 pm. Ti: titanium alloy Ti6Al4V; WPI: whey protein
441 isolate; PG: phloroglucinol.

442 For all tested surfaces, BM-MSCs were located in the pores between the particles of
443 Ti powder. Moreover, cells appeared to spread well on all coating types, showing
444 elongated morphology and displaying numerous filopodia. No significant differences in
445 cell morphology or spreading between the sample groups were observed. These results
446 indicate that cell attachment, spreading, and morphology depend more on the
447 topography of Ti discs than on the incorporated WPI coatings. Numerous studies have
448 shown the positive effect of porous surfaces on cell adhesion [44,45], and our results
449 clearly demonstrate that the cells adhered well to all porous Ti surfaces and developed

450 numerous filopodia, indicating good affinity with the Ti, regardless of WPI coatings [46].
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451 The morphology of BM-MSCs was also assessed in response to biofilm stimulation. After
452 biofilm exposure, BM-MSCs cultured on uncoated Ti and WPI coatings without PG
453 showed a more flattened morphology, whereas on WPI coatings enriched with different
454 concentrations of PG, most cells demonstrated an elongated spindle shape, similar to the
455 morphology observed in unstimulated BM-MSCs. These results suggest a possible
456 protective role of PG incorporated into WPI coatings for BM-MSCs upon biofilm
457 exposure. This observation is particularly relevant in the context of peri-implantitis, where
458 local inflammation and bacterial colonization often compromise the regenerative
459 potential of MSCs. The ability of PG-enriched WPI coatings to maintain the typical
460 spindle-like morphology of BM-MSCs suggests a modulatory effect of these coatings on
461 their response to biofilm-associated inflammation, potentially by limiting cytoskeletal
462 rearrangements. Additionally, the flattened morphology observed under biofilm
463 challenge in cells on uncoated Ti surfaces or those coated with PG-free WPI may reflect a
464 stress-induced phenotype or an early sign of impaired function of BM-MSCs. It has been
465 reported that a large, flat morphology is more typical of the inflammatory phenotype of
466 BM-MSCs, while the spindle-shaped form corresponds to osteoblastic morphology [47].
467 The protective effect of PG may result from its antioxidant, anti-inflammatory, or
468 antimicrobial properties [22].
469 Together, these results indicate that PG-enriched WPI coatings actively protect BM-
470 MSC morphology under inflammatory conditions, helping maintain their regenerative
471 capacity. This supports their potential as bioactive surface coatings to improve implant
472 outcomes in peri-implantitis.
473 3.3.2. BM-MSCs metabolic activity
474 Metabolic activity of unstimulated and biofilm-stimulated BM-MSCs was assessed
475 after 48 hours, as summarized in Figure 5.
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477 Figure 5. Metabolic activity of unstimulated and biofilm-stimulated BM-MSCs after 48 hours using
478 MTT test. BM-MSCs were stimulated with biofilm for 2 hours and metabolic activity was analyzed
479 directly after biofilm stimulation. The results are shown as mean (n = 4, two technical repetitions)
480 and bars represent SEM. Significant differences for unstimulated vs. biofilm-stimulated BM-MSCs
481 are indicated with & (p<0.05), and && (p<0.01). Ti: titanium alloy Ti6Al4V; WPI: whey protein
482 isolate; PG: phloroglucinol.
483 The results showed a significant decrease in metabolic activity when cells had been

484 stimulated with biofilm. This may be due to the release of soluble factors from the biofilm
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485 which impact the cell function, as already mentioned in a previous study [48]. They
486 showed that mesenchymal stromal cells exposed to Staphylococcus aureus and Pseudomonas
487 aeruginosa biofilm media exhibited reduced cell viability due to apoptosis activation, as
488 well as reduced migration and differentiation abilities. Other studies have investigated
489 this effect, particularly in the context of chronic wounds, where biofilm is considered to
490 contribute to wound chronicity [49].

491 Although biofilm stimulation led to reduced metabolic activity across all tested
492 groups, the extent of the reduction varied depending on the surface. In the absence of
493 biofilm, all surfaces—including uncoated Ti, WPI, and WPI enriched with either 0.1% or
494 0.5% PG —supported similarly high levels of metabolic activity, indicating that neither the
495 WPI coating nor the addition of PG compromised BM-MSC viability. Upon biofilm
496 exposure, the most pronounced reduction was observed on uncoated Ti (approximately
497 50% decrease), followed by WPI alone, which also showed a marked decrease.
498 Interestingly, the WPI coatings supplemented with PG resulted in an attenuated decrease,
499 indicating a protective effect. Notably, in the presence of 0.5% PG, biofilm-stimulated BM-
500 MSCs exhibited a smaller decrease in metabolic activity compared to those cultured on
501 0.1% PG, indicating a dose-dependent effect. These findings suggest that PG not only
502 maintains BM-MSC viability under normal conditions but may also mitigate biofilm-
503 induced metabolic impairment.

504 3.3.3. Expression of genes related to bone matrix formation and mineralization in BM-
505 MSCs

506 The gene expression of bone matrix formation markers was analyzed in unstimulated
507 and biofilm-stimulated cells. Runt-related transcription factor 2 (RUNX2) is an early
508 marker of bone matrix formation, as it is expressed in preosteoblast cells, while collagen
509 type Ialpha 1 chain (COL1A1) is known as a key marker of bone matrix production [50,51].
510 Both genes are important markers of the early stages of bone-implant integration. As
511 illustrated in Figure 6a, the incorporation of PG into WPI coatings resulted in an up-
512 regulation of RUNX2 expression in unstimulated BM-MSCs. This finding is highly
513 significant, as RUNX2 is considered the most important transcription factor in
514 osteogenesis, playing a pivotal role in the early differentiation of BM-MSCs. Numerous
515 studies have demonstrated that overexpression of RUNX2 induces the differentiation of
516 BM-MSCs into osteoblasts and activates osteogenesis-related genes such as collagen type
517 I, osteopontin, and bone gamma-carboxyglutamate protein [52,53]. Our results indicate
518 that WPI/PG coatings promote the osteogenic differentiation of BM-MSCs by up-
519 regulating RUNX2 expression. However, elevated expression of RUNX2 can inhibit cell
520 proliferation by promoting cell-cycle arrest in the GO/G1 phase [52]. MTT results (Figure
521 5), which reflect both metabolic activity and cell proliferation, showed that WPI/PG
522 coatings slightly reduced BM-MSC proliferation, but the differences were not statistically
523 significant. This suggests that PG incorporation into WPI coatings, at the tested
524 concentrations, can significantly enhance BM-MSC differentiation without impairing
525 proliferation.

526 RT-qPCR analysis of COLIAI expression further confirmed the pro-osteogenic
527 potential of PG-enriched WPI coatings. A significant up-regulation of COL1A1 was
528 observed in BM-MSCs cultured on these coatings, with expression levels positively
529 correlating with the concentration of PG (Figure 6b). These results are in accordance with
530 our previous study on PG incorporated into collagen fibrillar coatings, where COL1A1
531 expression was also studied [23]. Notably, the highest COL1A1 expression was detected
532 in cells grown on coatings containing the highest amount of PG without being autoclaved.
533 This indicates that PG was more biologically active without being sterilized by

534 autoclaving and the heat may impact its activity.
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Figure 6. Relative gene expression for matrix formation markers: (a) RUNX2, and (b) COL1AI and
matrix mineralization markers: (a) ALPL, (b) SPP1, and (c) BGLAP. The results are shown as mean
(n = 4, two technical repetitions) and bars represent SEM. * and # represent statistical analyses
between uncoated Ti and tested samples for unstimulated cells and biofilm-stimulated cells,
respectively. (*#, & p<0.05; **, ##, && p<0.01; ***, ###, &&& p<0.001 ). Ti: titanium alloy Ti6Al4V;
WPI: whey protein isolate; PG: phloroglucinol.

Other studies have also indicated that the addition of PG into WPI hydrogels supports
the growth and collagen production of human dental pulp stem cells (DPSCs),
the formation of the ECM [19].
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553 As shown in Figure 6a, biofilm stimulation significantly down-regulated the
554 expression of RUNX2 on all examined Ti surfaces. The expression of COLIA1 also
555 appeared to be reduced in biofilm-stimulated cells compared to unstimulated cells, but
556 the differences were not statistically significant (Figure 6b). Notably, in the presence of
557 PG-enriched WPI coatings, the expression of these genes in biofilm-stimulated cells
558 increased compared to uncoated Ti, particularly when PG was not autoclaved and was
559 present at a concentration of 0.5%. These findings suggest that PG-enriched WPI coatings
560 may help maintain osteogenic potential even under peri-implantitis-like conditions.

561 Persistent colonization of implant surfaces by pathogenic bacteria can strongly
562 inhibit the osteogenic differentiation of BM-MSCs [39]. However, based on RUNX2 and
563 COL1A1 expression profiles in infected BM-MSCs, WPI/PG coatings could sustainably
564 promote osteogenic differentiation even during infection. Future studies should examine
565 whether WPI/PG coatings reduce matrix metalloproteinase (MMP) expression in infected
566 BM-MSCs, since elevated MMPs, particularly those degrading collagen I and III, impair
567 bone-matrix formation [54]. Thus, reducing MMP level could prevent matrix breakdown
568 and support regeneration upon peri-implantitis.

569 Here, we investigated also the effect of PG-enriched WPI coatings on the
570 mineralization potential of BM-MSCs by measuring the gene expression of osteogenic
571 markers. The results showed that WPI coatings with PG promoted the mRNA expression
572 of alkaline phosphatase (ALPL), osteopontin (SPP1), and bone gamma-carboxyglutamate
573 protein (BGLAP) in both unstimulated and biofilm-stimulated cells. These findings are
574 important, as ALPL is an essential marker for bone mineralization of osteoblastic cells [55],
575 SPP1 is a key marker of osteogenic differentiation [56], and BGLAP is involved in the
576 regulation of the mineralization process [57].

577 The expression of all osteogenic genes increased in the presence of PG. Similar results
578 were observed in our previous study on PG using human osteosarcoma cell line SaOS-2,
579 where the gene expression of osteogenic markers was evaluated [23]. Moreover, our
580 findings demonstrate a clear, dose-dependent pro-osteogenic activity of PG. Without
581 biofilm stimulation, 0.5 % PG caused the most pronounced induction of ALPL and SPP1
582 (Figure 6¢c—d), whereas the effect on the late marker BGLAP was more limited, but still
583 significant. This attenuated response is likely due to the early measurement time point
584 (day 3), as BGLAP typically peaks between days 14 and 21 in osteoblast-lineage cultures,
585 so the capacity of WPI/PG coatings to up-regulate this late marker may be under-
586 represented here [58,59]. Incorporating PG after autoclaving further enhanced osteogenic
587 responses, implying that heat reduces but does not eliminate PG activity.

588 Biofilm stimulation markedly reduced osteogenic gene expression—particularly
589 SPP1—on all Ti surfaces. Nevertheless, PG-enriched WPI coatings, especially the non-
590 autoclaved 0.5 % PG variant, maintained elevated ALPL expression under biofilm
591 stimulation, indicating that PG/WPI coatings form a protective interface that preserves
592 osteogenic activity despite microbial challenge. Up-regulation of osteogenic markers in
593 both unstimulated and biofilm-stimulated BM-MSCs aligns with increased RUNX2 levels:
594 PG increases RUNX2, which then activates its downstream transcriptional targets, first
595 driving matrix deposition (COL1A1) and later mineralization (ALPL, SPP1, BGLAP).

596 Overall, the results suggest that PG-enriched WPI coatings on titanium may promote
597 bone formation and mineralization by enhancing the expression of osteogenic markers,
598 even in the presence of implant-related biofilm infection. The enhanced osteogenesis
599 observed in response to PG-enriched WPI coatings could potentially improve bone-
600 implant integration and reduce the risk of implant failure. However, WPI/PG coatings
601 may alter surface properties, such as roughness, which may also contribute to the
602 increased expression of osteogenic markers. Therefore, future studies should provide a
603 detailed physicochemical characterization of these properties and correlate them with the
604 in vitro results to clarify how each parameter contributes to the observed pro-osteogenic
605 effect.

606
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607 3.3.4. Gene expression of pro-inflammatory markers in BM-MSCs
608 The implantation of biomaterials, such as Ti implants, into bone may trigger host
609 responses, including excessive inflammation, which can interfere with the bone healing
610 process. Notably, the secretion of inflammatory cytokines is not restricted to immune cells
611 alone. MSCs recruited to the implantation site are also capable of producing a broad range
612 of cytokines, including interleukins, which are involved in the regulation of inflammation
613 and osteogenesis [60]. In this study, the gene expression of selected pro-inflammatory
614 markers, interleukin-la (IL1A), interleukin-1B (IL1B), and interleukin-8 (IL8), was
615 evaluated, as shown in Figure 7.
5 n .

g1 @ 1A o mete £ T (B ILIB | s

‘E“A— N 34 &&be

s S L& &bt §2-5‘

A @

9 g 2

o Q.

571 ste

2 2 1

51 K

& g 0.5

0

[ unstimulated
(o) IL8 [777] Biofilm-stimulated

616

617 Figure 7. Relative gene expression of pro-inflammatory markers: (a) IL1A, (b) IL1B, and (c) IL8. The
618 results are shown as mean (n = 4, two technical repetitions) and bars represent SEM. * and #
619 represent significant differences between uncoated Ti and tested samples for unstimulated cells and
620 biofilm-stimulated cells, respectively. (*, # p<0.05; ##, && p<0.01; ###, &&& p<0.001). Ti: titanium
621 alloy Ti6 Al4V; WPI: whey protein isolate; PG: phloroglucinol.

622 WPI containing PG exhibited a general significant down-regulation of pro-
623 inflammatory markers in unstimulated BM-MSCs compared to uncoated Ti. Moreover,
624 the results indicated that WPI coatings containing a high amount of PG (0.5%) added after
625 autoclaving down-regulated the gene expression of IL1B and ILS8, suggesting that PG-
626 enriched WPI coatings may contribute to the attenuation of the inflammatory response.
627 IL-8 plays a pivotal role in the recruitment of neutrophils to the site of implantation
628 [61]. Although neutrophils are essential during the early stages of healing, their prolonged
629 activation, especially under continuous stimulation by microbial factors, can lead to the
630 release of MMPs and other degradative enzymes that contribute to bone damage and may
631 compromise implant integration [54]. The observed down-regulation of IL8 in BM-MSCs
632 cultured on WPI/PG-coated surfaces may therefore reflect a reduction in neutrophil
633 chemoattractant signaling, potentially mitigating excessive inflammation. IL-1p is also a
634 key mediator of inflammation that has been associated with bone resorption and impaired
635 osteogenic differentiation of MSCs. High and persistent expression of IL1B at the implant
636 site inhibits osteogenesis, stimulates osteoclastogenesis, and disrupts implant integration.

637 Therefore, the reduced expression of IL1B in response to WPI/PG coatings is significant,
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638 as it may contribute to a more favorable inflammatory environment for bone-implant
639 integration. Importantly, this suppressive effect on IL1B was observed only in the
640 presence of PG, as WPI coatings alone did not induce any changes. Furthermore, the
641 inhibitory effect was evident at the higher PG concentration of 0.5%, while the lower
642 concentration of 0.1% did not affect IL1B expression. As already described in the literature,
643 PG may prevent inflammation by down-regulating the gene expression of inflammatory
644 markers, such as TNF-a, IL-13, IL-6, and prostaglandin Ez, through a potential reaction
645 mechanism between hydroxyl groups and reactive oxygen species [21]. These findings are
646 in line with our previous study, where a similar anti-inflammatory effect of PG was
647 observed on collagen fibrillar coatings [23].

648 No significant change in IL1A expression was observed in unstimulated BM-MSCs,
649 suggesting that PG’s immunomodulatory action could be selective.

650 As shown in Figure 7, BM-MSCs showed high expression of pro-inflammatory
651 markers in response to oral bacterial biofilm challenge. Numerous studies have reported
652 that complex multispecies biofilms stimulate various types of cells involved in bone-
653 implant integration to express and release a variety of inflammatory mediators, including
654 IL-1B, IL-6, and IL-8 [34,62,63]. The higher expression of these inflammatory mediators
655 during biofilm-related peri-implant infections contributes to both soft and hard tissue
656 damage [3,64]. In the present study, the bacterial biofilm used to challenge BM-MSCs was
657 dominated by F. nucleatum and P. gingivalis, as shown in Figure 3. These bacteria are
658 known to produce a range of virulence factors, including proteolytic enzymes, which are
659 released into the culture medium and may strongly stimulate a pro-inflammatory
660 response in BM-MSCs [31]. However, our results indicated that WPI coatings enriched
661 with PG significantly reduced the expression of key pro-inflammatory markers in BM-
662 MSCs challenged with biofilm. A marked downregulation of ILIA was observed on
663 PG/WPI-coated surfaces—regardless of PG concentration—compared to uncoated Ti.
664 Interestingly, this effect was not observed in unstimulated BM-MSCs, likely due to low
665 basal IL1A expression, which possibly makes PG’s effect undetectable without pro-
666 inflammatory stimulation.

667 Moreover, PG incorporation into WPI coatings resulted in a dose-dependent decrease
668 in the expression of IL1B and ILS, with the 0.5% PG concentration showing a more
669 pronounced inhibitory effect than the 0.1% concentration. This finding is particularly
670 relevant, as IL-1f3 is a well-recognized marker of peri-implantitis and is frequently
671 detected at high levels in peri-implant crevicular fluid. Similarly, IL-8 is known to
672 contribute to the pro-inflammatory environment at the implant surface, promoting
673 osteoclast differentiation eventually accelerating bone resorption and compromising
674 implant stability [65,66].

675 Importantly, our results also demonstrated that autoclaving PG could compromises its
676 immunomodulatory properties. In the case of IL1B and IL8, coatings containing heat-
677 sterilized PG exhibited reduced ability to suppress pro-inflammatory marker expression,
678 indicating a possible thermal degradation of PG functional groups, which may impair its
679 bioactivity. Therefore, non-thermal sterilization methods should be considered to
680 maintain its biological function.

681 Taken together, these findings suggest that PG-enriched WPI coatings may help
682 attenuate biofilm-induced inflammation by downregulating key mediators such as IL1A,
683 IL1B, and ILS8. This anti-inflammatory effect appears to be dose-dependent and to occur
684 primarily under inflammatory conditions.

685 Furthermore, given that phenolic compounds like PG exhibit broad-spectrum
686 antimicrobial activity [67-69], it is possible that the reduced inflammatory response
687 observed here may also be partially attributed to antimicrobial effects. Future studies
688 should evaluate the antibacterial properties of WPI/PG coatings and include protein-level
689 analyses, such as quantitative proteomics, to better explain the mechanisms underlying
690 their anti-inflammatory activity.

691
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3.4. General discussion and Outlook

Further work should focus on adhesion studies and possible protein release from
coatings, as well as possible effects of autoclaving on adhesion or protein release. Another
future research topic is a comparison of PG with other bioactive molecules of plant origin,
such as flavonoids, tannins or other polyphenols.

4. Conclusions

This study demonstrated that surface modification of Ti6Al4V alloy with WPI/PG
coatings effectively enhances the interaction between BM-MSCs and titanium, even in the
presence of pathogenic multispecies biofilms. Surprisingly, despite biofilm stimulation,
BM-MSCs maintained strong adhesion properties and spindle-like morphology,
particularly on PG-enriched WPI coatings. The metabolic activity of the cells in contact
with WPI/PG coatings remained unchanged, indicating good biocompatibility.
Furthermore, WPI/PG coatings promoted the expression of key osteogenic markers,
facilitating enhanced bone formation and mineralization, especially with 0.5% PG added
after autoclaving. Additionally, these coatings significantly reduced the expression of pro-
inflammatory markers, highlighting their anti-inflammatory potential. In conclusion, our
findings suggest that WPI/PG coatings can not only improve bone-implant integration but
also reduce inflammation in biofilm-prone environments, offering an inexpensive and
promising strategy for orthopedic and dental implant applications. However, further
studies are needed to fully explore their antimicrobial potential.
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