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Abstract

Objective: To assess the peri-implant soft tissue profiles between argon plasma

treatment (PT) and non-treated (NPT) healing abutments by comparing clinical and

histological parameters 2 months following abutment placement.

Materials and Methods: Thirty participants were randomly assigned to argon-plasma

treatment abutments group (PT) or non-treated abutments (NPT) group. Two months

after healing abutment placement, soft peri-implant tissues and abutment were har-

vested, and histological and clinical parameters including plaque index, bleeding on

probing, and keratinized mucosa diameter (KM) were assessed. Specialized stainings

(hematoxylin–eosin and picrocirious red) coupled with immunohistochemistry

(vimentin, collagen, and CK10) were performed to assess soft tissue inflammation

and healing, and the collagen content keratinization. In addition to standard statistical

methods, machine learning algorithms were applied for advanced soft tissue profiling

between the test and control groups.

Results: PT group showed lower plaque accumulation and inflammation grade

(6.71% vs. 13.25%, respectively; p-value 0.02), and more advanced connective tissue

healing and integration compared to NPT (31.77% vs. 23.3%, respectively;

p = 0.009). In the control group, more expressed keratinization was found compared

to the PT group, showing significantly higher CK10 (>47.5%). No differences in KM

were found between the groups.

Significance: PT seems to be a promising protocol for guided peri-implant soft tissue

morphogenesis reducing plaque accumulation and inflammation, and stimulating col-

lagen and soft tissue but without effects on epithelial tissues and keratinization.
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Summary Box

What is known

Several in vitro and preclinical studies have shown beneficial effects of argon plasma

(PT) treatment on soft tissue.

What this study adds

This study adds evidence on the effects of PT on peri-implant soft tissue healing and suggests

that PT provides more advanced connective tissue healing than untreated abutments. The peri-

implant soft tissues around the PT abutments reduce plaque accumulation and inflammation. PT

does not affect peri-implant epithelial tissues and keratinization.

1 | INTRODUCTION

Soft peri-implant tissues play the first line of defense against microbi-

ological threats responsible for the advent of peri-implant disease, so

the robustness of the peri-implant soft tissue seal is recognized as a

key factor in the long-term maintenance of peri-implant health.1 As

this, soft tissues are in the spotlight of the current implant research,

particularly the aspect concerning the initial soft tissue healing as the

first stage of soft tissue integration. The key elements of the peri-

implant soft tissue phenotype (PiSP) are mucosal thickness, kerati-

nized mucosa width (KMW), and/or supracrestal tissue height.2 It is

considered that thick biotype and wider KMW better preserve soft

and hard peri-implant tissues, by preventing recession, biofilm accu-

mulation, and related apical propagation, while stabilizing peri-implant

bone remodeling.3,4 As the PiSP is site-specific and susceptible to

changes over time, local factors in particular2 plaque accumulation,

prosthetic factors, contaminants, and abutments surface characteris-

tics are thoroughly investigated lately with the main objective of

developing new strategies for optimal soft tissue integration.5,6 The

soft tissue healing process as an inherent stage of soft tissue integra-

tion relies on inflammatory reactions while macrophage polarization

currently attracts great attention as being recognized as a critical

determinant of the soft tissue integration fate.7 In brief, the pro-

inflammatory M1 macrophages are involved in initial healing pro-

cesses mostly for removal of the tissue debris and cloth that occurred

within the surgical intervention, which should be optimally replaced

by the M2 pro-regenerative macrophages responsible for tissue for-

mation and optimal soft tissue integration.8,9 Macrophage polarization

and repolarization are highly dependent on local factors that might

interfere with M2 polarization, leading to imperfect soft tissue inte-

gration on the titanium surface7 with decreased resistance and

increased susceptibility to biological complications.10 Thus, modifica-

tion of the clinical protocols and implant surface treatments providing

optimal healing conditions and suppression of negative factors such

as sub-clinical infection are ongoing priorities in oral implantology and

regenerative medicine in general.11,12

The standard prosthetic workflow implying multiple soft tissue

disconnections at critical time points of the biological phases of

soft tissue integrations within abutments exchanges, impressions,

fitting, and final prosthetic delivery is considered to lead to the

imperfect soft tissue integration associated with long junctional

epithelium.13

Additionally, the lack of periodontal ligament within the peri-

implant soft tissues initially makes the soft tissues less resilient in the

absence of periodontal fibers. Recent studies highlight the impact of

the lack of connective tissues on the overall local biology, particularly

on the decreased defensive and regenerative potential, and increased

susceptibility to immunopathologies.14

Plasma treatment (PT) of dental implant surfaces received

increasing attention lately due to its outstanding capacity of

removing surface contaminants more successfully than other avail-

able protocols.15 PT provides wide antimicrobial effects, with

proven effectiveness against highly virulent bacteria associated

with peri-implantitis.16–18 Finally, PT activation enhances implant

surface wettability thus stimulating cell migration and adhesion to

the implant surface,19–21 and promoting cell attachment with pro-

portionally accelerated hard and soft tissue integration.17,22–24

Regarding soft tissues specifically, in vitro studies have demon-

strated the capacity of the argon plasma to increase migration,

proliferation, and adhesion of human fibroblasts, and pro-

stimulative effects on soft tissue integration and angiogenesis.25–27

Additionally, the anti-biofilm effects of the PT abutment pre-

treatment at the clinical and microbiome levels were previously

demonstrated in the proof-of-concept study reported by this

group.28 Nevertheless, although a great number of in vitro and

pre-clinical studies reported on the beneficial effects of argon

plasma treatment of soft tissues, respective clinical confirmation is

still lacking.

Thus, the working hypothesis was that argon plasma abutment

pre-treatment would provide pro-stimulative effects on peri-implant

soft tissue healing compared to no treatment.

The objective of the present study was to compare the peri-

implant soft tissue profiles between argon plasma pre-treated and

non-treated healing abutments by comparing clinical and histological

parameters of the peri-implant soft tissues 2 months after abutment

placement.
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2 | MATERIALS AND METHODS

2.1 | Study design and regulatory aspects

The present study was designed as a randomized clinical study aiming

to evaluate the effects of argon plasma abutment treatment on peri-

implant soft tissue healing and integration. The influence of the sur-

face treatment was assessed comparing clinical and histological

parameters between the two groups. Another goal of this study was

to collect data on complex soft tissue profiles around treated and

non-treated healing abutments, in addition to standard statistics, the

predictive models based on clinical and histological parameters were

generated using machine learning algorithms (MLAs). To convincingly

simulate a standard clinical setting, an equal number of abutments

with smooth surfaces were distributed between the test and control

groups.

Patients were recruited and treated in a private dental practice

(Rome, Italy) between June and December 2021. The research proto-

col was approved by the local ethics committee (Comitato Etico Lazio

1, ref. number 813, accepted on June 18, 2021). The participants were

informed of the procedures and accepted to contribute by signing an

informed consent form. The study was conducted in accordance with

the Good Clinical Practice (GCPs) guidelines and the Declaration of

Helsinki of 1975, as revised in 2013.29

The study was registered on the site clinicaltrial.com under the

reference NCT05821673.

2.2 | Study population, criteria, and randomization

Following the initial eligibility assessment of 40 patients undergoing

implant therapy with immediate healing abutment connection, the

final study sample included 30 participants.

The inclusion criteria were: the presence of at least 4 mm of

keratinized mucosa around the implants, patients aged 18 years or

older, medically healthy patients (ASA I), or patients with mild sys-

temic disease (ASA II); partially edentulous state; healthy periodon-

tal condition (also including periodontal health on reduced

periodontium) according to the referent case definition. Exclusion

criteria included: ASA physical status ≥3, severe smokers (>10 cig/

day), patients undergoing bisphosphonate therapy, pregnant or lac-

tating women, estrogen-related hormonal disorders or hormonal

substitution therapy, untreated periodontitis (pocket depth ≥4 mm

with positive bleeding on probing [BoP]), multiple gingival reces-

sion, and patients with a history of head and neck cancers and

radiotherapy in this region.

Participants underwent two-level randomization for allocation of

healing abutments with different surface configurations and experi-

mental treatment using permuted block technique to limit any selec-

tion bias. Allocation concealment was preserved by sealing the tested

abutments in sterile envelopes sealed in opaque sleeves opened at

the time of the second surgical step.

2.3 | Surgical procedures

After local anesthesia, the baseline thickness of the keratinized

mucosa was clinically assessed with a periodontal probe. A conven-

tional surgical procedure with a mid-crestal incision and gentle lifting

of a full-thickness flap was performed. The Premium One implant

(Sweden & Martina) was used. This implant presents a neck with the

ultrathin threaded microsurface treatment, a special micro-

roughening, and an implant body surface treated with a zirconium

oxide blasting treatment coupled to a mineral acid etching treatment.

The diameter of the inserted implants was 5 mm, with an internal con-

nection diameter of 3.3 mm. All implants were placed at the bone

level and their diameter was 5 mm, connected to the prosthetic com-

ponent through an internal hex connection with a diameter of 3.3 mm

(Figure 1).

Depending on the assigned study group, a specifically designed

healing abutment was screwed in at 20 N. The flaps were sutured

around the abutment in order to create an intimate surface contact

between them. Participants received healing abutments with machine

surface, characterized by circular micro-threads with a furrow of less

than 2 μm (surface roughness: Ra = 0.2 and Sa = 0.11).

Immediately before surgeries, healing abutments allocated to the

test group were placed in an Argon plasma reactor (Diener Electronic

GmbH, Jettingen, Germany) for decontamination and activation. In

F IGURE 1 Implant-prosthetic rehabilitation.
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order to restrict any post-treatment contamination, abutments were

inserted immediately after the end of the plasma process. The reactor

was set at 75 W of power and �10 MPa of pressure for 12 min.

2.4 | Clinical measurements

Two months after healing abutment placement, the plaque index

(PI) and BoP30,31 were assessed 48–72 h before the biopsy. Their

scores were recorded at six points around each abutment. The result

obtained were averaged and expressed in percentage. Clinical mea-

surements were performed using a plastic probe graded in millimeters

(Williams Colorvue Probe, Hu-Friedy, Chicago, IL) applying the light

force (15 N/cm force). All measurements were performed by one

experienced examiner (LC) after a calibration exercise demonstrating

98.6% concordance based on 10 serial measurements of BoP.

2.5 | Soft tissue biopsies

Soft tissue biopsies were harvested by a circumferential guided biopsy

that contained soft peri-implant tissues around the abutment and the

abutment itself. The harvesting technique and abutment design were

explained in the previous article.32 In brief, a guide pin was attached to

the abutment allowing a 5-mm diameter circular blade to cut apically to

the interface with the implant. Thus, a 1.3 mm circumferential thickness

of keratinized mucosa was excised together with the abutment, while

the new smooth, 5-mm-wide healing abutment was screwed in place of

the retrieved one. The biopsies were preserved in neutral formalin and

transferred immediately to the laboratory for analysis.

2.6 | Histological assessment

Soft tissue biopsies were fixed in 10% buffered formalin, and dehy-

drated in a graded series of ethanol, rinsed, and embedded in a glycol-

methacrylate resin (methyl-methacrylate).

After polymerization, samples were sectioned along the mid-

longitudinal axis of the trephine cylinder by means of a high-precision

diamond saw (Struers Secotom 50, Cleveland, OH, USA). Histologic

sections of the tissue were performed using a laser microtome

(TissueSurgeon, LLSROWIAK LaserLabSolutions GmbH, Hannower,

Germany) in sections of 5 μm and stained by means of specialized

stainings and immunohistochemistry (IHC). Standard hematoxylin and

eosin (H&E) staining was used for standard histopathological assess-

ment and inflammatory grading. Picrosirius red staining and collagen

immunostaining were performed for assessment of the collagen pro-

file. CK10 was used to estimate the degree of keratinization while

vimentin was used to assess the soft tissue healing.33–36 Vimentin

was measured using a commercial antibody (identify vimentin ab8978

primary antibody, Abcam, Cambridge, UK). Antigen demasking using

Tris Etilen diamino tetra acetic acid at pH 9 for 4 h at 60�C. CK10 was

detected using a commercial antibody (ab9026-Abcam, Cambridge,

UK) with antigen demasking using citrate buffer at pH 6 for 4 h at

60�C. The secondary antibody was the same for both primary anti-

bodies (Alkaline phosphatase Mouse & Rabbit Kit [Fast Red]), ready to

use MEDAC (Wedel, Germany).

The stained slides were scanned and converted into digital for-

mats using a slide scanner (Nanozoomer Digital Pathology, NDP slide

scanner, Hamamatsu Photonics, Japan). The tissue's microanatomy

was analyzed through H&E staining. Particularly, attention was

focused on cellular stress features like nucleus dimension, cellular

thickness, and shape. The H&E staining was also used to obtain a

semi-quantitative assessment of inflammation levels present in the tis-

sue. To obtain this value, the area occupied by inflammatory infiltrates

was defined as the region of interest (ROI). Analysis for quantification

of inflammatory levels and subsequent quantitative analyses were

conducted using the Fiji-ImageJ program (NIH, Bethesda, Maryland;

https://imagej.nih.gov/ij/), equipped with the IHC profiler plugin.37,38

The regions containing inflammatory cells were outlined to obtain the

value of the area occupied in terms of pixels, and this value was then

normalized to the total area of the examined sample, also expressed in

pixels (Figure 2C). This procedure allowed obtaining a percentage

value that could be compared across different samples, as it is relative

rather than absolute and independent of the size of the sample

itself.39 Collagen stained by picrosirius red staining, was quantified

through color deconvolution. Collagen quantification was expressed

as a proportion of collagen-occupied surface and the total sample sur-

face. The reddish part of the sample, corresponding to collagen, was

taken as the ROI, and through color deconvolution, only this color

channel was selected. Thereafter, quantification was performed by

setting a colorimetric threshold value to exclude tissues that were not

collagenous.40 Vimentin and CK10 were measured with color decon-

volution using a plug-in software for Fiji-ImageJ called color deconvo-

lution 2, developed by Birmingham University (https://blog.bham.ac.

uk/intellimic/g-landini-software/colour-deconvolution-2/) based on

the algorithm made by Ruifork.41 This software isolates the chromo-

genic substrate signal generated from the secondary antibody and

permits its quantification by setting a threshold value. In the case of

CK10, the three-level spatial distribution was additionally performed,

given the specificity of keratinization. Each sample image was divided

into regular-sized quadrants by a grid. The horizontal and vertical lines

of the grid were spaced from each other by a length equal to 12.5%

of the total length of the image to define the three areas: abutment-

oriented, central, and epithelial zones, in order to perform CK10 quan-

tification for each zone (Figure 2).

Two blinded examiners (LC, DA) previously calibrated on 10 sam-

ples, their linear inter-examiner weighting coefficient is k = 0.965, per-

formed IHC analysis and recession assessment. The captured images

had no reference to the assigned group and were identified by a code.

2.7 | Data management

Sample size calculation was performed for the PI values estimated in

the previous study with a similar design.28 According to that, a total
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sample of 30 participants using α of 0.05 would result in a power of

0.8 with a drop-out of 25%. Demographic characteristics between the

groups were analyzed using Fisher's exact test.

Clinical parameters and the proportion of IHC-positive cells and

collagen per sample were expressed as median ± standard deviation

and were further compared using the Mann-Whitney U test

between the groups. Statistical analysis was performed using com-

mercial software (SPSS v.25.0; SPSS Inc., USA). To assess whether

PT and NPT exert distinctive overall profiles based on composite

clinical and histological parameters, decision trees were generated as

a type of easily interpretable MLA. The five-fold cross-validation was

performed. The dataset was divided into five random subsets

(i.e., five different sets of random patients), and decision trees were

further trained on four subsets, while the predictive performance of

the model was estimated on the remaining one. The procedure was

repeated five times so that each subset was used exactly once for

the evaluation of the model. As a result, five results were obtained

for each performance and the metric average value with standard

deviation was reported.42 The predictive model was evaluated based

on accuracy, area under the Receiver operating Characteristc (ROC)

curve (AUC), precision, and recall metrics. The predictive model was

developed using C4.5 decision trees.43

3 | RESULTS

Demographic characteristics, including age and gender, were similarly

distributed between the groups (p > 0.05) (Table 1).

3.1 | Clinical outcomes

The effect of PT on clinical parameters and soft tissue phenotype is

provided in Table 2. PT was associated with lower plaque accumula-

tion, while respective effects on BoP and soft issue phenotype were

similar to the NPT.

F IGURE 2 Illustrates of the various
steps of immunohistochemistry (IHC)
quantification of target cytokeratins. In
image (A), IHC staining reveals the
presence of CK10 around the free
gingival margin and at the abutment
interface. In image (B), the slide was
divided into rectangular regions of
interest (ROI) of the same size, and the

staining intensity in each rectangle was
measured, in this way, the quantification
was independent of the size of the
gingival specimen. The image (C) shows
the ROIs that were numbered and divided
into three areas: the area near the
abutment, the middle area, and the area
of the free gingival margin.
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3.2 | Histological outcomes

The assessment of inflammatory infiltrate in the H&E stained samples

showed higher inflammation in the NPT compared to PT according to a

higher proportion of inflammatory cells (13.25% vs. 6.71%, respectively;

p-value 0.02) (Figure 3). NPT showed less collagen compared to the test

group: 23.3% versus 31.77%, respectively (p = 0.009). Moreover, the

total collagen amount (%) was greater in the PT group when compared to

NPT (p = 0.038) as well as vimentin (p = 0.003) indicating more intense

TABLE 1 Demographic characteristics.

NPT (n = 15) PT (n = 15)

Age mean 55.38 50.04

Male 8 9

Female 7 6

Mandible 5 7

Maxilla 10 8

Abbreviations: NPT, non-plasma treated; PT, plasma treated.

TABLE 2 Clinical and histological
parameters between the groups.

Parameters NPT (15) PT (15) p-Value (95% CI)

Clinical parameters

BoP 0 0 0.461 (�0.001, 0.999)

PI 2.45 ± 1.54 1.45. ± 1.58 0.035* (0.106, 2.999)

Phenotype

Thickness (mm) 2.75 ± 1.1 2.5 ± 0.8 0.882 (�0.500, 0.500)

KT diameters (mm) before 3.3 ± 1.2 3.8 ± 1.4 0.239 (�1.000, 0.165)

KT diameters (mm) after 3.4 ± 1.7 3.9 ± 1.2 0.141 (�1.000, 0.179)

Histological parameters

Inflammatory infiltrate (%) 2.31 ± 0.70. 2.00 ± 0.93.26 0.430 (�0.13, 1.00)

Collagen content (%) 25.92 ± 10.31 33.37 ± 9.33 0.038* (�17.38, �0.16)

Immunohistochemical markers

Vimentin % 35.3 ± 15.7 59.5 ± 5.1 0.003* (�46.6, �10.4)

Collagen % 23.9 ± 3.4 31.7 ± 2.7 0.038* (�17.380, �0.160)

CK10% 6.51 ± 1.7 2.69 ± 1.2 0.005* (0.999, 5.835)

CK10 abutment % 21.5 ± 10.2 38.1 ± 8.4 0.064 (�0.750, 96.519)

CK10 center % 72.2 ± 8.7 10.4 ± 6.2 0.004* (16.942, 93.077)

CK10 epithelium % 73.0 ± 9.3 69.2 ± 8.6 0.245 (�29.596, 96.038)

Note: Values are expressed as median ± standard deviation. Bold indicates statistical significance.

Abbreviations: BoP, bleeding on probing; CI, confidence interval; KT: keratinized TIssue; NPT, non-

plasma treated; PI, plaque index; PT, plasma treated.

*p < 0.05: NPT < PT: vimentin, collagen; NPT > PT: total CK10 and CK10 center.

F IGURE 3 Inflammation. Samples stained with
hematoxylin and eosin. (A) Untreated sample,
(B) treated sample. In the untreated sample, it is
possible to see a greater quantity of inflammatory
infiltrates as well as hypertrophy in the multilayered
keratinized tissue. (C) Representation of the
semiquantitative measurement of inflammation
level.
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connective tissue formation in PT (Figure 4). A high concentration of

vimentin indicates an actively healing tissue. CK10 was significantly more

expressed in NPT when compared to PT (p = 0.005) suggesting less pro-

nounced keratinization in the experimental group. Given the specificity of

keratinization, the grade of CK10 was assessed in three regions and the

central zone showed the most expressed keratinization in NPT

(p = 0.004) while the abutment-oriented and epithelium showed a com-

parable degree of keratinization between the groups (Figure 5).

3.3 | Peri-implant soft tissue profiles around PT
and NPT healing abutments

The predictive model generated based on clinical and immunohisto-

chemical parameters discriminated PT and NPT with high accuracy

(accuracy: 0.868 ± 0.091; precision: 0.920 ± 0.160, recall: 0.850 ± 0.123

and AUC = 0.938 ± 0.069) and it is depicted in Figure 6. NPT was asso-

ciated with a high percentage of CK10 (>47.5%), or in the case of less

CK10, with thin biotype and higher vimentin expression (>40.45%) or

thick biotype and higher keratinized mucosa (KM) diameter. PT was

associated with lower CK10 expression (<5.97%) and high vimentin

expression (>47.5%), or in case of lower vimentin expression (<40.45)

PT was associated with thin biotype and lower vimentin, or with thick

biotype and lower KM diameter (<2.5 mm).

4 | DISCUSSION

The present study has demonstrated that pre-treatment of the abut-

ment with argon plasma helped to reduce plaque accumulation and

F IGURE 4 Picrosirius red. Images relating to collagen staining
using Sirius red. (A) Untreated sample, (B) treated sample; (C) and
(B) images processed with ImageJ using color deconvolution to isolate
the red-colored collagen from the yellow-colored background for
collagen quantification.

F IGURE 5 CK10. Images relating to the CK10 antibody.
(A) Immunohistochemistry relating to an untreated sample,
(B) immunohistochemistry relating to a treated sample; (C), (D) images
processed with ImageJ with color deconvolution to isolate the
chromogenic signal given by the fast red.

232 CANULLO ET AL.

 17088208, 2024, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/cid.13286, W

iley O
nline L

ibrary on [21/06/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the degree of inflammation, while providing pro-stimulative effects on

peri-implant connective tissue healing and integration, based on sig-

nificantly higher collagen formation and vimentin expression than the

control group. In turn, the control group showed more expressed

keratinization than the PT, based on significantly higher CK10 expres-

sion, although the diameter of the keratinized mucosa was similar

between the groups at the clinical level.

In vitro and in vivo studies have clearly indicated that the

physico-chemical characteristics of the abutment surface influence

and shape peri-implant soft tissue integration, but it has also been

suggested that materials influence host and bacterial cell attrac-

tion.44,45 Hence, the development of a fine-tuned protocol that pro-

motes soft tissue integration while preventing bacterial adhesion to

the implant surface is a priority but also a challenging request, and the

outcomes of the present study suggest the promising capacity of PT

to respond to it.

It has been proposed that the success of the implant treatment

can be predicted based on “competition” between bacterial and soft

tissue cells, as bacterial biofilms interfere with macrophage polariza-

tion and prevent epithelial cells from sealing to the implant surface.

The present study showed that PT helped to reduce plaque

accumulation and inflammation, in accordance with the study previ-

ously reported by this group.28 Briefly, the previous study showed the

same clinical results between the groups, while demonstrating that

bacterial biofilms around PT were dominated by pioneer colonizers in

contrast to NPT which was associated rather with late colonizers

characteristic to mature biofilms.28

This is important because infection, even in its sub-clinical grade,

is considered the most devastating complication of biomaterials46 due

to its immediate interference with healing processes and far-reaching

role in the development of future implant infections.

Another plausible explanation for the lower inflammation in PT

compared to NPT can be explained by the capacity of this treatment

to remove surface contaminants and pollutants also originating from

the standard manufacturing process, such as metal particles, grease,

hydrocarbon, etc.47,48

As it was demonstrated that healing abutments affect immuno-

logical networks within healing processes, it might be considered that

the reduction of pollutants would support the healing process by pro-

moting M2 polarization and guiding the inflammatory reactions

toward a regenerative course.

Briefly, the single clinical parameter that was significantly lower in

the PT group when compared to NPT was PI, suggesting the anti-

biofilm effects of the PT. This result is in accordance with the study

previously reported by this research group, demonstrating that plasma

pre-treatment of abutments decelerates plaque accumulation and

maturation28 at both the clinical and microbiome levels.

In that sense, control of the biofilm via plasma-activated surface

may provide favorable effects on M2-macrophage polarization under-

lying soft tissue healing processes.49 Additionally, one of the key PT

minute of angle is the increase of surface wettability, and it has been

reported that hydrophilicity of the implant surface improves soft tis-

sue integration through the promotion of the M2-polarization and

upregulation of the gingival fibroblasts.11

CK10 is a standard biomarker of keratinization used to estimate

the grade of keratinization of the peri-implant epithelium.50 The pre-

sent study has demonstrated significantly more expressed CK10 in

NPT when compared to PT, but the level of KM diameter was clini-

cally comparable between the groups. The analysis of microanatomy

showed no tissue alteration in either group, except for a slight hyper-

trophy of the nuclei in the NPT, characterized by a compact gingival

epithelium without cell spacing and a solid subgingival connective tis-

sue structure.

In that context, the significantly more expressed CK10 in NPT

can plausibly be considered as the predominance of the reparatory

phase in peri-implant soft tissue healing around NPT, as cytokeratin

family includes fibrillar proteins involved in scar tissue formation.51

This observation is also supported by the findings obtained with picro-

sirius red staining, which shows that tissues with a higher level of

CK10 have a minor quantity of collagen and vice versa.

Finally, collagen improves elasticity and tensile strength to tissues

and is indicative of a functional healing process with a predominant

regenerative component,52 and collagen content was significantly

more expressed in PT specimens. Moreover, vimentin, a type III

F IGURE 6 Soft tissue profiles around plasma-treated and non-
treated abutments. NPT was associated with a high percentage of
CK10 (>47.5%), or in the case of less CK10, with a thin biotype and
higher vimentin expression (>40.45%) or thick biotype and higher
keratinized mucosa diameter. PT was associated with lower CK10
expression (<5.97%) and high vimentin expression (>47.5%), or in case
of lower vimentin expression (<40.45) PT was associated with thin
biotype and lower vimentin, or with thick biotype and lower
keratinized mucosa diameter (<2.5 mm). Model provided accuracy:
0.868 ± 0.091; precision: 0.920 ± 0.160, recall: 0.850 ± 0.123 and
area under the ROC curve = 0.938 ± 0.069. PT, plasma treated; NPT,
non-plasma treated; KM, keratinized mucosa; thresholds are provided
in blue.
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intermediate filament protein constituting the cytoskeleton and bring-

ing strength and mechanical resistance to the cell, was expressed in

mesenchymal cells and plays a pivotal role in the healing

processes.28–31 In fact, vimentin is a structural protein of the cytoskel-

eton that provides strength and mechanical resistance to the cell. It

plays a pivotal role in wound healing, as it was demonstrated that

transgenic mice lacking vimentin have longer healing times when com-

pared to wild-type animals.28 Vimentin is highly expressed in mesen-

chymal cells and cells going through the epithelial–mesenchymal

transition during wound healing, fibrosis, and metastatic tumoral

processes.29–31 For these reasons, vimentin is considered one of the

gold standard markers of the healing processes. This pro-healing

marker was significantly more expressed in PT compared to NP, addi-

tionally suggesting more potent healing processes and more robust

soft tissue integration around PT pre-treated abutments. This is indi-

rectly in accordance with reported in vitro studies showing the capac-

ity of PT to increase migration, proliferation, and adhesion of human

fibroblasts to the implant surface, improving the overall quality of the

soft tissue integration.22–24 This is also concordant with findings

reported by Garcia and colleagues,53 demonstrating stronger connec-

tive tissue attachment following plasma treatment, with more densely

packed collagen fibers and a fair prevalence of oblique fibers. These

findings can also be assigned to the biophysical properties of the

argon plasma and its ability to increase the surface energy abutment

wettability.54–56

In fact, while this process prevents microscopical changes in tita-

nium topography, it simultaneously allows the treated surfaces to act

as a “cell multiplier.”57–61 The recently published histological study

indeed demonstrated increased absorption of proteins and cellular

adhesion with cells spreading around bioactivated abutments, and a

significantly wider band of connective tissue in contact with pre-

treated abutments even in the early-stage healing.32 This is of particu-

lar importance since the main objective of peri-implant soft-tissue

management is to increase the fibroblast and extracellular matrix con-

tent to the peri-implant connective tissues exhibiting less gingival

fibroblasts compared to the gingival tissue around natural teeth. In

that context, the experimental PT seems to answer the requests for

peri-implant soft tissue “reinforcement” using a low invasive proce-

dure in contrast to the standard surgical procedure of connective tis-

sue grafting also associated with post-operative morbidity.

To perform comprehensive and highly accurate peri-implant soft

tissue profiling between PT and NPT, the present study deployed

MLAs in addition to conventional statistical methods. As recently

stated, there are many ways in which MLAs support medicine thanks

to their outstanding capacity in the assessment of large datasets, with

superior accuracy compared to standard statistics and their ability to

identify complex interrelations and to implement them into interpret-

able patterns and clinical strategies.62 The generated MLA model

exerted solid properties and the critical discriminants between PT and

NPT were higher CK10 expression in NPT and higher vimentin in PT

groups. This result is in agreement with the statistical results, and con-

sidering all the outcomes as a whole, these outcomes are suggestive

of more expressed soft tissue reparative healing around NPT and

more functional regenerative healing around PT abutments. However,

further studies are needed to confirm this hypothesis.

The present study has several limitations. The main ones are the

relatively small sample size and lack of longitudinal follow-up, which

should be the subject of future studies. Although the experimental

and test groups had a comparable distribution of implant positions

per jaws, studies with larger samples should also reveal the potential

impact of different implant positions within jaws on PT efficacy.

Another limitation of the study is the evaluation of only one type of

abutment surface, so future studies should evaluate the effect of PT

on different types of abutments, particularly on rough abutment sur-

faces with a special focus on their respective anti-plaque properties.

Finally, the present study investigated only titanium abutments,

while in light of recently published systematic reviews and their

related favorable findings on ceramic abutments,63,64 the forthcom-

ing research on the PT protocols should extend to other materials

as well.

5 | CONCLUSION

Within the limitations of the study, the healing abutment PT provides

less plaque accumulation and inflammation, with more robust connec-

tive tissue healing but without effects on keratinized epithelium when

compared to the control group. Hence, PT seems to be a promising

tool for guided soft tissue morphogenesis and potent soft tissue

integration.
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