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A B S T R A C T

Background: Poor peri-implant health leads to biofilm accumulation, peri-implantitis, and bone loss. Chemical 
debridement may help maintain peri-implant health, but its effects on peri-implant cells remain unclear.
Methods: Five cleaning agents—hydrogen peroxide (H2O2), Poloxamer, H2O2 +Poloxamer, Perisolv, and 
Paroex—were applied on titanium (Ti) surfaces. Mouse pre-osteoblasts (MC3T3-E1), human gingival fibroblasts 
(HGF), and human bone marrow stromal cells (hBMSC) were cultured on agent-treated Ti surfaces for up to 
120 minutes to assess morphology, cytotoxicity, adhesion, and proliferation. RNA sequencing was performed on 
hBMSC.
Results: Except for Poloxamer, all treatments inhibited cellular spreading. Paroex increased cytotoxicity and 
inhibited proliferation. Perisolv impaired hBMSC adhesion and variably affected proliferation. H2O2, alone or 
with Poloxamer, elevated cytotoxicity and inhibited adhesion in hBMSCs but not MC3T3-E1 or HGF. In contrast, 
Poloxamer-treated Ti surfaces enhanced adhesion and proliferation across all cell types. RNA sequencing 
revealed that oxidant-based treatments (H2O2, H2O2 +Poloxamer, Perisolv) suppressed key genes for prolif
eration (HMGA2, JAG1, NOTCH1, YAP1, TBX3), anti-apoptosis (MCL1, BCL2L2), and adhesion (ITGA2, ITGB3, 
SPP1), while inhibiting MAPK, PI3K-Akt, and pluripotency pathways.
Conclusion: Commercial agents like Perisolv and Paroex impair hBMSC function, with Paroex demonstrating 
significant cytotoxicity. H2O2 exhibits toxicity, particularly to hBMSCs. Poloxamer improves cell attachment and 
growth. Given these findings, careful selection of debridement agents is critical to balance cleaning efficacy and 
cytocompatibility. The adverse effects on hBMSCs necessitate prompt removal postapplication. Further research 
on biomaterials supporting tissue regeneration postdebridement is needed to restore peri-implant health.

1. Introduction

Each year, approximately 5.5 million dental implants are surgically 
placed in the United States, with an anticipated long-term failure rate 
ranging from 3 % to 10 % [1]. Titanium (Ti) is widely used as an implant 
material due to its excellent biocompatibility, favorable mechanical 
properties, and corrosion resistance [2]. However, patients exhibiting 
poor plaque control and not attending regular maintenance therapy can 

develop immune-mediated biological complications, which are attrib
uted to peri-implant diseases, such as peri-mucositis and peri-implantitis 
[3]. Microbial residuals can impede healing and re-osseointegration by 
initiating inflammation, potentially leading to peri-implantitis-a condi
tion involving soft tissue inflammation, bone loss, and significant clin
ical and economic consequences [4,5]. Thus, minimizing oral biofilm 
accumulation on implants is essential for reducing peri-implant 
inflammation, as the long-term success of dental implants heavily 
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relies on maintaining a healthy peri-implant environment [6,7].
Several methods, including antibiotics, mechanical debridement, 

chemical cleaning, and combination approaches, have been proposed 
for managing peri-implantitis. Despite the available options, a consensus 
on the most effective therapeutic strategies remains elusive [8–10]. 
Chemical debridement agents are valuable adjuncts for cleaning implant 
surfaces, applicable in established and advanced peri-implant disease 
stages, and as preventive measures to maintain peri-implant health. 
Most of these agents only stay in situ for a short time and are removed 
within minutes of use. However, how these devices interfere with 
healing and regenerative treatments are not yet understood [11], 
emphasizing the need for a comprehensive evaluation of existing 
treatments and the development of new methodologies tailored explic
itly for implant surfaces [12]. Supportive Peri-implant Care (SPIC) plays 
a crucial role in preventing disease recurrence or progression following 
peri-implantitis therapy [13–15]. Nevertheless, evidence is lacking to 
identify the most effective SPIC protocol and the role of adjunctive local 
antiseptic agents in secondary prevention, leaving also the optimal 
supportive care protocol yet to be determined [16,17].

Various debridement agents have also been assessed for their efficacy 
in treating biofilms on Ti implants. A review by Patil et al. identified 
chlorhexidine (0.2 %, CHX), citric acid (40 %), and sodium hypochlorite 
(1 %, NaClO) as the most commonly used chemotherapeutic cleaning 
agents [18]. High-quality evidence supports using CHX mouth rinse as 
an adjunct to mechanical hygiene, which significantly reduces dental 
plaque [19]. Cetylpyridinium chloride (0.05 %, CPC), an antimicrobial 
agent found in many toothpastes, provides 12-hour protection against 
plaque and gingivitis when used as a mouth rinse [20,21]. Poloxamer, a 
thermo-responsive hydrogel, has shown potential for alveolar bone 
regeneration and enhanced osteointegration, particularly when com
bined with mesenchymal stem cells (MSCs) or 1α,25-Dihydroxyvitamin 
D3 [22–24]. Additionally, its combination with H2O2 exhibits syner
gistic effects in Ti surface decontamination, utilizing oxidative and 
surfactant mechanisms to improve cleanliness [25,26].

Managing biofilm accumulation on Ti implant surfaces is essential to 
prevent peri-implant diseases and ensure implant longevity [27,28]. 
While chemical debridement agents are among the most effective 
methods for disrupting and removing biofilms, their impacts on 
peri-implant gingival tissues and bone regeneration still need to be 
better understood, with no current consensus in the literature [26]. This 
gap highlights the need to comprehensively evaluate these agents’ bio
logical effects on peri-implant tissues.

The long-term success of dental implants relies on both stable 
osteointegration and healthy peri-implant mucosal tissue. After im
plantation, bone marrow-derived mesenchymal cells (hBMSCs) are 
recruited to sites and differentiate into osteoblasts, initiating new bone 
formation on the implant surface [29,30]. Meanwhile, gingival fibro
blasts (HGF), the main cellular component of the peri-implant connec
tive tissue, contribute to soft healing and form a protective seal around 
the transmucosal region [31,32]. hBMSCs and HGFs were selected to 
model both hard and soft tissue responses in vitro. The MC3T3-E1 cell 
line was additionally used for its reproducibility and osteogenic 
behavior comparable to human primary osteoblasts [33].

This study systematically assessed the biological impact of various 
chemical debridement agents-H2O2, Poloxamer, H2O2 + Poloxamer, 
Perisolv (a commercial biofilm eraser containing 0.43 % sodium hypo
chlorite), and Gum Paroex® (a commercial product containing 0.12 % 
chlorhexidine gluconate and 0.05 % CPC)-on MC3T3-E1, HGF, hBMSCs 
cultured on OsseoSpeed®-like Ti surfaces, with saline as a control. The 
primary goal of this paper is to systematically evaluate the biological 
effects of the various chemical debridement agents on Ti implant sur
faces after short-time exposure, focusing on their impact on cellular 
behavior, such as cell adhesion, proliferation, and viability that are 
essential for peri-implant tissue health and regeneration and dictate the 
clinical outcome of supportive peri-implant care and implant mainte
nance procedures.

2. Materials and methods

2.1. Materials preparation, surface characterization, and chemical 
debridement treatments

2.1.1. Preparation of OsseoSpeed™ surface topography of Ti coins
Ti coins (Grade II, 14 mm diameter, 1 mm height; Workshop, Uni

versity of Oslo, Norway) were placed on silicone holders. One surface of 
each coin was blasted with TiO2 particles (particle size:180–220 µm, F.J. 
Brodmann & Co., L.L.C., USA). The OsseoSpeed™ implant surface was 
prepared following the method described by Lamolle, S. F. [34].

2.1.2. Laser profilometer
The surface homogeneity of the Ti coins was assessed using a Pro

filometer (PLµ NEOX, Sensofar-Tech S.L., Terrassa, Spain). Images were 
captured at 150x magnification with a Nikon objective, obtaining five 
non-overlapping regions (85 x 63 µm2). Surface parameters, including 
roughness, skewness, and kurtosis, were calculated using SensoMap 
Standard 6.2 software (Sensofar, Terrassa, Spain).

2.1.3. Chemical debridement agent treatment
The agents used for chemical debridement are listed in Table 1, with 

saline serving as the control. Agents were stored at 4 ℃ to maintain their 
liquid state and used at room temperature. Ti coins were disinfected 
with 75 % ethanol, air-dried, and placed in a 24-well tissue culture plate 
with the OsseoSpeed™ side facing up. Each coin was immersed in the 
agents for 2 minutes, rinsed with saline for 24 seconds, and vacuum 
suction was applied to remove residues. Prepared coins were then ready 
for cell seeding.

2.1.4. Fourier-transform infrared spectroscopy (FTIR)
The chemical composition of the Ti coin surface was analyzed using a 

PerkinElmer Spectrum 400 FT-IR/FT-NIR spectrometer (PerkinElmer, 
Waltham, MA, USA). Scans were performed in the mid-infrared region 
(4000–650 cm− 1) with a resolution of 2 cm⁻¹ , using 256 scans per 
measurement. A background spectrum from a disinfected Ti coin was 
recorded as a reference. All samples were background-corrected, 
normalized, and analyzed using the Kubelka-Munk algorithm.

2.2. Cell experiment

2.2.1. Cell culture
MC3T3-E1 cells (ATCC, Manassas, VA, USA) were cultured in a 

complete medium containing low glucose Dulbecco′s Modified Eagle′s 
Medium (DMEM; Merck, Cat. No D5546) supplemented with 10 % fetal 
bovine serum (FBS) and 1 % penicillin-streptomycin (Gibco, Grand Is
land, NY, USA, Cat. No 15070–063). HGFs (Passage5–7, HFIB-G; Pro
vitro, Berlin, Germany) were cultured in DMEM-low glucose with 10 % 
FBS, 1 % P/S, and 5 mM D-glucose. hBMSCs (Passage4–6, Ethics 

TABLE 1 
Agents used in the study.

Agent name Content Commercially 
usage

Control 0.9 % saline solution ​
H2O2 3 % H2O2 in water (Sigma-Aldrich) Generic 

compound
Poloxamer 28 % Poloxamer in water (Pluronic® F127, 

Sigma-Aldrich)
For wound caring 
[35]

H2O2 

+ Poloxamer
3 % H2O2 + 14 % Poloxamer For peri- 

implantitis
Perisolv 0.43 % sodium hypochlorite/amino 

acid+hyaluronic acid (Perisolv®, Regedent 
AG)

Biofilm eraser

Paroex 0.12 % Chlorhexidine digluconate + 0.05 % 
Cetylpyridinium chloride (Gum Paroex®, 
Sunstar)

For mouth rinse
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approval: Icelandic National Bioethics Committee, VSN19–189) were 
cultured in a DMEM/F12 with Glutamax (Gibco, Grand Island, NY, USA, 
Cat. No 31331–093), 10 % platelet lysate (PIPL, Bloodbank, Reykjavik, 
Iceland), 1 % P/S, and 2 IU/ml heparin (LEO Pharma A/Sm Ballerup, 
Denmark). Cells were incubated at 37 ◦C in a humidified incubator with 
5 % CO2. Cells were cultured in a medium with FBS/PIPL for prolifer
ative activity, while for cytotoxicity assay and morphology, a medium 
without FBS/PIPL was used.

2.2.2. Cytotoxicity assay
Cytotoxicity was assessed using the LDH Cytotoxicity Detection Kit 

(Sigma-Aldrich, Cat. No 11644793001). Ti coins treated with agents 
were seeded with 4 × 104 cells per well in a 24-well tissue culture plate 
using the same complete medium without serum. After 30, 60, and 
120 minutes, culture supernatants were collected for LDH assay ac
cording to the manufacturer’s instructions. Absorbance was measured at 
490 nm using a microplate reader.

2.2.3. Cell proliferative activity in response to different chemical 
debridement

Cell proliferation was evaluated using the Cell Counting Kit-8 (CCK- 
8; Abcam, ab228554). Following treatment with chemical agents, cells 
were seeded onto Ti coins in a 24-well tissue culture plate at a density of 
3 × 104 cells per well (equivalent to 5000 cells per well in a 96-well 
plate) in a complete growth medium containing 10 % FBS. On days 1, 
3, and 5, a 1:10 mixture of CCK-8 solution and growth medium was 
added to each well (600 μl/well), and the plates were incubated for 
another 4 hours. The media were then transferred to a 96-well plate (100 
μl/well), and absorbance was measured at 460 nm using a microplate 
reader, reflecting cell proliferative activity indirectly.

2.2.4. Scanning electron microscopy (SEM)
Cells on the Ti surface were fixed with 2 % glutaraldehyde for 1 h at 

room temperature. Dehydration was carried out by immersing the 
samples sequentially in 30, 50, 70, 90, 100, 100 % ethanol, followed by 
incubation in 33, 66, and 100 % hexamethyldisilazane (HDMS, Sigma- 
Aldrich, Burghausen, Germany, Cat. No. 86944)/ethanol solutions for 
20 min each round. The treated samples were then submerged in 100 % 
HDMS and left in a fume hood overnight to allow complete evaporation. 
After evaporation, the samples were sputter-coated with gold and im
ages were captured by SEM (TM-1000, Hitachi, Tokyo, Japan).

2.2.5. Immunofluorescent staining and quantification
Following the treatment of agents, cells were seeded on Ti coins at a 

density of 4 × 104 cells per well in serum/PIPL-free culture medium and 
cultured for 30, 60, and 120 minutes. After fixation in 4 % para
formaldehyde for 15 minutes, cells were rinsed with PBS, permeabilized 
with 0.1 % Triton X-100 for 10 minutes, and blocked with 1 % BSA in 
PBS for 1 hour. Primary antibodies, including anti-phospho-FAK 
(Tyr861) (ThermoFisher, Cat. No 44–626G, 1:250) and anti-Vinculin 
antibody (Sigma, Cat. No V9131, 1:400), were incubated overnight at 
4 ℃. After washing, samples were stained with Alexa Fluor 488-conju
gated goat anti-rabbit secondary antibody and Alexa Fluor 488-conju
gated goat anti-mouse secondary antibody (Invitrogen, Thermo Fisher 
Scientific, USA, 1:500) for 1 hour, respectively, followed by incubation 
with Alexa 568 Phalloidin (1:400) for 1 hour at room temperature. DAPI 
(300 nM in PBS) was used to counterstain nuclei for 15 minutes.

Images with Z-stack were captured by a laser scanning confocal 
microscope (Leica TCS SP8, Leica Microsystems, Wetzlar, Germany), 
and Z-projection images were generated. Cell outlines were manually 
traced, and the green channel (Alexa 488-labeled proteins) was isolated 
for semi-quantification. The green channel’s integrated density (IntDen) 
was measured using ImageJ (version 1.4.3.67, National Institutes of 
Health, Bethesda, MD, USA). At the same time, cell mean diameter was 
calculated with Image Pro Plus (version 6; Media Cybernetics, Rockville, 
MD, USA) by outlining individual cells.

2.3. RNA-sequence analysis

2.3.1. Total RNA extraction
After treatment with agents in 24-well plates, 12 coins (4 x104 

hBMSCs were seeded per coin) were used per agent group for RNA 
extraction. Three biological replicates were prepared per group. Total 
RNA was isolated using the RNeasy Mini Kit (QIAGEN, Cat. No 74104) 
following the manufacturer’s instructions. RNA concentration was 
measured at 260 nm, and purity was assessed using the 260/280 nm and 
260/230 nm ratio with a Nano-Drop ND 1000 Spectrometer (Wilming
ton, DE, USA).

2.3.2. Transcriptional profiling
Strand-specific TruSeq™ mRNA-Seq libraries were prepared from 

RNA samples and sequenced on the Illumina NovaseqX platform at the 
Norwegian Sequencing Centre (Oslo, Norway). FASTQ files from two 
sequencing lanes were merged for comprehensive data coverage. Low- 
quality read adapter sequences and PhiX spike-ins were removed 
using BBDuk (version 38, BBMap toolkit). Trimmed, paired-end reads 
were mapped to the human genome (GRCh38) with HISAT2 (version 
2.2.1), producing SAM files, which were converted into BAM files with 
Samtools (version 1.2). BAM files were analyzed using featureCounts 
(version 2.0.1) and using GRCh38-derived gene annotation file to 
quantify unnormalized read counts. Differential expression analysis was 
performed in R (version 4.3.1) using DESeq2, with differentially 
expressed genes (DEGs) identified by an adjusted p-value (p.adj) 
threshold < 0.05.

2.3.3. GO and KEGG pathway enrichment
Gene Ontology (GO), Biological process (BP), and Kyoto Encyclo

pedia of Genes and Genomes (KEGG) pathway analyses were conducted 
to explore the functions of DEGs. GO BP enrichment categorizes genes by 
their biological functions, revealing their roles in various biological 
contexts. KEGG pathway analysis offers annotated genes involved in 
signal transduction and disease pathways, providing insights into the 
molecular pathways. Analyses were performed using resources from the 
Gene Ontology website (http://www.geneontology.org) and the KEGG 
database (http://www.genome.jp/kegg). Enrichment was considered 
statistically significant at an adjusted p-value (p.adj) < 0.05.

2.4. Statistical analysis

Unless otherwise noted, experiments were repeated three times, with 
at least three to four replicates per group. Data were analyzed using SPSS 
28.0 (IBM, USA) and are presented as the mean ± standard deviation for 
continuous variables. Significant differences between groups were 
identified using one-way analysis of variance (ANOVA) followed by a 
Student-Newman-Keuls post hoc test for parametric data or Kruskal- 
Wallis tests followed by Dunn’s multiple comparison tests for non- 
parametric data. Differences were considered statistically significant 
when p < 0.05. The data were plotted by Prism 9.4.1 (GraphPad Soft
ware, USA), with significant differences indicated by different letters (e. 
g., a, b, c; groups sharing a letter are not significantly different). Images 
and figures were formatted with Inkscape (version 1.3.2, Inkscape 
Project, https://inkscape.org/).

3. Results

3.1. Surface profile homogeneity detection of OsseoSpeed® like surface 
using FTIR

Ten randomly selected coins were evaluated for micro-topography. A 
profilometer scanned each coin at five non-overlapping points. No sta
tistically significant differences in roughness, skewness, or kurtosis were 
shown among the coins (Supplement Fig.1).

Most debridement agents were easily removed from the Ti surface 
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using room-temperature saline (20 ℃). However, Poloxamer solidified 
upon contact with the Ti surface, making it resistant to complete 
removal and leaving reminiscence behind. Cold saline (4 ℃) effectively 
eliminated it. FTIR analysis identified functional groups on the Ti sur
face, with wavenumber (cm⁻¹) on the X-axis representing reflecting 
molecular vibrations and percent reflectance (%R) on the Y-axis indi
cating infrared absorption intensity. After room-temperature saline 
flushing (Fig. 1, red line), Poloxamer exhibited characteristic peaks: O-H 
stretching (3487 cm⁻¹), -CH stretching (2906 cm⁻¹), -CH2 bending (1471 
cm⁻¹), and C-O-C stretching (1157 cm⁻¹), corresponding to polyethylene 
oxide (PEO) and polypropylene oxide (PPO) segments in Pluronic® 
F127 [36]. These peaks disappeared after cold saline flushing (Fig. 1C).

3.2. Agent cytotoxicity and cellular adhesion, morphology, and 
proliferation

3.2.1. Experiments performed on MC3T3-E1 cell line

3.2.1.1. Cell adhesion, cytotoxicity, proliferation. Poloxamer-treated Ti 
surfaces significantly enhanced MC3T3-E1 adhesion at all time points 
(Supplement Fig.2A, B, p < 0.05). Elevated LDH activity was observed 
only in the Paroex group (p < 0.05) (Supplement Fig.2C). On day 1, 

Perisolv and Paroex promoted proliferation compared to the control. By 
day 3, Perisolv maintained this effect, while H2O2 + Poloxamer and 
Paroex inhibited proliferation. By day 5, all treatments inhibited pro
liferation except Poloxamer, which consistently showed the highest 
proliferation across all time points (Supplement Fig.2D, p < 0.05). Cells 
on saline- and Poloxamer-treated Ti had the largest mean diameters, 
while those in the Perisolv and Paroex groups had the smallest 
(Supplement Fig.3D).

3.2.1.2. pFAK & Vinculin intensity. At 30 minutes, pFAK and Vinculin 
immunofluorescent intensities showed no significant differences be
tween groups. By 60 minutes, pFAK intensities were highest in the 
control and Poloxamer groups, while other groups showed reduced 
levels. Vinculin intensities were similarly reduced in the H2O2 
+ Poloxamer, Perisolv, and Paroex groups. At 120 minutes, all groups 
except Poloxamer showed decreased pFAK and Vinculin intensities, with 
Poloxamer maintaining levels comparable to the control (Supplement 
Fig.3B, C, p < 0.05).

Additionally, after cold saline flushing, Poloxamer treatment no 
longer enhanced MC3T3-E1 adhesion or spreading, as the gel was 
removed entirely (Supplement Figs.4–5, Fig1.C).

Fig. 1. FTIR spectra of Ti implant surfaces after chemical debridement treatment. (A) Control; (B) H2O2; (C) Poloxamer; (D) H2O2+Poloxamer; (E) Perisolv; 
(F) Paroex.
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3.2.2. Experiment performed on HGF cell line

3.2.2.1. Cell adhesion, cytotoxicity, proliferation. Significantly more HGF 
cells adhered to Poloxamer-treated Ti surfaces at all time points, while 
the Paroex -treated surfaces showed the fewest adherent cells (Fig. 2A, 
B, p < 0.05). Elevated LDH activity was observed only in the Paroex 
group at 60 and 120 minutes (Fig. 2C, p < 0.05). On days 1 and 3, 
Poloxamer and Perisolv supported proliferation rates comparable to the 
control, while other treatments inhibited proliferation. By day 5, all 
treated surfaces reduced proliferation compared to the control, but 
Poloxamer and Perisolv supported higher proliferation than H2O2, H2O2 
+ Poloxamer, and Paroex (Fig. 2D, p < 0.05). HGF cells on Poloxamer- 
treated surfaces had the largest mean diameters among non-control 
groups across all time points (Fig. 3D, p < 0.05).

3.2.2.2. pFAK & Vinculin intensity. At 30 minutes, pFAK intensity was 
highest in the H2O2 + Poloxamer group, followed by the Perisolv, both 
exceeding the control (p < 0.05). By 60 and 120 minutes, the Polox
amer group showed the strongest pFAK signal among non-control 
groups. For Vinculin intensity, the Paroex group had the highest signal 
at 30 minutes, while Poloxamer had the strongest signal at 60 and 
120 minutes among non-control groups (Fig. 3B, C, p < 0.05).

3.2.3. Experiments performed on hBMSC cell line

3.2.3.1. Cell adhesion, cytotoxicity, proliferation. hBMSC adhesion fol
lowed a pattern like MC3T3-E1 and HGF cells, with the Poloxamer group 
showing the highest adhesion among experimental groups (Fig. 4A, B, 
p < 0.05). LDH activity was significantly elevated in the H2O2 and H2O2 
+ Poloxamer groups at 30 and 60 minutes, peaking in the H2O2 
+ Poloxamer group at 120 minutes, followed by the Paroex (Fig. 4C). 
Proliferation was reduced in all experimental groups compared to the 
control. On days 1 and 5, the Poloxamer group had the highest prolif
eration among experimental groups. In contrast, on day 3, the H2O2, 
Poloxamer, and Paroex groups showed comparable proliferation levels, 
exceeding H2O2 + Poloxamer and Perisolv (Fig. 4D, p < 0.05). Cell 
mean diameters were similar across groups at 30 minutes. By 
60 minutes, the control group had the largest diameter, while Perisolv- 
treated cells had the smallest. At 120 minutes, the control and Polox
amer groups exhibited the largest diameter (Fig. 5D, p < 0.05).

3.2.3.2. pFAK & Vinculin intensity. pFAK intensities showed no signifi
cant differences across groups at 30 minutes. At 60 minutes, only the 
Perisolv group reached control-equivalent levels. By 120 minutes, the 
control and Poloxamer groups exhibited the highest pFAK intensities 
(Fig. 5B, p < 0.05). The Paroex group had the highest levels of Vinculin 
intensities at 30 minutes. At 60 minutes, the H2O2 and Perisolv groups 

Fig. 2. Biological behavior of HGFs on Ti implant surfaces after chemical debridement treatment. (A) Confocal microscopic inspection of F-actin (red) and 
DAPI (blue) stained in cells seeded on pretreated Ti surfaces at different time points; (B) Semi-quantitative analysis of cells attached on pretreated Ti surfaces at 
different time points; (C) LDH release from cells on pretreated Ti surfaces at different time points; (D) Cell proliferative activity on pretreated Ti surfaces at day 1, 3 
and 5. Statistical significance is indicated by different letters (a, b, c, etc.), as described in the statistical analysis section. Scare bar = 50 µm.
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Fig. 3. Attachment behavior of HGFs on Ti implant surfaces after chemical debridement treatment. (A) Confocal microscopic inspection of pFAK (green), 
Vinculin (green), F-actin (red), and DAPI (blue) staining of cells seeded on pretreated Ti surfaces at different time points; (B) Semi-quantitative analysis of pFAK 
expression per cell at different time points; (C) Semi-quantitative analysis of Vinculin expression per cell at different time points; (D) Mean diameter of cells on 
pretreated Ti surfaces at different time points. Significance is indicated by different letters (a, b, c, etc.), as described in the statistical analysis section. Scare 
bar = 10 µm.
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displayed reduced intensities, while at 120 minutes, the Perisolv showed 
the lowest Vinculin intensity, with no significant differences among 
other groups (Fig. 5C).

3.3. Gene expression profile

RNA sequencing data showed high alignment rates with Hisat2 and 
effective fragment assignment via featureCounts, confirming high- 
quality sequencing (Supplement Table 1). Principal component anal
ysis (PCA) revealed distinct sample clustering by treatment. Debride
ment agents primarily influenced PC1 (74 % variance), while PC2 (12 % 
variance) reflected finer biological or technical distinctions. Saline 
(control) and Poloxamer-treated samples cluster closely along PC1 and 
PC2, suggesting similar transcriptional profiles, as did the H2O2 
+ Poloxamer and Perisolv groups (Fig. 6A).

A Venn diagram of DEGs (log2FoldChange >1, p.adj < 0.05) showed 
only 293 DEGs were uniquely shared between the H2O2 + Poloxamer 
and Poloxamer groups, while 2523 DEGs uniquely shared between the 
H2O2 + Poloxamer and Perisolv groups, indicating relatively similar 
gene expression profiles, consistent with PCA (Fig. 6B). A heatmap of the 
top 500 DEGs (lowest p.adj) revealed clustering patterns, with H2O2 
+ Poloxamer and Perisolv grouping together, and H2O2 and Paroex 
forming another cluster (Fig. 6C). Additional analysis, including volcano 

plots, and heatmaps, are available in Supplement Fig. 6.
GO enrichment analysis (p.adj < 0.05) revealed the impact of agent 

treatments on cellular biological processes.
All debridement agents, except Poloxamer, activated apoptotic 

signaling pathways compared to the control. Oxidant-based debride
ment agents (H2O2, H2O2 + Poloxamer, Perisolv) notably down
regulated biological processes related to cell-substrate adhesion and 
junction organization (Fig. 7A). It was found in further analysis, key 
genes within apoptosis, proliferation, cell-adhesion processes were 
affected. Specifically, proliferation-regulatory genes (NOTCH1, JAG1, 
HMGA2, YAP1, TBX3), anti-apoptosis genes (MCL1, BCL2L2), and cell- 
substrate adhesion genes (ITGA2, ITGB3, SPP1) showed marked 
downregulation.

KEGG enrichment analysis (p.adj < 0.05) identified several signifi
cantly enriched pathways associated with agent treatments. Oxidant- 
based agents significantly inhibited MAPK signaling, PI3K-Akt 
signaling, and focal adhesion pathways. Apoptosis was exclusively 
activated by H2O2 and H2O2 + Poloxamer treatment. Key components of 
the MAPK pathway (including MAPKAPK2, NRAS, and KRAS) were 
downregulated following oxidant-based debridement, which also sup
pressed the PI3K-Akt signaling pathway (Fig. 8).

Fig. 4. Biological behavior of hBMSCs on Ti implant surfaces after chemical debridement treatment. (A) Confocal microscopic inspection of F-actin (red) and 
DAPI (blue) stained in cells seeded on pretreated Ti surfaces at different time points; (B) Semi-quantitative analysis of cells attached on pretreated Ti surfaces at 
different time points; (C) LDH release from cells on pretreated Ti surfaces at different time points; (D) Cell proliferative activity on pretreated Ti surfaces at day 1, 3 
and 5. Statistical significance is indicated by different letters (a, b, c, etc.), as described in the statistical analysis section. Scare bar = 50 µm.
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Fig. 5. Attachment behavior of hBMSCs on Ti implant surfaces after chemical debridement treatment. (A) Confocal microscopic inspection of pFAK (green), 
Vinculin (green), F-actin (red), and DAPI (blue) staining of cells seeded on pretreated Ti surfaces at different time points; (B) Semi-quantitative analysis of pFAK 
expression per cell at different time points; (C) Semi-quantitative analysis of Vinculin expression per cell at different time points; (D) Mean diameter of cells on 
pretreated Ti surfaces at different time points. Significance is indicated by different letters (a, b, c, etc.), as described in the statistical analysis section. Scare 
bar = 10 µm.
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4. Discussion

Chemical cleaning agents are commonly used for implant surface 
decontamination, but their effects on peri-implant gingival tissues and 
bone regeneration remain obscure. Re-osseointegration of implants re
quires cells to attach fast and well to implant surfaces, but there is no 
agreement on which debridement methods work best prior to regener
ative measures [26,37]. This study systematically evaluated the bio
logical effects of chemical debridement agents on MC3T3-E1, HGF, and 
hBMSCs cultured on Ti implant surfaces, focusing on initial cellular re
sponses within 120 minutes, building upon our preliminary experiments 
and a previous study that analyzed cell morphology on Ti surfaces [38]. 
Among the agents tested, Poloxamer showed the highest biocompati
bility. In contrast, all other agents impaired hBMSCs’ adhesion, 
spreading, and proliferation on Ti surfaces with apparent cytotoxicity. 
However, Poloxamer partially rescued H2O2-induced inhibition of 
ossification, epithelial cell proliferation, and hemopoiesis at the tran
scriptional level. Such impaired biofunctions of hBMSCs were evident 
from reduced expression of key adhesion molecules, such as phosphor
ylated adhesion kinase (pFAK) and Vinculin, which are critical for focal 
adhesion formation and cell attachment to biomaterial’s surface [39, 
40]. As a key precursor of osteoblastic lineage cells, the rapid adhesion 
and osteogenic differentiation of hBMSCs to the implant surface is 
essential for the primary success of dental implant treatment and also 
perform as a prerequisite for the success of peri-implantitis treatment 
[41,42]. Such findings raise concerns about the debridement agents 
commonly used in clinical practice, which cause detrimental effects on 
the survival and osteogenic activity of hBMSCs, thereby hindering the 
acquisition of a regenerative environment after chemical debridement.

Theoretically, if the cleaning agent can be removed entirely after the 
debridement procedure, the cytotoxicity caused by residual components 
can be avoided. However, in practice, the treatment of peri-implantitis is 
often complicated by deep or irregular periodontal lesions, which can 
trap residues of the debridement agent. This study reflects the clinical 
reality that some debridement agents can remain behind. In detail, the 
toxic and inhibitive effects of Paroex treatment on the Ti implant surface 
are likely due to residual CHX, the main active ingredient in Paroex, 
staying on the plates after rinsing and likely leaching back into the 

medium during cell seeding. CHX has been shown to disrupt the actin 
cytoskeleton, reduce cell adhesion, and impair osteoblast viability. 
Previous studies reported that 0.12 % CHX hindered re-osseointegration 
in canine peri-implantitis models, with new bone forming at a distance 
from the implant surface [43]. Additionally, CHX exposure has been 
associated with necrotic cell death, apoptosis in osteoblasts [44], and 
downregulation of genes related to matrix components and cell adhesion 
receptors in HGF [45]. Since, in our hands, Paroex inhibited hBMSCs 
adhesion, spreading, and proliferation with significant cytotoxicity, it 
may not be suitable for routine use in peri-implant biofilm removal or 
peri-implant health maintenance at all.

Regarding the high abundance of anaerobes and facultative anaer
obes in the peri-implant inflammatory microenvironment, applying 
peroxide may constitute an effective strategy to maintain peri-implant 
health [46]⋅ H2O2 and H2O2 + Poloxamer were used in this study as 
chemical debridement agents because of their convenient availability 
and ideal biosafety (3 % hydrogen peroxide has been widely used in 
dental clinical treatment for a long time) [47,48]. However, even as one 
of the least active reactive oxygen species (ROS), H2O2 can still induce 
cell death when its concentration exceeds the antioxidant capacity of 
cells [49]. In this study, H2O2 and H2O2 + Poloxamer did not exhibit 
cytotoxicity or impair the adhesion of MC3T3-E1 and HGF to Ti implant 
surfaces. Still, they showed cytotoxicity to hBMSCs, as evidenced by 
reduced adhered cell numbers and elevated LDH levels. These observed 
differences indicate that hBMSCs are more sensitive to H2O2 than 
MC3T3-E1 and HGF.

The mechanisms of H2O2-induced cytotoxicity vary across cell types, 
leading to diverse responses at different concentrations [50]. Previous 
studies have shown that low concentrations (200–300 μM) of H2O2 
impair the stemness of BMSCs with compromised differentiation po
tentials [51]. Another study revealed that residual H2O2 in equipment 
after steam disinfection significantly reduced cell proliferation and 
survival in a dose-dependent manner. Specifically, concentrations above 
0.5 mg/L (14.7 μM) affected cell viability, and at 5.0 mg/L (147 μM), 
hBMSCs were completely eliminated [52]. Interestingly, while 
200 μM H2O2 suppressed proliferation in the mouse osteoblastic cell line 
(MC3T3-E1) and human osteoblast-like cell line (MG63), cell viability 
remained unaffected [53,54]. Similarly, the proliferation of HGFs was 

Fig. 6. Comprehensive analysis of differentially expressed genes (DEGs) across experimental conditions. (A) Principal component analysis (PCA) across all 
chemical debridement with all independent samples; (B) Venn diagram of DEGs overlap across control-based comparisons; (C) Heatmap of top 500 DEGs across 
control-based comparisons with hierarchical clustering. DEGs were screened by p.adj < 0.05. log2FoldChange values were centralized and shown in a range from − 3 
(down-regulated) to 3 (up-regulated).
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inhibited at the same concentration, but no significant cell death was 
observed [55]. These findings suggest that MC3T3-E1 and HGFs have a 
higher tolerance to H2O2-induced cytotoxicity compared to BMSCs, 
supporting our results that low concentration of H2O2 primarily 
inhibited proliferation, with notable cytotoxic effects specific to 
hBMSCs. This highlights the greater sensitivity of hBMSCs to H2O2 
compared to MC3T3-E1 and HGFs.

In our study, residual trace amounts of H2O2 at the microspace be
tween the coin and the 24-well plate, undetectable by FTIR but leaching 
into the medium during cell seeding, may impair cell viability and 
spread despite apparent surface cleanliness. However, in a peri- 
implantitis clinical setting, the hydrogen peroxide would likely have 
been used up due to the biofilm presence and its organic components. 
Therefore, what is presented here is a “worst-case scenario” of chemical 
debridement agents to hBMSCs. Such a hypothesis was also supported by 
the impaired biocompatibility of Ti implant surfaces after the Paroex 
treatment. Similarly, NaClO (0.43 %) in Perisolv may have similar 
adverse effects for the same reason. Interestingly, while Perisolv (con
taining NaClO) didn’t inhibit the proliferation of MC3T3-E1 and HGFs 
on day 1 and day 3, it consistently impaired proliferation in hBMSCs 
from day 1 onward, indicating a cell type-specific sensitivity. As a 
commonly used oxidative disinfectant in endodontic treatment, NaClO 
can generate ROS inside microbes, and its toxicity arises from its cor
rosive activity [56]. Nevertheless, the contradiction between hBMSCs, 

MC3T3-E1, and HGFs suggests that the cytotoxicity elicited by NaClO 
may not be attributed to direct corrosion. ROS generated by oxidative 
disinfectants applied in this study are more toxic to hBMSCs adapted to 
the anaerobic environment in the bone marrow and may further impair 
their osteogenesis-related functions [51]. Notably, H2O2 has increased 
DNA damage markers in senescent BMSCs [57]. Consistent with this, our 
GO enrichment analysis revealed that both H2O2 and NaClO activate 
DNA damage pathways, such as ‘signal transduction in response to DNA 
damage’ and ‘intrinsic apoptotic signaling pathway in response to DNA 
damage’. Notably, the anaerobic environment of peri-implantitis lesions 
can rapidly consume residues of oxidative debridement agents, thereby 
alleviating oxidative stress on hBMSCs. However, the negative impact of 
trace oxidants on the bioactivity of Ti implant surface and tissue 
regeneration peri-implant should be considered. Further research is 
needed to clarify whether oxidative debridement agents can hinder 
tissue regeneration by altering the characteristics of Ti implant surfaces.

Besides the adverse effects of the abovementioned agents, Poloxamer 
exhibited an optimistic performance in the regenerative functions of all 
three tested cells. These effects are attributed to Pluronic 127, the pri
mary component of Poloxamer, an ABA-type triblock copolymer that 
can change from liquid to gel state with increased temperature. Polox
amer is known as a stable hydrogel and osteoconductive scaffold, pro
moting bone regeneration and wound healing [35,58]. Its resemblance 
to the extracellular matrix (ECM), high water content, porosity, and 

Fig. 7. Gene Ontology (GO) Biological Process (BP) enrichment analysis for pairwise comparisons. (A) Top 10 enriched GO BP terms for control-based 
pairwise comparisons. Pie charts prioritize three key functional categories: apoptosis, proliferation, and extracellular matrix organization/cell-substrate in
teractions, followed by additional terms ranked by gene count. (B) Similar representation for three non-control-based pairwise comparisons, highlighting the same 
functional categories. Upregulated and downregulated terms are indicated by up and down arrows, respectively.
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structural flexibility enhance BMSC viability and ECM protein in
teractions [59]. Its positive bioactivities and rapid transformation into 
colloid after being applied to peri-implant lesions are conducive to its 
local effect. When applied together with H2O2, it also acts as an excipient 
to facilitate the retention of H2O2 in-situ. Additionally, Poloxamer im
proves cellular affinity, maintains osteoblast activity in vitro, and re
duces pro-inflammatory cytokine expression in the local milieu, 
resulting in a milder inflammatory response than surgical suture mate
rials. Compared with the periodontal tissue structure of natural teeth, 
the poor sealing between the implant and the soft tissue surrounding it 
leads to bacterial invasion and inflammatory destruction of the 
implant-osseointegration interface [60]. Routine application of 
non-invasive chemical debridement to remove infection and reactivate 
the peri-implant regenerative microenvironment may serve as an 

effective health control strategy for implant treatment. Poloxamer’s 
ideal biocompatibility and inflammation modulating effect highlight the 
potential as a promising chemical debridement agent for peri-implantitis 
treatment and peri-implant health support and maintenance.

Most studies on preventing and treating peri-implantitis employed 
conventional research technologies for biochemical detection, such as 
ELISA and PCR [61–63], which provided limited information restricted 
to individual biomarkers. This study utilized sequencing technology to 
systematically analyze the whole transcriptome of hBMSCs on Ti 
implant surfaces following treatment with different chemical debride
ment agents. This approach facilitates the identification of the direct 
impact of chemical debridement strategies on genes and molecules 
associated with peri-implant tissue regeneration. Furthermore, it lays a 
solid experimental foundation for exploring and developing reactivation 

Fig. 8. KEGG enrichment analysis for pairwise comparisons. (A) Top 10 enriched KEGG pathways for control-based pairwise comparisons. Pie charts prioritize 
three key functional categories: cell growth and death, immune system, and cellular community – eukaryotes, followed by additional pathways ranked by gene count. 
(B) Similar representation for three non-control-based comparisons, highlighting the same functional categories. Upregulated and downregulated pathways are 
indicated by up and down arrows, respectively.
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agents’ post-debridement targeting specific signaling pathways. The GO 
biological process enrichment analysis results in this study indicate that 
oxidant-based debridement significantly inhibited hBMSC proliferation. 
Specifically, key regulatory genes, including NOTCH1, JAG1, HMGA2, 
YAP1, and TBX3, were markedly downregulated. Previous studies have 
shown that downregulation of these genes leads to compromised cellular 
proliferation. For instance, MSC proliferation is accelerated under 
hypoxia by increasing NOTCH1 expression, while JAG1-mediated 
NOTCH signaling and upregulated HMGA2 expression both promote 
hBMSC proliferation. Similarly, the upregulation of YAP1 and TBX3 has 
been associated with enhanced cellular proliferation [64–68]. Further
more, anti-apoptosis genes such as MCL1 and BCL2L2 showed reduced 
expression. While the downregulation of these genes could be beneficial 
in targeting cancer cells, it may compromise normal cell survival [69, 
70]. Expression of cell-substrate adhesion genes, such as ITGA2, ITGB3, 
and SPP1, was also inhibited, which is undesirable as it could impair cell 
adhesion (Fig. 7) [71–73]. KEGG enrichment analysis revealed signifi
cant downregulation of the MAPK signaling pathway (including MAPK, 
APK2, NRAS, and KRAS) and suppression of the PI3K-Akt signaling 
pathway following oxidant-based debridement treatment. Notably, focal 
adhesion functions (ITGA2, ITGB3, SPP1, ROCK1, PIK3CA, CRK, 
PDGFRA) were also diminished (Fig. 8). Our gene expression analysis 
data suggest that hBMSCs on Ti surfaces experience challenges in 
adhesion and survival at early time points, potentially compromising 
their regenerative capacity. Prolonged exposure to these oxidant-based 
agents may result in sustained cellular stress, potentially manifesting 
as reduced proliferation, increased apoptosis, and diminished differen
tiation capacity. Consequently, this could significantly impair the ability 
of hBMSCs to contribute effectively to tissue regeneration in 
peri-implantitis lesions.

5. Limitation

This study still has some shortcomings that need further research in 
the future. Firstly, the Ti implant surfaces were kept aseptic and free of 
saliva components, which could not fully replicate the clinical reality 
where saliva, microorganisms, and proteins adhere to implant surfaces. 
Osteoblastic behavior and function were compromised on Ti surfaces 
contaminated with saliva [74,75]. In clinic peri-implantitis, anaerobic 
bacterial such as Porphyromonas gingivalis, Tannerella forsythia, Trepo
nema denticola, and Fusobacterium nucleatum contribute to disease pro
gression through complex biofilm and heightened inflammation 
responses. Future studies should incorporate anaerobic conditions to 
replicate the clinical environment better and explore the interactions 
between debridement agents, peri-implant cells, and anaerobic micro
biota [46]. In addition, this static model is challenging to simulate the 
continuous flushing of the patient’s gingival crevicular fluid, which can 
effectively reduce the toxicity of the residual chemical debridement 
agent. A dynamic biofilm model constructed with pathogenic bacteria of 
peri-implantitis would be more appropriate to replicate the peri-implant 
condition. To reestablish adequate peri/implant health around infected 
implants, a chemical debridement agent should be applied for a short 
term and removed, followed by a bioactive biomaterial, like commer
cially available Emdogain® or hyaluronic acids [76–78], that has the 
potential for inducing healing and growth of peri-implant tissues.

6. Conclusion

Several chemical debridement agents effectively remove biofilms 
from infected dental implant surfaces. However, the biological effects of 
these agents have not yet been fully investigated. Of the tested materials, 
Poloxamer showed the best biocompatibility for use on Titanium 
implant surfaces. This mild cleaning agent supported cell adhesion and 
proliferation, and induced expression of molecules known to be 
important in peri-implant tissue regeneration. Commercial agents such 
as Perisolv and Paroex inhibited hBMSCs’ adhesion, spreading, and 

proliferation, with Paroex demonstrating significant cytotoxicity, 
raising concerns about their routine clinical use. H2O2 treatment 
exhibited cytotoxic effects, particularly against hBMSCs, which were 
more sensitive to H2O2 than MC3T3-E1 and HGF cells. Oxidant-based 
debridement agents increased apoptosis while inhibiting proliferation, 
cell-substrate adhesion, focal adhesion pathways, and signaling path
ways regulating pluripotency in stem cells.

These findings underscore the importance of carefully selecting and 
optimizing debridement agents to balance antimicrobial efficacy and 
cytocompatibility, particularly in cases of peri-implantitis and peri- 
mucositis. Since several of the chemical cleaning agents investigated 
caused cellular harm to hBMSCs, complete and quick removal after 
cleaning seems crucial.

This study emphasizes the need for ongoing innovation in implant 
decontamination strategies and a deeper understanding of the interplay 
between debridement strategies, implant surfaces, and peri-implant 
tissues, ultimately providing the basis for evidence-based, clinical 
practices and optimizing Supportive Peri-implant Care protocols.
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