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Instruction for Authors

The Journal of the Dental Association of Thailand

(J DENT ASSOC THAI) supported by the Dental Assocition
of Thailand, is an online open access and peer-reviewed
journal. The journal welcomes for submission on the field
of Dentistry and related dental science. We publish 4
issues per year in January, April, July and October.

» Categories of the Articles «

1. Review Articles: a comprehensive article with
technical knowledge collected from journals and/or
textbooks which is profoundly criticized or analyzed, or
tutorial with the scientific writing.

2. Case Reports: a clinically report of an update
or rare case or case series related to dental field which
has been carefully analyzed and criticized with scientific
observation.

3. Original Articles: a research report which has
never been published elsewhere and represent new
significant contributions, investigations or observations, with
appropriate experimental design and statistical analysis in
the filed of dentistry.

» Manuscript Submission «

The Journal of the Dental Association of Thailand
welcome submissions from the field of dentistry and related
dental science through only online submission. The manuscript
must be submitted via http://www.jdat .org. Registration by
corresponding author is once required for the article’s sub-
mission. We accept articles written in both English and Thai.
However, for Thai article, English abstract is required whereas
for English article, there is no need for Thai abstract submission.
The main manuscript should be submitted as .doc (word97-
2003). All figures, and tables should be submitted as sepa-
rated files (1 file for each figure or table). For the acceptable
file formats and resolution of image will be mentioned in
8. of manuscript preparation section.

» Scope of Article «

Journal of Dental association of Thailand (JDAT)
is a quarterly peer-reviewed scientific dental journal aims
to the dissemination and publication of new knowledges
and researches including all field of dentistry and related
dental sciences
» Manuscript Preparation «

1. For English article, use font to TH Sarabun New Style
size 14 in a standard Ad paper (21.2 x 29.7 cm) with 2.5 cm
margin on a four sides. The manuscript should be typewritten.

2. For Thai article, use font of TH Sarabun New Style
size 14 in a standard A4 paper (21.2 x 29.7 cm) with 2.5 cm
margin on a four sides. The manuscript should be typewritten

with 1.5 line spacing. Thai article must also provide English
abstract. All reference must be in English. For the article
written in Thai, please visit the Royal Institute of Thailand
(http://www.royin.go.th) for the assigned Thai medical
and technical terms. The original English words must be
put in the parenthesis mentioned at the first time.

3. Numbers of page must be placed on the top
right corner. The length of article should be 10-12 pages
including the maximum of 5 figures, 5 tables and 40
references for original articles. (The numbers of references
are not limited for review article).

4. Measurement units such as length, height,
weight, capacity etc. should be in metric units. Temperature
should be in degree Celsius. Pressure units should be
in mmHg. The hematologic measurement and clinical
chemistry should follow International System Units or SI.

5. Standard abbreviation must be used for
abbreviation and symbols. The abbreviation should not be
used in the title and abstract. Full words of the abbreviation
should be referred at the end of the first abbreviation in
the content except the standard measurement units.

6. Position of the teeth may use full proper name
such as maxillary right canine of symbols according to FDI
two-digit notation and write full name in the parenthesis
after the first mention such as tooth 31 (mandibular left
central incisor)

7. Table: should be typed on separate sheets
and number consecutively with the Arabic numbers. Table
should self-explanatory and include a brief descriptive title.
Footnotes to tables indicated by lower-case superscript
letters are acceptable.

8. Figure : the photographs and figures must be
clearly illustrated with legend and must have a high
resolution and acceptable file types to meet technical
evaluation of JDAT that is adapted from file submissions
specifications of Pubmed (https://www.ncbi.nlm.nih.gov/
pmc/pub/filespec-images/#int-disp). We classify type of
figure as 3 types following: line art, halftones and combo
(line art and halftone combinations) The details of description,
required format, color mode and resolution requirement
are given in table below.

Numbers, letters and symbols must be clear and
even throughout which used in Arabic form and limited
as necessary. During the submission process, all photos
and tables must be submitted in the separate files. Once
the manuscript is accepted, an author may be requested
to resubmit the high quality photos.
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» Contact Address «

Editorial Staff of JDAT

The Dental Association of Thailand

71 Ladprao 95, Wangtonglang, Bangkok 10310, Thailand.
Email: jdateditor@thaidental.or.th Tel: +669-7007-0341
» Preparation of the Research Articles «

1. Title Page

The first page of the article should contain the
following information

- Category of the manuscript

- Article title

- Authors’ names and affiliated institutions

- Author’s details (name, mailing address, E-mail,
telephone and FAX number)

2. Abstract

The abstract must be typed in only paragraph.
Only English abstract is required for English article. Both
English and Thai abstract are required for Thai article
and put in separate pages. The abstract should contain title,
objectives, methods, results and conclusion continuously
without heading on each section. Do not refer any documents,
illustrations or tables in the abstract. The teeth must be
written by its proper name not by symbol. Do not use
English words in Thai abstract but translate or transliterate
it into Thai words and do not put the original words in the
parenthesis. English abstract must not exceed 300 words.
Key words (3-5 words) are written at the end of the abstract
in alphabetical order with comma (,) in-between.

3. Text

The text of the original articles should be organized
in section as follows

- Introduction: indicates reasons or importances
of the research, objectives, scope of the study. Introduction
should review new documents in order to show the correlation
of the contents in the article and original knowledge. It must
also clearly indicate the hypothesis.

- Materials and Methods: indicate details of
materials and methods used in the study for readers to be
able to repeat such as chemical product names, types of
experimental animals, details of patients including sources,
sex, age etc. It must also indicate name, type, specification,
and other information of materials for each method. For
a research report performed in human subjects, human
material samples, human participants and animal samples,
authors should indicate that the study was performed
according to the Experiment involving human or animal
subjects such as Declaration of Helsinki 2000, available at:
https.//www.wma.net/what-we-do/medical-ethics/declara-
tion-of-helsinki/doh-oct2000/, or has been approved by

the ethic committees of each institute (*ethic number
is required).

- Results: Results are presentation of the discovery
of experiment or researches. It should be categorized and
related to the objectives of the articles. The results can be
presented in various forms such as words, tables, graphs of
illustrations etc. Avoid repeating the results both untables
and in paragraph =. Emphasize inly important issues.

- Discussion: The topics to be discussed include
the objectives of the study, advantages and disadvantages
of materials and methods. However, the important points
to be especially considered are the experimental results
compared directly with the concerned experimental study.
It should indicate the new discovery and/or important issues
including the conclusion from the study. New suggestion
problems and informed in the discussion and indicate the
ways to make good use of the results.

- Conclusion: indicates the brief results and the
conclusion of the analysis.

- Acknowledge: indicates the institute or persons
helping the authors, especially on capital sources of
researches and numbers of research funds (if any).

- Conflicts of interest : for the transparency
and helping the reviewers assess any potential bias. JDAT
requires all authors to declare any competing commercial
interests in conjunction with the submitted work.

- Reference: include every concerned document
that the authors referred in the articles. Names of the
journals must be abbreviated according to the journal name
lists n “Index Medicus” published annually of from the
website http://www.nlm.hih.gov
» Writing the References «

The references of both Thai and English articles
must be written only in English. Reference system must
be Vancouver reference style using Arabic numbers, making
order according to the texts chronologically. Titles of the
Journal must be in Bold and Italics. The publication year,
issue and pages are listed respectively without volume.
Sample of references from articles in Journals

- Authors

ZhaoY, Zhu J: In vivo color measurement of 410
maxillary anterior teeth. Chin J Dent Res 1998;1(3):49-51.

- Institutional authors

Council in Dental Materials and Devices. New
American Dental Association Specification No.27 for direct
filling resins. J Am Dent Assoc 1977,94(6):1191-4

- No author

Cancer in South Africa [editoriall. S Afr Med J
1994:84:15
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Sample of references from books and other mono-
graphs

- Authors being writers

Neville BW, Damn DD, Allen CM, Bouquot JE.
Oral and maxillofacial pathology. Philadelphia: WB
Saunder; 1995. P. 17-20

- Authors being both writer and editor

Norman IJ, Redfern SJ, editors. Mental health care
for the elderly people. New York: Churchill Livestone; 1996.

- Books with authors for each separate chapter

- Books with authors for each separate chapter
and also have editor

Sanders BJ, Handerson HZ, Avery DR. Pit and
fissure sealants; In: McDonald RE, Avery DR, editors.
Dentistry for the child and adolescent. 7th ed. St Louis:
Mosby; 2000. P. 373-83.

- Institutional authors

International Organization for Standardization.
ISO/TR 11405 Dental materials-Guidance on testing of
adhesion to tooth structure. Geneva: ISO; 1994,
Samples of references from academic conferences

- Conference proceedings

Kimura J, Shibasaki H, editors. R The Journal of
the Dental Association of Thailand (JDAT): (ISSN 2408-1434)
online open access and double-blind peer review journal
and also supported by the Dental Association of Thailand
advances in clinical neurophysiology. Proceeding of the
10th International Congress of EMG and Clinical Neuro
physiology; 1995 Oct 15-19; Kyoto, Japan. Amsterdam;
Elsevier; 1996.

- Conference paper

Hotz PR. Dental plague control and caries. In:
Lang PN, Attstrom R, Loe H, editors. Proceedings of the
European Work shop on Mechanical Plague Control,
1998 May 9-12; Berne, Switzerland. Chicago: Quintessence
Publishing; 1998. p. 25-49.

- Documents from scientific or technical reports

Fluoride and human health. WHO Monograph;
1970. Series no.59.
Samples of reference from thesis

Muandmingsuk A. The adhesion of a composite
resin to etched enamel of young and old teeth [disser-
tation]. Texas: The University of Texas, Dental Branch at
Houston; 1974.
Samples of reference from these articles are only
accepted in electronic format

- Online-only Article (With doi (digital iden-
tification object number))

Rasperini G, Acunzo R, Limirolj E. Decision making
in gingival rec experience. Clin Adv Periodontics 2011;1:
41-52. doi:10.1902 cap.2011.1000002.

- Online only article (without doi)

Abood S. Quality improvement initiative in nursing
homes: the ANA acts in an advisory role. Am J Nurs 2002;
102(6) [cited 2002 Aug 12] Available from: http://nursingworld.
org/AIN/2002/june/WaWatch.htmArticle
Samples of references from patents/petty patents

- Patent

Pagedas AC, inventor; Ancel Surgical R&D Inc.,
assignee. Flexible endoscopic grasping and cutting device
and positioning tool assembly. United States patent US
20020103498. 2002 Aug 1.

- Petty patent

Priprem A, inventor, Khon Kaen University.
Sunscreen gel and its manufacturing process. Thailand
petty patent TH1003001008. 2010 Sep 20.

» Preparation of the Review articles and Case reports «

Review articles and case reports should follow the
same format with separate pages for abstract, introduction,
discussion, conclusion, acknowledgement and references.
» The Editorial and Peer Review Process «

The submitted manuscript will be reviewed by
at least 2 qualified experts in the respective fields. In
general, this process takes around 4-8 weeks before the
author be noticed whether the submitted article is
accepted for publication, rejected, or subject to revision
before acceptance.

The author should realize the importance of
correct format manuscript, which would affect the duration
of the review process and the acceptance of the articles.
The Editorial office will not accept a submission i the
author has not supplied all parts of the manuscript as
outlined in this document.

» Copyright «

Upon acceptance, copyright of the manuscript
must be transferred to the Dental Association of Thailand.

PDF files of the articles are available at http://
www.jdat.org

Publication fee for journals: Free for Black and white printing
this article. The price of color printing is extra charged 10,000 bath/
article/1,500 copy (vat included).

Note: Color printing of selected article is considered by editorial
board. (no extra charge)

» Updated January, 2024 «
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Review Article

Masticatory Performance After Orthodontic Treatment

Chookiat Wachiralarpphaithoon' and Pongthep Somsriphang’
'Department of Masticatory Science, Faculty of Dentistry, Mahidol University, Bangkok

Abstract

Orthodontic treatment aims to enhance dental aesthetics and functionality. Its impact on masticatory performance,
which encompasses the efficiency and effectiveness of chewing, remains an important area of study. Factors influencing
masticatory performance include dental alignment, occlusal contact, and muscular coordination. This review aims to
summarize both the relationship between masticatory performance after orthodontic treatment and the commonly
used methods for measuring masticatory performance following orthodontic treatment. A systematic search of
electronic databases (PubMed [including MEDLINE] and Scopus) was conducted for studies published from January
2000 up to May 2024, focusing on masticatory performance in patients undergoing orthodontic treatment. Studies
were selected based on predefined eligibility criteria, data on study characteristics, orthodontic interventions,
masticatory assessment methods, and key findings regarding masticatory changes that were extracted. Out of 797
records identified, 13 studies met the inclusion criteria. These studies evaluated masticatory performance before
and after orthodontic treatment using both subjective and objective measurements, with maximum bite force and
occlusal contact area being the most used methods. The review found that non-extraction orthodontic treatment
generally improved masticatory performance, as evidenced by comminution tests and self-reported ability, although
performance still lagged behind natural occlusion post-treatment. Extraction orthodontic treatment presented
mixed results, with lower masticatory performance in the early retention phase that gradually increased, ultimately
showing no significant differences in occlusal contact area or force between extraction and non-extraction groups
over time. Orthognathic surgery enhanced masticatory function, but it still did not reach the levels observed in
individuals with natural occlusion, despite improvements in bite force and occlusal contact area over time. Overall,
non-extraction treatment showed improvements but remained inferior to controls, while extraction treatment had

variable outcomes and orthognathic surgery improved function but fell short of natural occlusion.

Keywords: Chewing performance, Extraction, Malocclusion, Masticatory performance, Non-extraction,

Orthodontic treatment, Orthognathic surgery

Received date: Jan 27, 2025 Revised date: May 20, 2025 Accepted date: Jul 3, 2025
Doi: 10.14456/jdat.2025.20

Correspondence to:

Chookiat Wachiralarpphaithoon. Department of Masticatory Science, Faculty of Dentistry, Mahidol University, 6 Yothi road., Ratchathewi,
Bangkok, 10400 Thailand Tel: 02-200-7856, 02-200-7857 ext 0 Email: Chookiat.wac@mahidol.ac.th.

Introduction

Orthodontic treatment primarily focuses on aesthetics and occlusal function (Proffit et al., 2013). Akey

correcting dentofacial abnormalities to improve dental area of interest in research is the impact of orthodontic

Wachiralarpphaithoon and Somsriphang, 2025 194



treatment on masticatory performance—the efficiency
and effectiveness of chewing, which plays a crucial role
in oral function and overall health.'

Masticatory performance refers to the ability to
effectively break down and process food during chewing.
Optimal chewing function relies on a complex interaction
of factors, such as dental occlusion, tooth positioning, jaw
movement, and neuromuscular coordination. Malocclusions,
or misalignments of the teeth and jaws, can negatively
impact masticatory efficiency by disrupting the smooth
coordination of these factors, making chewing less effective.”

The relationship between orthodontic treatment
and masticatory performance has been the subject of
extensive research efforts, yielding a diverse array of findings.
While some studies suggest that orthodontic interventions
can improve masticatory function by correcting malocclusions
and optimizing dental occlusion, others indicate that the
presence of orthodontic appliances or the initial stages
of treatment may temporarily impair chewing efficiency
due to factors such as dental discomfort, altered occlusal
contacts, and neuromuscular adaptations.*

Investigating the impact of orthodontic interventions
on masticatory performance is crucial for both clinicians
and patients. From a clinical perspective, understanding
these effects helps guide treatment decisions, patient
counseling, and the implementation of strategies to minimize
any potential negative impacts on chewing function during
treatment. For patients, being informed about these
potential effects can help set realistic treatment goals and
encourage necessary dietary or behavioral adjustments
throughout the treatment process.”

This review aims to investigate the relationship
between masticatory performance after orthodontic
treatment and determine the most used measure of
masticatory performance after orthodontic treatment.
1. Masticatory performance

Masticatory performance refers to the efficiency
and effectiveness of the chewing process, which is critical
for breaking food into smaller, more digestible particles.
This ability can be measured using various methods, each
designed to quantify different aspects of the masticatory

process. One common approach is to assess an individual's

capacity to comminute a standardized test food, such
as almonds, or artificial materials like chewing gum
or paraffin wax. These methods involve evaluating
the particle size distribution after a set number of chewing
cycles, thereby providing an objective measure of
masticatory performance.”

In other words, masticatory performance refers
to the individual's ability to grind a specimen of test food
after a predetermined number of mastication cycles.While
masticatory efficiency refers to the number of chewing
cycles necessary to attain half the original particle size.™
2. Assessment of masticatory performance

This assessment typically involves measuring
the ability to break down food, the number of chewing
cycles, and the time taken to achieve a specific degree of
food fragmentation. Methods include the use of artificial
test foods, such as silicone-based particles or chewing
gums, and natural foods like almonds or carrots. Objective
measurements may involve particle size analysis through
sieving or image processing, while subjective evaluations
might include patient questionnaires on chewing ability
and comfort. Factors influencing masticatory performance
include dental status, occlusal patterns, muscle function,
and the use of prosthetic appliances."

Masticatory performance assessment refers to
evaluating the outcome of the mastication process using
various methodologies and techniques. The consensus
paper outlines two primary approaches:

2.1 Objective assessment

Comminution tests: These involve chewing brittle
food (e.g., nuts, raw carrots) for a predetermined number
of cycles, followed by sieving or optical scanning of the
chewed particles to analyze their size distribution.

Mixing ability tests: These use non-nutritive
materials like two-colored chewing gum or wax, chewed for
a fixed number of cycles, and then analyzed for color mixing
to assess the kneading efficiency of the oro-facial system.

Other chewing tests: These include using gummy jelly
or encapsulating granules with dyes to measure masticatory
performance through spectrophotometric analysis.

Swallowing threshold: This assesses the number

of chewing cycles until the food is ready to be swallowed

195 J DENT ASSOC THAI VOL.75 NO.4 OCTOBER - DECEMBER 2025



and analyzes the particle size and textural properties
of the bolus.
2.2 Objective assessment (indirect analysis)

Jaw kinematics: Recording jaw movements during
chewing using magnetic, electromagnetic, or optical motion
analysis systems.

Jaw muscle activity and bite force: Measuring
muscle activity with surface electrodes and bite force
with transducers.

Tongue and lip function: Assessing maximum
tongue pressure and lip force.

Saliva: Measuring mechanically stimulated
salivary flow rate and analyzing its composition.

2.3 Subjective assessment:

Self or proxy-assessed masticatory function:
using questionnaires to evaluate the perceived quality of
masticatory function and difficulties in chewing different
types of food.

2.4 Advantages and Limitations

Each method has distinct advantages and limitations,
which must be considered when selecting the appropriate
assessment technique.

Comminution tests:

Advantages: Detailed, reliable, and suitable for
a wide range of populations.

Limitations: Requires precise control of conditions
and may not be suitable for all demographics.

Mixing ability tests:

Advantages: Quick, simple, and cost-effective.

Limitations: May not detect subtle differences
in high-capacity chewers and requires immediate
analysis.

Other chewing tests:

Advantages: Easy to apply and measure, suitable
for epidemiological studies.

Limitations: Limited by the specificity of test
materials and potential type Il errors.

Swallowing threshold:

Advantages: Reflects real-life chewing behavior
and provides comprehensive bolus characteristics.

Limitations: Highly influenced by food characteristics

and individual variability.

Jaw kinematics and muscle activity:

Advantages: Detailed neuromuscular analysis
and insights into chewing dynamics.

Limitations: Limited to laboratory settings
and requires specialized equipment.
Subjective assessments:

Advantages: Captures patient perceptions
and psychological factors.

Limitations: Poor correlation with objective

measures and influenced by individual biases.

Materials and Methods

1. Search strategy

A digital electronic search of publications from
three electronic databases—PubMed (including MEDLINE)
and Scopus, was conducted up to May 2024. No publication
date limits were applied, although only articles published
in English were included. The search query was implemented
using the following combinations of keywords: (Mastication
OR Chewing) AND (performance or productivity or efficiency
or success or outcomes) AND (orthodontic treatment. The
digital search was implemented by manually searching
the reference lists from full-text articles and related
reviews. Detailed individual search strategies and word
combinations were developed following the PICOS
criteria. In addition, a hand-search of the references of
the included articles was performed.
2. Eligibility criteria

The PICO criteria related to research questions
are detailed below:
2.1 Population: patients with malocclusion and skeletal
discrepancy.
2.2 Intervention: non-extraction, extraction, orthognathic
surgery in the maxilla, mandible, or both.
2.3 Comparison: Control (normal occlusion) or before treatment
vs. post-orthodontic treatment at any follow-up periods.
2.4 Outcome: Masticatory performance (chewing performance,
masticatory efficacy, masticatory ability) evaluated using
subjective and objective assessment of masticatory
performance.

The inclusion criteria comprised randomized controlled

trials, prospective controlled studies, and observational
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studies with a comparison group, as well as English-language evaluated according to the criteria specified in the individual

publications focusing on orthodontic treatment. studies. As various assessment methods exist for evaluating
The exclusion criteria consisted of studies that did not masticatory performance, the clinical methods used were
provide sufficient data to calculate the masticatory performance, listed to create a dataset of efficacy criteria. Objective
case reports, literature reviews, and opinion articles. assessment of masticatory performance in this review is
3. Study selection measured by three main parameters: the results from the
The electronic search was used to identify relevant comminution method, bite force, and occlusal contact
studies, which then underwent an initial screening of area. Subjective assessment of masticatory ability is
titles, abstracts, and study designs by two independent conducted using a self-perceived questionnaire.
reviewers. In cases where abstracts were ambiguous or
insufficient, full-text articles were retrieved for detailed
assessment. Selected studies were then reevaluated 1. Study selection
against predefined inclusion and exclusion criteria. The final electronic search on PubMed, which
Any disagreements between reviewers were resolved includes MEDLINE-indexed articles, and Scopus retrieved
through discussion, and a third reviewer was consulted 797 studies. After removing 332 duplicates, 465 titles and
when consensus could not be reached. Data extraction abstracts were screened. A total of 349 studies were
was performed independently by two reviewers using a excluded for irrelevance. Of the remaining 66 studies, 27
standardized form. Any discrepancies were addressed were retrieved for full text review and 14 studies were
through rechecking source material and, when necessary, excluded during full-text screening due to the absence of
by contacting the original authors to obtain missing a control group, a requirement specified in our inclusion
information related to masticatory performance. criteria. As a result, 13 studies met all inclusion criteria
4. Outcome measures / Measurement of treatment effect and were included in the final analysis.”***, as depicted
Outcome measures aim to interpret masticatory in Figure 1.

performance after various types of orthodontic treatment,

[ Identification of studies via databases and registers }
M)
S Records identified from
= Databases Records removed before
2 PubMed (n =377) || screening:
z Scopus (n=220) Duplicate records removed
% Medline (n=200) (n =332)
l
M
R d d Records excluded
eEor S screene —| The topic title does not correlate
(n =465) with the aim of the study.
(n =349)
. l
2
E’ Reports sought for retrieval L Reports not retrieved
S (n = 66) (n =39) Not full text
o
9
’ l
Reports assessed for eligibility | || Reports excluded: 14
(n=27) No control group (n = 14)
l
T
o Reports of included studies
2 (n=13)
c
N

Figure 1 Flowchart diagram of the research search. Exclusions and final number included in the review.
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2. Study characteristics

This literature review thoroughly collected
and examined studies carried out on volunteer groups.
These studies were then categorized into three main
groups. These groups specifically explored the efficacy
of masticatory function after orthodontic treatments.
The studies within these categories concentrated on
patients who underwent different orthodontic methods,

including non-extraction, extraction, and combined surgical

orthodontic procedures. The mean ages of participants
in the included studies varied from 21 to 30 years.
Additionally, gender information was available in the
articles, comprising 629 females and 355 males. In one
study, the gender of the volunteer participants was not
specified. Furthermore, several articles examined various
measures of masticatory performance. Regarding study
design, the included studies comprised 13 prospective

cohort studies as described in Table 1.2

Table 1 Descriptive characteristics of the included studiies.

Author, Year

Study type

Number of

Control group

Number of

Experimental group

Type of

Treatment

Gameiro et al., 2002
Henrikson et al., 2009
Lee et al., 2023

Yoon et al.,, 2017
Harada et al., 2000
Kato et al., 2012
Kobayashi et al., 2001
Nagai et al.,, 2001
Choi et al,, 2014
Ohkura et al., 2001
Ueki et al., 2014

van den Braber et al., 2004

van den Braber et al., 2006

prospective cohort study
prospective cohort study
prospective cohort study
prospective cohort study
prospective cohort study
prospective cohort study
prospective cohort study
prospective cohort study
prospective cohort study
prospective cohort study
prospective cohort study
prospective cohort study

prospective cohort study

30 (F15, M15) 17 (M9, F8) Non-extraction
F58 F65 Non-extraction
20 (M10, F10) 18 (M9, F9) Extraction
F36 Fa9 Extraction
20 (M10, F10) 25 (M10, F15) Surgery
20 (M7, F13) 13 (M2, F11) Surgery
40 (M24, F16) 27 (M7, F20) Surgery
32 (M16, F16) 43 (M21, F22) Surgery
67 (M32, F35) 78 (M=39, F=39) Surgery
40 (M20, F20) 57 (M26, F31) Surgery
40 (M20, F20) 54 (M26, F28) Surgery
12 (M4, F8) 11 (M5, F6) Surgery
12 (M8, Fa) 12 (M8, Fa) Surgery

3. Assessment of masticatory performance

The assessment of masticatory performance,
based on an intensive analysis of 13 research publications,
highlights the variety of approaches used to evaluate
masticatory performance in patients following orthodontic
procedures. This study reveals that research may employ
a broad array of approaches, exceeding the limitations of
a single methodology, thereby increasing the efficacy and
comprehensiveness of the assessment process. Parameters
indicating masticatory performance (comminution, bite
force, occlusal contact area, and self-perceived questionnaires)
were measured pre-treatment and post-treatment in
before-and-after studies. The studies provided post-treatment

data compared with control patients (normal occlusion).

The findings from the inclusion studies, as
summarized in Table 2, reveal that the most frequently
utilized parameters for assessing masticatory performance
following orthodontic treatment are maximum bite force
and occlusal contact area. These metrics were employed
in 11 of the 13 selected studies. Comminution (median
particle size X50) and masticatory efficiency were the
second most used parameters, featuring in three of
the 13 studies. Furthermore, the mixing ability test and
self-perceived masticatory ability were each reported in
one study. These diverse measures are applied across
multiple studies, offering a comprehensive evaluation
that encompasses both the objective and subjective

facets of masticatory performance.
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Table 2 Summary of frequently used measures of masticatory performance of inclusion studies.

Parameter Method

Studies sum

Maximum Bite Force or Bite on the pressure-sensitive

Occlusal Contact Area film for a few seconds

Lee et al. (2023), Yoon et al. (2017), 11
Choi et al. (2014), Harada et al. (2000),

Kato et al. (2012), Kobayashi et al. (2001),

Nagai et al. (2001), Ohkura et al. (2001),

Ueki et al. (2014) van den Braber et al. (2004, 2006)

Comminution (Median
Particle Size X50)

Chewing artificial test food
(Optocal) or silicon impression
material (Optosil® Bayer) for

specific cycles

Gameiro et al. (2002), 3
van den Braber et al. (2004, 2006)

Masticatory Efficiency Chewing silicon impression
material (Optosil® Bayer) for

specific cycles

Henrikson et al. (2009), Kato et al. (2012), 3
Kobayashi et al. (2001)

Mixing Ability Test Chewing two-color gum on Lee et al. (2023) 1
the preferred chewing side for
specific cycles

Self-Perceived Questionnaire visual analog Henrikson et al. (2009) 1

Masticatory Ability scale

4. Relationship between masticatory performance
after orthodontic treatment

This is an overview of this literature review on
investigations on masticatory performance following
orthodontic treatment. Participants were classified into
many groups compared to a control group that did not
get such an intervention. The selection process yielded 13
academic articles for review, categorized as follows: two
studies investigated participants undergoing non-extraction
orthodontic treatment, two studies examined those
receiving tooth extraction orthodontic interventions,
and nine studies delved into cases involving orthodontic
treatment coupled with orthognathic surgical procedures.
4.1 Masticatory performance after non-extraction
orthodontic treatment

Two studies examined participants treated
orthodontically without tooth extractions and compared
them to a control group with natural occlusion that did not
receive orthodontic therapy. Objective measurements were
used in these studies to assess masticatory performance.
In this context, measurements related to masticatory
performance were collected by comparing the control

and post-treatment groups using a comminution test for

chewing synthetic test food, colorimetric analysis with a
spectrophotometer, and the distribution of occlusal load.
The subjective evaluation of masticatory performance
assessed self-reported masticatory capacity using a Visual
Analog Scale questionnaire.

The masticatory performance in the malocclusion
patients during the baseline examination was notably
reduced compared to the control group. The X50 (median)
particle size after 15 strokes of chewing was higher in the
malocclusion group, at 5.7 mm, than it was in the control
group, at 4.8 mm, suggesting less effective mastication.
The improvement in masticatory performance after
orthodontic treatment in the malocclusion group was
significant. After 15 chewing strokes, the median particle
size was reduced to 5.1 mm, closer to the 4.8 mm of the
control group. This indicates that orthodontic treatment
managed to enhance the patients' chewing performance.”

The swallowing performance was as expected.
The malocclusion group also presented a higher median
particle size at the instance of swallowing (X50-sw) than
the control group before treatment (4.5 mm vs. 3.0 mm).
This indicates that patients with malocclusion were

swallowing larger particles, reflecting poor masticatory
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performance. In the post-treatment group, the X50-sw
was 3.4 mm. In the malocclusion group, which was not
significantly different from the control group the X50-sw
was at 3.0 mm. This indicates a considerable increase in the
ability of patients to reduce food particle size in the mouth
before swallowing, making it comparable to the controls.

The self-perceived masticatory ability in prospective
and longitudinal studies evaluate both self-perceived
masticatory ability and objectively tested masticatory
efficiency. The study evaluated the impact of orthodontic
treatment on self-perceived masticatory ability and
masticatory efficiency among adolescent girls with Class Il
malocclusion, comparing them to untreated Class Il and
normal occlusion groups. The self-perceived masticatory
ability significantly increased in the Orthodontic group
from a mean score of 74.4 to 86.4 (p=0.001), indicating
that orthodontic treatment had a positive effect on
how these individuals perceived their chewing ability.
In contrast, the untreated Class Il group and the Normal
group showed no significant changes over the two-year
period. Initially, the Normal group had significantly higher
self-perceived masticatory ability scores than both Class Il
groups (p<0.001), but after two years, there were no
significant differences between any groups.”’

Masticatory efficiency, measured by the Masticatory
Efficiency Index (MEI), improved in all groups over the
two-year period. The Orthodontic group's MEl increased
from 10.3 to 15.2 (95% Cl = 1.9-7.1; p=0.001), while the
Class Il group's MEl increased from 12.4 to 16.4(95% Cl =
1.7-6.5; p=0.001), and the Normal group's MEI rose from
17.1 to 21.5 (95% ClI = 2.1-6.4; p<0.001). Despite these
improvements, the Normal group consistently had a sig-
nificantly higher MEI compared to both the Orthodontic
and Class Il groups at both the start and after two years
(p<0.001 for both comparisons). No significant differences
in MEl were observed between the Orthodontic and Class I
groups at any point, suggesting that orthodontic treatment
did not bring the masticatory efficiency of treated individuals
up to the level of those with normal occlusion.

The study also examined preferred chewing sides
and occlusal characteristics. No significant differences

were found between groups regarding preferred chewing sides

both at the start and after two years. However, significant
improvements in occlusal characteristics were observed
in the Orthodontic group, such as reduced overjet and
normalization of sagittal and transverse relationships,
demonstrating the effectiveness of orthodontic treatment
in correcting occlusal issues.

While orthodontic treatment significantly enhances
self-perceived masticatory ability. it does not completely
normalize masticatory efficiency compared to individuals
with normal occlusion. The increase in masticatory efficiency
across all groups likely reflects natural growth and development
rather than the effect of orthodontic treatment alone.
4.2 Masticatory performance after orthodontic treatment
and tooth extraction

All groups (non-extraction, two maxillary premolar
extraction, and four premolar extraction) exhibited a significant
reduction in occlusal contact area and force immediately
after treatment. Over the two-year post-treatment period,
these metrics gradually increased. The non-extraction
and two maxillary premolar extraction groups achieved
full recovery to pre-treatment levels, while the four
premolar extraction group did not fully regain its initial
occlusal contact area.”

Statistical analysis revealed that the changes in
occlusal contact area and force were significantly correlated
with the time elapsed since treatment (P < .001). This
correlation underscores the gradual improvement in
masticatory performance over the two-year period. The
non-extraction and two maxillary premolar extraction
groups demonstrated a positive correlation between the
recovery of occlusal function and improved masticatory
performance, as indicated by the full recovery of occlusal
contact area and force to pre-treatment levels (P > .05).
Conversely, the four premolar extraction group, which
did not fully recover its occlusal contact area, highlighted
a negative correlation, suggesting that more extensive
extractions could have a lasting adverse effect on
masticatory performance. While orthodontic treatment
initially impairs occlusal function, significant recovery is
observed over two years, positively correlating with
improved masticatory performance in non-extraction and

two maxillary premolar extraction cases. The incomplete
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recovery in the four premolar extraction groups indicates
a potential long-term negative impact on masticatory
performance which is supported by the statistical evidence
showing a significant correlation between the degree of
extraction and the extent of functional recovery.

Immediately after orthodontic treatment, the
experimental groups (non-extraction and extraction)
demonstrated lower mixing ability (MA), maximum bite
force (MBF), and occlusal contact area (OCA) compared to
the normal occlusion group. This initial deficiency highlighted
the immediate impact of orthodontic treatment on
masticatory performance.”

Over the one-year retention period, significant
improvements were observed in all three parameters for
both experimental groups. Mixing ability (MA), measured
as the standard deviation of hue (SDHue) in chewed
gum, improved significantly over time. By one-month
post-treatment (T1), MA levels in both experimental groups
were comparable to those in the normal occlusion group.
This improvement continued, with MA reaching levels similar
to the normal occlusion group by one-year post-treatment
(T3). These results indicate a positive recovery trajectory
for chewing efficiency post-orthodontic treatment.

Maximum bite force (MBF) and occlusal contact
area (OCA) also showed significant increases during the
retention period. However, despite these improvements,
both MBF and OCA remained lower than those in the normal
occlusion group at all measured time points (T1, T2, and
T3). Statistical correlations between these parameters
provided further insights. There was a significant negative
correlation between MA and MBF (correlation coefficient:
-0.382, P < 0.01) and between MA and OCA (correlation
coefficient: -0.350, P < 0.01). This implies that as mixing
ability improves (i.e., SDHue decreases), both maximum
bite force and occlusal contact area tend to increase.
Additionally, a strong positive correlation was found
between MBF and OCA (correlation coefficient: 0.899,
P < 0.01), indicating that higher bite force is strongly
associated with a larger occlusal contact area.

The MP immediately after orthodontic treatment
in the experimental groups was lower than that in the

normal occlusion group but increased gradually over time

during the retention period and improved to levels similar
to those in the normal occlusion group at 1-month post-
treatment (T1). Furthermore, extraction did not affect the
recovery of the MP after orthodontic treatment.

4.3. Masticatory performance after orthognathic surgery

Assessment of masticatory performance following
orthognathic surgery shows that while surgical orthodontic
treatment improves function—particularly bite force
and occlusal contact area—these gains often fall short
of those seen in individuals with normal occlusion.
Nine studies evaluated masticatory performance using
parameters such as absorbance from the comminution
method, bite force, and occlusal contact area.

Across these studies, outcomes like masticatory
efficiency and electromyographic (EMG) activity were
measured both before and at various intervals after surgery.
Harada et al. reported that bite force and occlusal contact
area were lowest at two weeks postoperatively, recovered
to baseline between eight weeks and three months, and
exceeded preoperative levels by six months—yet remained
below those of healthy subjects. Kobayashi et al. similarly
noted improvements in masticatory efficiency, occlusal
contacts, and muscle activity, though still significantly
lower than in control groups. Nagai et al. observed that
occlusal contact area and bite force declined further
one-month post-surgery but gradually improved over
the year. While occlusal pressure peaked at one month
and neared control values by 12 months, overall
performance remained below that of individuals with
normal occlusion.

Ohkura et al. supported these findings, reporting
significant improvements in bite force and occlusal contact
area after surgery that exceeded preoperative levels by
six months, though still remaining below control levels
even at three years |oos‘c—surgery.32 In contrast, van den
Braber et al. presented mixed results: one study found
no significant changes in chewing efficiency, maximum
bite force, or EMG activity post-surgery, while another
observed notable improvements in chewing performance
five years after surgery without a corresponding increase
in maximum bite force.”* Kato et al. and Ueki et al. both

documented significant postoperative gains in masticatory
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efficiency, occlusal contacts, and maximal occlusal force,
particularly among patients who engaged in masticatory
exercises, although these parameters remained inferior
to those of individuals with normal occlusion.”*

Overall, these studies consistently show post-
operative improvements in masticatory function, with
many parameters gradually recovering and sometimes
surpassing pre-surgery levels—but still falling short of
healthy controls. Various assessment methods, including
Dental-Prescale, ATP granules, and EMG analysis, provided
strong evidence supporting these trends. Collectively, the
findings highlight the importance of ongoing postoperative
monitoring and suggest that masticatory exercises can
further enhance recovery.

Some discrepancies exist regarding the overall
effectiveness of surgical interventions. For instance, van
den Braber et al. found no significant changes in chewing
efficiency, maximum bite force, or EMG activity, contrasting
with other studies that reported improvements in these
parameters.” Additionally, while Kato et al. and Ueki et al.
emphasized the positive impact of masticatory exercises
on recovery, this factor was not consistently addressed
across all studies. These variations highlight the diversity in
recovery outcomes and underscore the need for personalized
rehabilitation strategies to optimize masticatory function
after orthognathic surgery.”>*

Overall, time plays a critical role in masticatory
recovery, with significant improvements observed up
to two years post-surgery. However, persistent deficits
relative to individuals with normal occlusion indicate
the necessity for comprehensive postoperative care and
potentially adjunctive therapies to maximize functional
outcomes. The findings also stress the importance of
standardized assessment protocols in future research
to enhance comparability and reliability, facilitating a
better understanding of long-term effects and improving

rehabilitation strategies following orthognathic treatment.

Discussion

The primary objective of this study is to summarize
the relationship between masticatory performance and

orthodontic treatment. Participants were divided into two

groups: those who have had dental extractions, those
who have not, and orthodontic treatment. The study
examines various aspects of masticatory performance
over periods ranging from one month to two years after
orthodontic stabilization. Additionally, the secondary
aim is to identify the most used metric for evaluating
masticatory performance after orthodontic treatment.

Masticatory performance can be affected by
factors such as tooth alignment and occlusion, muscle
strength, and neuromuscular coordination. Orthodontic
treatment has the potential to enhance masticatory
performance by improving dental alignment and occlusion.
1. Assessment of masticatory performance

The findings from the inclusion studies reveal
that the most frequently utilized parameters for assessing
masticatory performance following orthodontic treatment
are maximum bite force and occlusal contact area. These
metrics were employed in 11 of the 13 selected studies.
Comminution (median particle size X50) and masticatory
efficiency were the second most used parameters, featuring
in three of the 13 studies. Furthermore, the mixing ability
test and self-perceived masticatory ability were each
reported in one study. These diverse measures are applied
across multiple studies, offering a comprehensive
evaluation that encompasses both the objective and
subjective facets of masticatory performance.

Bite force and occlusal contact area are critical
parameters in assessing masticatory performance during
orthodontic treatment because they provide objective
measures of the functional efficiency and health of the
masticatory system. Research indicates that these met-
rics are reliable indicators of improvements in muscle
activity, occlusal stability, and overall dental function.
Bite force and occlusal contact area are commonly used
for masticatory assessment in orthodontic treatment
due to several reasons.” '

2. Relation of masticatory performance after orthodontic
treatment

2.1 Masticatory performance after non-extraction
orthodontic treatment

Orthodontic treatments without extractions have

been shown to enhance masticatory performance, with
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studies providing both objective and subjective measures.
Gameiro et al. found significant improvements in masticatory
efficiency post-treatment, evidenced by a reduction in the
median particle size of chewed food. These findings are
consistent with the overall literature, which supports the
positive impact of orthodontic treatments on masticatory
function.”***

Thor Henrikson et al. reported improvements in
self-perceived masticatory ability in adolescent girls with
Class I malocclusion but noted that masticatory efficiency
remained higher in peers with normal occlusion. This
suggests that natural growth and development may play
a more significant role than orthodontic treatment alone.
This view is supported by van den Braber et al.,, who
found that skeletal morphology and muscle strength are
critical factors in masticatory efficiency, with no significant
improvements observed post-mandibular advancement
surgery.”

Ashok et al. further confirmed increased chewing
efficiency after orthodontic treatment in Class Il malocclusion
cases using fixed functional appliances. They reported
improvements in the molar extinction coefficient and
occlusal load distribution, emphasizing the benefits of
functional jaw orthopedics in promoting proper nutrition
and growth in adolescents.* Shim et al. demonstrated that
post-orthodontic dental occlusion significantly impacts
masticatory performance, stressing the importance of
maintaining proper occlusal relationships. This aligns with
findings from studies that show improved masticatory
functions and enhanced quality of life post-orthodontic
treatment.” The reviewed studies provide strong evidence
of the functional and psychological benefits of such
treatments. However, continued research is necessary to
further validate these findings and explore the long-term
impacts of non-extraction orthodontic treatments across
diverse patient populations.

2.2 Masticatory performance after orthodontic treatment
and tooth extraction

The impact of orthodontic treatment involving
tooth extraction on masticatory performance has been
studied extensively, revealing both consistent and differing

findings. Lee et al. observed significant improvements in

mixing ability, bite force, and occlusal contact area over
ayear. However, these measures did not return to normal
occlusion levels, indicating only partial recovery of masticatory
function post-treatment. Similarly, Yoon et al. found that
recovery varied with the extent of tooth extractions, with
less extensive extractions showing better recovery
compared to more extensive ones.”****

Zanon et al. reported enhancements in masticatory
and chewing functions following orthodontic treatment,
leading to improved health-related quality of life.” However,
this recovery is contingent on the extent of the extractions,
with fewer extractions associated with better functional
outcomes. "

Anotable point of difference arises in the long-term
functional outcomes. Yoon et al. emphasized the long-term
adverse effects of more extensive extractions, which
contrasts with Nasir et al.,, who suggested that proper
orthodontic treatment can mitigate these negative impacts.
Additionally, Gozler et al. emphasized the importance of
long-term follow-up for achieving optimal masticatory
performance, aligning with the findings of Sabzevari et al,
who demonstrated significant enhancements in masticatory
performance and quality of life through a meta-analysis.”******

The occlusal contact area and force recovery
correlate significantly with time post-treatment, highlighting
the necessity of longitudinal assessments. The precise
orthodontic detailing of occlusion contributes to balanced
muscle activation and more efficient muscle recruitment,
though it does not significantly improve chewing efficiency.
This underscores the complexity of factors influencing
masticatory performance recovery and the need for
individualized treatment planning.”

The consensus across these studies suggests
that while orthodontic treatment involving premolar
extractions initially impairs masticatory performance,
significant recovery is achievable, particularly with fewer
extractions. The extent of extractions plays a critical role
in long-term outcomes, and long-term monitoring and
individualized treatment plans are crucial for optimizing
functional recovery. Future research should further explore
the nuances of different extraction patterns and retention

strategies to refine orthodontic treatment protocols.
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2.3 Masticatory performance after orthognathic surgery.

The study of masticatory performance following
orthognathic surgery offers key insights into functional
outcomes post-treatment. Findings indicate a significant
decline in masticatory performance—measured by the
comminution method—at three months post-surgery,
primarily due to postoperative discomfort and muscle
adaptation. However, a gradual recovery was observed at
six months and one year, although performance remained
below that of individuals with normal occlusion. This trend
is supported by Bunpu et al,, who reported improvements
in absorbance values and particle size reduction over time,
yet consistently lower than in control groups.” Bite force
assessments similarly revealed marked reductions at three
months post-surgery, followed by notable improvements
at six months, one year, and two years. Regression analyses
confirmed a positive correlation between postoperative
duration and bite force recovery. Nonetheless, even two
years post-surgery, bite force levels in surgical patients
remained below those of individuals with normal occlusion,
underscoring the need for extended follow-up and potential
adjunctive therapies to support full functional restoration.™

Likewise, the occlusal contact area—which reflects
the contact surface between upper and lower teeth during
occlusion—showed significant early reductions, with
progressive recovery over time. The pattern paralleled
that of bite force improvements, yet occlusal contact
area values remained lower than those of control groups
at the two-year mark. This persistent deficit highlights the
importance of comprehensive postoperative care and the
establishment of standardized assessment protocols to
ensure consistency and comparability in future studies.”

In conclusion, while orthognathic surgery significantly
improves masticatory performance, the outcomes often
fall short of normal occlusion benchmarks. Ongoing deficits
in absorbance values, bite force, and occlusal contact
area underscore the need for long-term monitoring and
adjunctive interventions. Future research should aim to
refine assessment methodologies and explore therapeutic
strategies to optimize functional recovery after surgery.

Despite the rigorous methodology, this review

has several limitations. Restricting inclusion to English-

language studies may have introduced language bias.
Study heterogeneity in design, outcomes, and populations
limited meta-analysis. Some studies had small sample
sizes or insufficient reporting, affecting reliability.
Publication bias remains a concern, and the exclusion
of unpublished or gray literature may have led to an
incomplete evidence base. This review provides sufficient
evidence that non-extraction orthodontic treatment,
extraction orthodontic treatment, and orthognathic
surgery all contribute to improvements in patients’

masticatory performance.

Conclusion

The literature review highlights the effectiveness
of orthodontic treatments in improving masticatory
performance, with varying results depending on the
treatment approach. Key points include:

1. Non-Extraction Orthodontic Treatments: These
treatments generally lead to significant improvements
in masticatory performance, often approaching normal
chewing function. The improvements tend to be quicker
and more consistent in non-extraction cases.

2. Extraction Orthodontic Treatments: These treatments,
which involve tooth extractions, usually result in slower
recovery of masticatory performance. The long-term effects
depend on the number of extractions performed. Studies
suggest that patients undergoing extraction treatments
take longer to achieve optimal chewing function compared
to those undergoing non-extraction treatments.

3. Orthognathic Surgery: This is effective in correcting
severe malocclusions and can lead to significant improvements
in masticatory function. However, it requires a prolonged
recovery period and meticulous postoperative care to
achieve optimal outcomes. Continued follow-up is essential
to monitor progress and address any functional deficits
during the recovery process.

The review recommends that future research
focus on creating standardized assessment protocols
and developing supplementary therapies to enhance
recovery, which would provide a more comprehensive
approach to improve masticatory performance following

orthodontic treatment.

Wachiralarpphaithoon and Somsriphang, 2025 204



Acknowledgement

I am grateful to the Department of Occlusion
and Orofacial Pain at Mahidol University for providing the

resources and environment for promoting my articles.

References

1. Turley PK. Evolution of esthetic considerations in orthodontics.
Am J Orthod Dentofacial Orthop 2015;148(3):374-9.

2. Magalhaes IB, Pereira LJ, Marques LS, Gameiro GH. The influence
of malocclusion on masticatory performance. A systematic review.
Angle Orthod 2010;80(5):981-7.

3.Zanon G, Contardo L, Reda B. The Impact of Orthodontic Treatment
on Masticatory Performance: A Literature Review. Cureus 2022,
14(10):e30453.

4. ZhanY, Yang M, Bai S, Zhang S, Huang Y, Gong F, et al. Effects of
orthodontic treatment on masticatory muscles activity: a meta-
analysis. Ann Hum Biol 2023;50(1):465-71.

5.Van Der Bilt A, Mojet J, Tekamp FA, Abbink JH. Comparing masticatory
performance and mixing ability. J Oral Rehabil 2010;37(2):79-84.
6. The Glossary of Prosthodontic Terms 2023: Tenth Edition. J
Prosthet Dent 2023;130(4).e1-e3.

7. Bates JF, Stafford GD, Harrison A. Masticatory function - a review
of the literature. lll. Masticatory performance and efficiency. J Oral
Rehabil 1976;3(1):57-67.

8. van der Bilt A, Olthoff LW, van der Glas HW, van der Weelen K,
Bosman F. A mathematical description of the comminution of food
during mastication in man. Arch Oral Biol 1987;32(8):579-86.

9. van der Glas HW, Liu T, Zhang Y, Wang X, Chen J. Optimizing
a determination of chewing efficiency using a solid test food. J
Texture Stud 2020;51(1):169-84.

10. Goncalves T, Schimmel M, van der Bilt A, Chen J, van der Glas HW,
Kohyama K, et al. Consensus on the terminologies and methodologies
for masticatory assessment. J Oral Rehabil 2021;48(6):745-61.
11. Owens S, Buschang PH, Throckmorton GS, Palmer L, English J.
Masticatory performance and areas of occlusal contact and near
contact in subjects with normal occlusion and malocclusion. Am
J Orthod Dentofacial Orthop 2002;121(6):602-9.

12. Consolacdo Soares ME, Ramos-Jorge ML, de Alencar BM, Marques
LS, Pereira LJ, Ramos-Jorge J. Factors associated with masticatory
performance among preschool children. Clin Oral Investig 2017;
21(1):159-66.

13. English JD, Buschang PH, Throckmorton GS. Does malocclusion
affect masticatory performance? Angle Orthod 2002;72(1):21-7.
14. Fontijn-Tekamp FA, Slagter AP, Van Der Bilt A, Van THMA, Witter DJ,
Kalk W, et al. Biting and chewing in overdentures, full dentures,
and natural dentitions. J Dent Res 2000;79(7):1519-24.

15. Hatch JP, Shinkai RSA, Sakai S, Rugh JD, Paunovich ED. Determinants

of masticatory performance in dentate adults. Arch Oral Bio
2001;46(7):641-8.

16. Schimmel M, Christou P, Miyazaki H, Halazonetis D, Herrmann
FR, Muller F. A novel colourimetric technique to assess chewing
function using two-coloured specimens: Validation and application.
J Dent 2015;43(8):955-64.

17. Buschang PH. Masticatory Ability and Performance: The
Effects of Mutilated and Maloccluded Dentitions. Semi Orthod
2006;12(2):92-101.

18. Van Der Bilt A. Assessment of mastication with implications for
oral rehabilitation: a review. J Oral Rehabil 2011;38(10):754-80.
19. Gavido MB, Raymundo VG, Sobrinho LC. Masticatory efficiency in
children with primary dentition. Pediatr Dent J 2001;23(6):499-505.
20. Toro A, Buschang PH, Throckmorton G, Roldan S. Masticatory
performance in children and adolescents with Class | and I
malocclusions. Eur J Orthod 2006;28(2):112-9.

21. Nalamliang N, Thongudomporn U. Effects of class Il intermaxillary
elastics on masticatory muscle activity balance, occlusal contact
area and masticatory performance: A multicenter randomised
controlled trial. J Oral Rehabil 2023;50(2):131-9.

22. Zarrinkelk HM, Throckmorton GS, Ellis E, Sinn DP. A longitudinal
study of changes in masticatory performance of patients undergoing
orthognathic surgery. Oral Maxillofac Surg 1995;53(7):777-82.
23.Bae J, Son WS, Kim SS, Park SB, Kim YI. Comparison of masticatory
efficiency according to Angle's classification of malocclusion.
Korean J Orthod 2017;47(3):151-7.

24. Souto-Souza D, Soares MEC, Primo-Miranda EF, Pereira LJ,
Ramos-Jorge ML, Ramos-Jorge J. The influence of malocclusion,
sucking habits and dental caries in the masticatory function of
preschool children. Braz Oral Res 2020;34:e059.

25. Barbosa Tde S, Tureli MC, Nobre-dos-Santos M, Puppin-Rontani
RM, Gavido MB. The relationship between oral conditions, masticatory
performance and oral health-related quality of life in children.
Arch Oral Biol 2013;58(9):1070-7.

26. Gameiro GH, Magalhdes 1B, Szymanski MM, Andrade AS. Is the main
goal of mastication achieved after orthodontic treatment? A prospective
longitudinal study. Dental Press J Orthod 2017;22(3):72-8.
27. Henrikson T, Ekberg E, Nilner M. Can orthodontic treatment
improve mastication? A controlled, prospective and longitudinal
study. Swed Dent J 2009;33(2):59-65.

28. Yoon W, Hwang S, Chung C, Kim KH. Changes in occlusal
function after extraction of premolars: 2-year follow-up. Angle
Orthod 2017;87(5):703-8.

29. Lee SH, Fang ML, Choi YJ, Yu HS, Kim JH, HU KS, et al. Changes
in masticatory performance during the retention period following
d-premolar extraction and non-extraction orthodontic treatment.
Clin Oral Investig 2023;27(6):2609-19.

205 J DENT ASSOC THAI VOL.75 NO.4 OCTOBER - DECEMBER 2025



30. Harada K, Watanabe M, Ohkura K, Enomoto S. Measure of bite
force and occlusal contact area before and after bilateral sagittal
split ramus osteotomy of the mandible using a new pressure-sensitive
device: a preliminary report. J Oral Maxillofac Surg 2000;58(4):370-
3; discussion 3-4.

31. Kobayashi T, Honma K, Shingaki S, Nakajima T. Changes in
masticatory function after orthognathic treatment in patients with
mandibular prognathism. BrJ Oral Maxillofac Surg 2001;39(4):260-5.
32. Ohkura K, Harada K, Morishima S, Enomoto S. Changes in bite
force and occlusal contact area after orthognathic surgery for correction
of mandibular prognathism. Oral Surg Oral Med Oral Pathol Oral
Radiol Endod 2001;91(2):141-5.

33. van den Braber W, van der Glas H, van der Bilt A, Bosman F.
Masticatory function in retrognathic patients, before and after
mandibular advancement surgery. J Oral Maxillofac Surg 2004,
62(5):549-54.

34. van den Braber W, van der Bilt A, van der Glas H, Rosenberg T,
Koole R. The influence of mandibular advancement surgery on
oral function in retrognathic patients: a 5-year follow-up study.
J Oral Maxillofac Surg 2006;64(8):1237-40.

35. Kato K, Kobayashi T, Kato Y, Takata Y, Yoshizawa M, Saito C. Changes
in masticatory functions after surgical orthognathic treatment in
patients with jaw deformities: Efficacy of masticatory exercise using
chewing gum. J Oral Maxillofac Surg Med Pathol 2012;24(3):147-51.
36. Ueki K, Moroi A, Sotobori M, Ishihara Y, Marukawa K; Iguchi R, et al.
Evaluation of recovery in lip closing pressure and occlusal force
and contact area after orthognathic surgery. J Cranio Maxill Sur
2014;42(7):1148-53.

37. Choi YJ, Lim H, Chung CJ, Park KH, Kim KH. Two-year follow-up
of changes in bite force and occlusal contact area after intraoral
vertical ramus osteotomy with and without Le Fort | osteotomy.
Int J Oral Maxillofac Surg 2014;43(6):742-7.

38. Nagai |, Tanaka N, Noguchi M, Suda Y, Sonoda T, Kohama G.
Changes in occlusal state of patients with mandibular prognathism
after orthognathic surgery: a pilot study. Br J Oral Maxillofac Surg
2001;39(6):429-33.

39. Bunpu P, Changsiripun C. Assessment of masticatory performance
in patients undergoing orthognathic surgery: A systematic review
and meta-analysis. J Oral Rehabil 2023;50(7):596-616

40. Therkildsen NM, Sonnesen L. Bite Force, Occlusal Contact and
Pain in Orthodontic Patients during Fixed-Appliance Treatment.
J Dent 2022;10(2):14.

41. Abutayyem H, M Annamma L, Desai VB, Alam MK. Evaluation of
occlusal bite force distribution by T-Scan in orthodontic patients
with different occlusal characteristics: a cross sectional-observa-
tional study. BMC Oral Health 2023;23(1):888.

42. Magalh&es IB, Pereira LJ, Andrade AS, Gouvea DB, Gameiro GH.
The influence of fixed orthodontic appliances on masticatory and
swallowing threshold performances. J Oral Rehabil 2014;41
(12):897-903.

43. Makino E, Nomura M, Motegi E, lijima Y, Ishii T, Koizumi Y, et al.
Effect of orthodontic treatment on occlusal condition and masticatory
function. Bull Tokyo Dent Coll 2014;55(4):185-97.

44. Ashok S, Batra P, Sharma K, Raghavan S, Talwar A, Srivastava A,
et al. An assessment of masticatory efficiency and occlusal load
distribution in adolescent patients undergoing orthodontic
treatment with functional jaw orthopedics: A prospective cohort
study. J Stomatol Oral and Maxillofac Surg 2023;124(6,
Supplement 2):101570.

45. Shim J, Ho KCJ, Shim BC, Metaxas A, Somogyi-Ganss E, Di Sipio R,
et al. Impact of post-orthodontic dental occlusion on masticatory
performance and chewing efficiency. Eur J Orthod 2020;42(6):587-95.
46. Nasir M, Erwansyah E, Susilowati. The effect of orthodontic treatment
with and without tooth extraction on stomatognathic function: Pengaruh
perawatan ortodonti dengan dan tanpa pencabutan gigi terhadap
fungsi stomatognatik. M D J 2023;12:153-8.

47. Sultana MH, Yamada K, Hanada K. Changes in occlusal force and
occlusal contact area after active orthodontic treatment: a pilot
study using pressure-sensitive sheets. J Oral Rehabil 2002;29(5):484-91.
48. Gozler S, Sadry S. Examination of chewing performance with
extraction and non-extraction fixed orthodontic treatment — A
prospective clinical 1-year study. APOS Trends Orthod 2022;1-9.
49. Sabzevari B, Fatemi A, Soleimani M, Sajedi SM, Babazadehkhoushrodi
R. Masticatory performance and oral health related to quality of life
before and after orthodontic treatment: a systematic review and
meta-analysis. Eur J Transl Myol 2024;34(1):12101.

50. Iwase M, Ohashi M, Tachibana H, Toyoshima T, Nagumo M. Bite
force, occlusal contact area and masticatory efficiency before and
after orthognathic surgical correction of mandibular prognathism.
Int J Oral Maxillofac Surg 2006;35(12):1102-7.

51. Nakata Y, Ueda HM, Kato M, Tabe H, Shikata-Wakisaka N,
Matsumoto E, et al. Changes in stomatognathic function induced
by orthognathic surgery in patients with mandibular prognathism.
J Oral Maxillofac Surg 2007;65(3):444-51.

Wachiralarpphaithoon and Somsriphang, 2025 206



Original Article

Anatomical Study of the Mandibular Canal in Thai Patients with Mandibular
Prognathism: Implications for BSSRO

Sappasith Panya'’, Thitirat Tungtorsakul’, Natnisha Arkarapattarawong’, Parintorn Sutthiprapa’,

Puthita Leewisutthikul’, Keskanya Subbalekha'?

1Departmen‘t of Oral and Maxillofacial Surgery, Faculty of Dentistry, Chulalongkorn University, Bangkok, Thailand

*Oral and Maxillofacial Surgery and Digital Implant Surgery Research Unit, Faculty of Dentistry, Chulalongkorn University, Bangkok, Thailand
*Dental student, Faculty of Dentistry, Chulalongkorn University, Bangkok, Thailand

Abstract

This retrospective study analyzed the mandibular canal (MC) anatomy in relation to bilateral sagittal split
ramus osteotomy (BSSRO) in mandibular prognathism patients, comparing measurements obtained from cone beam
computed tomography (CBCT) and ortho-panoramic (OP) images. Twenty-seven pre-operative radiographs (12 males,
15 females; mean age 26.3 years) revealed significant differences in MC distances to the anterior border of the
ramus and sigmoid notch between CBCT (13.80+2.20 and 15.89+2.00 mm) and OP (10.27+1.27 and 14.93+2.25 mm)
at p<0.001 and p=0.007, respectively. However, measurements of MC distances to the alveolar crest and inferior
border of the mandible were consistent. Side differences were observed in MC to ramus distances as well as in
buccal/lingual bone thickness. There were no significant differences between males and females. However, the
buccal bone at the second molar area was thicker than the first molar area. The findings emphasize the superiority
of CBCT over OP in the ramus region, which is critical for avoiding inferior alveolar neurovascular injury during BSSRO,

Based on this, performing vertical osteotomies in the second molar region may lead to safer surgical outcomes.
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Introduction

Mandibular prognathism, as defined by John
Hunter' in The Natural History of the Human Teeth' (1778),
refers to the protrusion of the lower jaw resulting in anterior
positioning of the lower teeth relative to the upper teeth,
leading to facial disfigurement and malocclusion. Additional
defining characteristics include Class Il malocclusion,

incomplete lip closure, midline deviation, and reduced

labiomental fold." Class Il malocclusion is notably more
prevalent among Asians than Caucasians. Etiological factors
contributing to mandibular prognathism encompass
hereditary predisposition, congenital conditions (e.g. cleft
lip and palate), endocrine disorders (e.g., acromegaly,
gigantism, pituitary adenomas), upper airway obstruction

(e.g., enlarged tonsils), habitual mandibular protrusion
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posture, birth trauma (e.g., instrumental deliveries),
tongue position, and tonsillar hypertrophy.2 Treatment
strategies vary by age group: facial growth modification
using dentofacial orthopedic appliances is employed for
growing patients, while orthognathic surgery combined
with orthodontic treatment is indicated for adults. Treatment
goals include correcting jaw relationship, reducing negative
incisal overlap, achieving intermaxillary skeletal stability,
and optimizing dental occlusion to enhance both functional
and aesthetic outcomes.”

Bilateral Sagittal Split Osteotomy (BSSRO) is a
widely utilized surgical technique for correcting mandibular
deformities, particularly retrognathism (retracted mandible)
and prognathism (protruding mandible). This procedure
enables the repositioning of the mandible to improve
both functional occlusion and aesthetic outcomes.’ The
osteotomy begins with a horizontal incision on the medial
aspect of the ramus, just above and behind the mandibular
foramen (MF), extending to the anterior border of the
ramus. The sagittal cut is then carried anteriorly along
the external oblique ridge to the body of the mandible,
near the first or second molar. A downward vertical cut
toward the inferior border of the mandible is made .* After
completing the osteotomy, the ramus is split into medial
and lateral segments (Fig. 1).” Once both rami are separated,
the medial segment can be repositioned either forward or
backward to achieve the desired occlusion and aesthetic
alignment. The nerve bundle typically remains in the

medial segment.

Figure 1 The BSSRO osteotomy line. A horizontal cut is made
on the lingual cortex just superior to the mandibular
foramen, followed by a sagittal cut extending along
the anterior border of the ramus. A vertical cut is performed
anteriorly on the buccal side, ensuring proper sesmentation
for surgical manipulation.

Complications associated with BSSRO include
bleeding from the inferior alveolar artery, injury to the
inferior alveolar nerve (IAN), unfavorable fractures, infection,
limited mouth opening, condylar resorption leading to
skeletal relapse, loss of masticatory force, discomfort from
screws, screw loosening, postoperative swelling, malocclusion,
and worsening temporomandibular joint disease (TMD).*®
Although the complications are documented, they may
not necessarily occur in every case or during the actual
procedure. Among these, injury to the IAN is of particular
concern due to the potential for neurosensory dysfunction,
which can range from numbness in the lower lip and chin
to more severe issues such as drooling and speech difficulties.
Postoperative sensory function data indicates that 28% of
sites maintained normal function after two months, with
further improvements observed at follow-up, suggesting
a reparative potential of nerve injury. However, many
patients experience prolonged sensory deficits, which
can impact decisions regarding surgical approaches and
the need for rehabilitation.”

The IAN, a key branch of the mandibular nerve
in the trigeminal complex, enters the MF on the medial
surface of the mandibular ramus, marking the start of
the mandibular canal (MC). Within the MC, it provides
innervation to the lower teeth via its terminal branches.
The mental nerve exits the canal at the mental foramen,
usually located between the first and second premolars,
and innervates the chin and lower lip. The incisive nerve
continues anteriorly, supplying sensory innervation to
the mandibular incisors and canines. Direct visualization
of the IAN on conventional radiographs is not possible;
however, the MC is often visible, allowing clinicians to
infer the IAN’s location. To minimize the risk of IAN injury,
careful identification of the MC position is essential.

The position of the MC s influenced by two main
factors: the thickness of the surrounding bone (buccal,
lingual, inferior, and superior borders) and the diameter
of the canal.”’ The greatest distance between the MC and
the buccal border occurs at the lower first and second
molars, while the shortest distance is found at the third
molar." The mean distance from the MC to the buccal

cortexis 3.5 mm (ranging from 1.8 to 6.5 mm) around the
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lower first and second molars, and 2.5 mm (ranging from
0.4 to 5.9 mm) distal to the lower third molar."” The mean
distance to the lingual cortex is 0.6 mm (ranging from 0.0
to 3.2 mm) around the lower first and second molars, and
0.6 mm (ranging from 0.0 to 3.0 mm) distal to the third
molar. The mean MC's diameter is 2.1 mm (ranging from
1.2 to 3.0 mm)."” Additionally, the IAN may be near the
buccal cortex in cases of thick rami.'” Yamamoto et al.™
found that 25% of MC were in contact with the external
cortical bone. Correlations between age, race, and the
position of the MC have been noted, with older and white
patients showing a thinner bone between the buccal
cortex and the MC.' Moreover, the MC in Class Ill molar
relationship is located closer to the inferior border of
the mandible compared to other Classes.'” However, no
reports exist regarding these anatomical relationship in
Thai patients with mandibular prognathism.

Cone Beam Computed Tomography (CBCT) provides
three-dimensional images that can be viewed in any plane,
offering more detailed visualization of the mandibular
canal (MC) compared to conventional two-dimensional
orthopantomograms (OP)." da Fontoura™ reported that
distortion in the ramus from OP images is 0.9%. CBCT,
developed specifically for high-quality maxillofacial hard
tissue imaging, offers minimal distortion, shorter scanning
times, and lower radiation doses compared to traditional
computed tomography (CT).”* The high contrast in CBCT
images is particularly useful for evaluating bone structures,
making it a more advantageous tool for craniofacial bone
evaluation, especially before surgery.” CBCT has been
shown to accurately determine the three-dimensional
position of the MC.”’ It can measure the gap width between
the MC and the external cortical bone (marrow space),
which is critical for surgical planning in BSSRO. When the
marrow space width is 0.8 mm or less, there is a higher
likelihood of neurosensory complications.'* However, there
has been no study comparing the MC position between
OP and CBCT images.

At the Faculty of Dentistry, Chulalongkorn
University, the i-Dixel 2.0 3D Imaging Software (J Morita)
is used to produce high-quality CBCT images with low

radiation doses, utilizing a high-sensitivity, high-resolution

flat panel detector for multi-purpose diagnostic scanning
in the maxillofacial region.”

This study aimed to investigate the MC anatomy
in mandibular prognathism patients undergoing BSSRO
and to compare the measurements obtained from OP

and CBCT images.

Materials and methods

This retrospective study was conducted on
a cohort of Thai patients diagnosed with mandibular
prognathism who underwent BSSRO at the Dental
Hospital, Faculty of Dentistry, Chulalongkorn University.
The selected patients had both pre-operative OP
and CBCT images of the mandible. All CBCT images were
performed using 3D Accuitomo170® (Morita, Osaka,
Japan) with a resolution of 0.25 mm, 90 kVp, 5mA, standard
mode, field of view (FOV) 10x10 cm?, and CB MercuRay®
(Hitachi Medico Technology Corporation, Chiba-ken,
Japan) with a resolution of 0.2 mm, 90 kVp, 5mA standard
mode, FOV 150 mm.

Data collection
Data from CBCT images

(CBCT data were exported as digital and communication
in medicine (DICOM) format and imported into a computer
DELL OptiPlex745 using INFINITT PACS® software (Seoul,
Korea) forimage analysis. All measurements were performed
by a single examiner, with an intra-Class correlation coefficient
(ICQ) greater than 0.75, indicating good reliability.

First, prior to the measurement of the location of
the MC, the three planes were oriented. Cross-sectional
images were generated perpendicular to the arch form
of the mandible. In the axial view, the sagittal plane was
adjusted parallel to the left or right side of the buccal
cortex of the mandibular first and second molar region.
The coronal plane was oriented to bisect the crown at
the furcation area of the first molars and second molars in
the sagittal view. Second, to locate the tip of the lingula,
the sagittal plane was generated parallel to the buccal
cortex of the mandible, and the coronal plane was
generated to lingula area in the axial view. The sagittal
plane in the coronal view was adjusted along to medial

surface of the left or right ramus.
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Five measurements were done from cross-sectional
view of mandibular first molar and of second molar including:
(A) outer diameter of MC, (B) distance of outer surface of
buccal cortex to the buccal surface of MC, (C) distance
of outer surface of lingual cortex to the lingual surface
of MC, (D) distance of superior border of alveolar bone
to superior surface of MC, (E) distance of outer surface of
inferior cortex to inferior surface of MC (Fig. 2)." Moreover,
the distances between the lingula tip and the ascending
ramus's anterior border and to the sigmoid notch were
measured from the sagittal view (Fig. 3).

Data from two-dimensional OP radiograph

The distances from the MF, the most anterior
and superior border of the canal, to the anterior border of
ascending ramus and to the sigmoid notch were recorded.
The distances from MC to the superior border of alveolar
bone and to the inferior border of mandible at the first

and second molars were measured (Fig. 4).

Figure 2 The distances measured from a cross-sectional view at
the mandibular first molar and second molar, A: outer
diameter of the mandibular canal (MC), B: distance of
the outer surface of buccal cortex to the buccal surface
of MC, C: distance of the outer surface of lingual cortex
to the lingual surface of MC, D: distance of superior border
of alveolar bone to superior surface of MC, E: distance
of outer surface of inferior cortex to inferior surface of MC.

Figure 3 The distances relating to the lingula measured in the
sagittal plane, F: distance of the tip of lingula to the
anterior border of ascending ramus, G: distance of the
tip of lingula to sismoid notch.

Figure 4 Measurements performed in orthopanoramic image,
a: distance from anterior border of mandibular foramen
(MF) to anterior border of ascending ramus, b: distance
from MF to sigmoid notch, c: distance from MC to superior
border of alveolar bone at the first molar, d: distance from MC
to superior border of alveolar bone at the second molar,
e: distance from MC to inferior border of mandible at
the first molar, f: distance from MC to inferior border
of mandible at the second molar.
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Figure 5 Examples of measurement of images by image software, A: CBCT from a cross-sectional view, B: CBCT from a sagittal view,

C: Measurements performed in orthopanoramic image.

Data analysis
All statistical analyses were performed using

SPSS software version 24 (IBM Corp., Chicago, IL, USA). As
the data followed a normal distribution, an independent
Student’s t-test was applied. Paired Sample t-test was
used to analyze differences between the left and right
sides and between OP and CBCT radiographs. Pearson’s
correlation was used to analyze the corresponding distance
between CBCT and OP images. The p-value less than .05

was considered a significant difference.

The study subjects consisted of CBCT and OP
images from 27 patients (12 males and 15 females), whose
ages ranged from 20 to 40 (average 26.3 years).
Comparison of distances measured from CBCT and
OP images

The measurements between CBCT and OP
radiographs revealed statistically significant difference in

distances of MF to the anterior border and to the sigmoid

notch (p < 0.001 and p = 0.007, respectively) (Table 1).
Comparison of the measured distances between the
first and second molars
The distance of the outer surface of the buccal
cortex to the buccal surface of MC (buccal thickness) of the
mandibular second molar (left = 7.37 + 1.72 mm, right =
7.31 + 1.60 mm) was greater than that of the mandibular
first molar (left = 5.98 + 1.30 mm, right = 5.63 + 1.20 mm).
(Table 2 and Table 3).
Comparison of the measured distances between sides
The distances of the lingula to the anterior border
of ramus and from the buccal cortex to the MC at the
mandibular first molar differed significantly between the
left and right sides (p = 0.028 and p = 0.025, respectively),
while other distances showed no significant differences
(p > 0.05) (Table 2 and Table 3).
Comparison of the measured distances between sexes
Therewerenosignificant differencesinallmeasurements

between males and females (p > 0.05) (Table 3).

Table 1 Comparison of Average Distances (+ SD) Between CBCT and Panoramic Radiography (OP)

Measurement CBCT (mm) OP (mm) p-value (t-test)
Mandibular foramen to anterior border 13.80 + 2.20 10.27 + 1.27 < 0.001*
Mandibular foramen to sigmoid notch 15.89 + 2.00 14.93 + 2.25 0.007*
Superior cortex at the first molar 16.40 + 2.26 16.47 + 2.38 0.767
Superior cortex at the second molar 12.38 + 2.25 12.56 + 2.01 0.500
Inferior cortex at the first molar 7.69 £ 2.07 7.47 £ 1.67 0.323
Inferior cortex at the second molar 7.94 + 2.02 7.75 £ 1.88 0.070
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Table 2 Comparison of Average Distances (+ SD) Between Left and Right Sides Measured by CBCT

Tooth Left (mm) Right (mm) p-value (t-test)
Diameter 6 2.96 £ 0.52 2.94 + 0.55 0.879
7 3.17 £ 0.53 3.27 +£0.49 0.382
Buccal cortex distance 6 598 + 1.30 5.63 + 1.20 0.025*
7 737 +1.72 7.31 + 1.60 0.103
Lingual cortex distance 6 2.28 £ 0.98 257 £ 0.99 < 0.001*
7 244 +1.19 2.52 +0.99 0.713
Superior cortex distance 6 16.59 + 2.42 16.24 + 2.72 0.464
7 12,16 £ 2.76 12.66 + 2.34 0.290
Inferior cortex distance 6 736 +1.84 7.96 + 2.57 0.073
7 7.87 £ 217 7.94 +1.99 0.711
Mandibular foramen to anterior border 13.24 + 2.24 14.33 + 2.76 0.028*
Mandibular foramen to sigmoid notch 15.88 + 2.50 15.83 +2.23 0.928

Table 3 Comparison of Average Distances (+ SD) Between Males and Females Measured by CBCT

Tooth Left (mm) Right (mm) p-value (t-test)

Diameter 6 292 + 0.56 297 £ 0.34 0.800
3.20 + 0.49 3.23 £ 0.35 0.853

Buccal cortex distance 6 6.06 + 0.94 5.60 + 1.35 0.325
7 7.85 + 1.68 6.69 £ 1.33 0.056

Lingual cortex distance 6 2.12 £ 0.70 2,67 £0.97 0.108
7 227 +1.04 2.65+0.88 0.317

Superior cortex distance 6 16.16 + 2.20 16.62 + 2.36 0.609
7 11.82 + 2.09 12.88 + 2.34 0.235

Inferior cortex distance 6 8.24 + 1.79 7.19 £ 2.22 0.196
7 8.57 + 1.83 7.37 £ 2.06 0.125

Mandibular foramen to anterior border 14.17 + 2.04 13.47 £ 2.34 0.422
Mandibular foramen to sigmoid notch 16.60 + 1.57 15.26 + 2.16 0.083

Discussion

The MF is the opening on the internal surface
of the mandibular ramusthrough which the MC passes.
The lingula of the mandible is a bone projection on the
medial aspect of the ramus and lies close to the MF. Therefore,
the lingula is an important anatomical landmark for
locating the IAN before it enters the mandible. The position
of lingula and MF varies from person to person. From
the Taiwanese study, the distances from the sigmoid notch
to MF measured by CBCT were 22.7 mm in males and
20.59 mm in females.'® The distances measured by CBCT in
Korean patients were 21.59 mm in skeletal Class I, 20.49 mm

in skeletal Class II, and 18.77 mm in skeletal Class Il

The distances from anterior border of ramus to MF in
Taiwanese patients measured by CBCT were 18.00 mm
and 19.30 mm in women and men, respectively.'® In Korean
patients, CBCT measurements showed distances of 19.41 mm
in skeletal Class I, 19.01 mm in the skeletal Class II, and
19.85 mm in the skeletal Class IlIl.”> From our study, the
distances from the sigmoid notch to MF and from the anterior
border of the ramus to MF were shorter compared to those
of other studies. Some possible explanations for this
discrepancy may be 1) the varied craniofacial morphology
across ethnicities and populations, 2) the use of different

imaging technologies and software platforms, or 3) the
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measurement method (e.g., manual vs software-assisted
measurements).

From another perspective, the thickness of the
buccal cortical bone (the distance from the buccal surface
of the mandible to the MC) is a critical factor in ensuring
the safety of the vertical osteotomy cut in the BSSRO
procedure. Consistent with the findings of Nagadia et al.,,
the greatest distance from the buccal cortex to the MC was
observed in the second molar region, indicating that the
buccal bone is thicker there than in the first molar region.
Therefore, performing osteotomy at the second molar
region is considered safer. This information is particularly
valuable in skeletal Class Il patients, for whom BSSRO is
typically performed as a setback procedure. In such cases,
it is unnecessary to extend the vertical cut anteriorly to the
first molar region, as is often required in BSSRO advancement
for skeletal Class Il patients to achieve sufficient bone
contact. When comparing buccal bone thickness between
the left and right sides of the mandible, a statistically
significant difference was found at the first molar region.
Further studies with more robust designs are needed to
clarify the underlying cause of this asymmetry.

Although Hoseini Zarch et al,”’ reported that
linear measurements on OP are generally more reliable
in the posterior region than in the anterior region, our findings
demonstrated significant discrepancies in measurements
at the ramus region between CBCT and OP radiographs.
This may be attributed to the susceptibility of panoramic
radiographs to distortion, which can result from patient
positioning errors and the inherent limitations of the
two-dimensional imaging technique.”*”

CBCT imaging is particularly valuable when assessing
complex anatomical structures in the mandible due to its
ability to provide three-dimensional view. This imaging
modality offers numerous advantages over traditional
two-dimensional imaging methods, such as OP, in several
key areas: (1) Enhanced Visualization: CBCT allows the
detailed visualization of critical anatomical landmarks,
including the lingula, borders of the mandible, and the
MC. This degree of clarity aids in precise surgical planning.
(2) High Contrast Resolution: The high contrast resolution
provided by CBCT enables practitioners to distinguish

between closely situated structures, such as root tips, which
is particularly crucial when close to vital nerves and blood
vessels. A systematic review by Haas et al*® explains a
remarkably high frequency of variation of MC detected by
CT or CBCT compared with OP. (3) Pre-operative Planning:
Prior to major surgical procedures, such as osteotomies,
utilizing CBCT enables surgeons to assess the spatial
relationship between the MC and other vital structures.
This pre-operative evaluation is essential for reducing the
risk of injury to these structures, thus mitigating complications
during and after surgery. (4) 3D Reconstruction: CBCT
imaging can produce 3D reconstruction of the mandible,
providing a comprehensive view that allows for more
accurate analysis of the path of the IAN and the location
of the MC compared to traditional imaging methods. In
summary, incorporating CBCT into the pre-operative
workflow improves surgical outcomes by enhancing the
surgeon’s ability to visualize and plan for anatomical
complexities, ultimately leading to a reduction in the risk
of complications associated with nerve and vascular injuries.
A Systematic review by Araujo et al** showed a significant
influence of CBCT versus OP to avoid injury to vital structures
during third molar surgical procedure. This technology
represents a significant advancement in the field of dental
surgery, aligning with modern practices aimed at enhancing
patient safety and care.

Limitations of our study include a relatively small
sample size and the lack of data on normal jaw relationship
in the Thai population for comparison. The effect of missing
first or second molars on the MC morphology cannot be
underestimated, as bone resorption and bone remodeling
usually follow dental extraction, which can affect the
position of the MC. Further studies may evaluate the post-
operative complications after follow-up and may explore

other mandibular Classifications such as retrognathism.

Conclusion

The differences between preoperative measurements
from CBCT and OP highlight the importance of using
the appropriate imaging modality. CBCT provides three-
dimensional views and more accurate spatial relationships,

which are crucial for assessing the position of the inferior
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alveolar canal, especially in the mandibular ramus. This can
help to reduce the risk of complications during osteotomies
or other surgical procedures. Performing a vertical osteotomy
at the second molar area, where the buccal bone is thicker
and the inferior alveolar canal is more favorably positioned,
may reduce the risk of nerve injury and improve healing.
Overall, utilizing CBCT for preoperative evaluation in cases
requiring surgical intervention in the mandible is recommended.
It allows for a more thorough understanding of anatomical
variations and potential risks, leading to a more refined
approach to surgical planning and execution. This careful
evaluation ultimately aims to enhance patient safety

and surgical outcomes.
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Abstract

The effects of various concentrations of 0.01, 0.1, and 1.0 pyg/mL of lipopolysaccharide (LPS) from Porphyromonas
gingivalis (P. gingivalis) on inflammatory response and proliferation of stem cells isolated from human exfoliated
deciduous teeth (SHEDs) were compared. The MTT test was utilized to assess cell growth. Our research indicated
that P. gingivalis LPS administration did not influence the proliferation of SHEDs. The expression levels of IL1B,
IL6, and IFNG escalated in a dose-dependent way. Statistical significance was noted in the expression of IL1B at a
concentration of 0.1 pg/mL of P. gingivalis LPS (p<0.05) and in the expression of /L6 at a concentration of 1.0 pg/mL
of P. gingivalis LPS (p<0.05). Moreover, treatment with P. gingivalis LPS at doses of 0.01 and 0.1 pg/mL resulted in
enhanced TNF gene expression . Notably, at the maximum concentration (1.0 pug/mL), the gene expression level
substantially diminished. Statistical significance was observed just in the expression of TNF at a concentration of
0.1 (p<0.05). In conclusion, within the limitation of this study, findings indicate that 0.1 pug/mL P. gingivalis LPS is

the optimal concentration for subsequent experiments involving SHEDs.
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Introduction

Pulpitis is among the most common dental
infections. Teeth affected by pulpitis frequently lead to
various physiological and pathological changes, such as
localized inflammation, edema, and congestion of the pulp
tissue." Moreover, pulpal infection that extends beyond
the periodontium in deciduous teeth may adversely affect
the development of permanent tooth germs. Porphyromonas
gingivalis (P. gingivalis) is a gram-negative anaerobic bacillus
that is frequently encountered as a pathogen in dental

pulp infections and has been recognized as the causative

agent in the first stages of pulp and periodontal disease.””
A critical virulence factor of P. gingivalis is lipopolysaccharide
(LPS), a major component of the outer membrane of
gram-negative bacteria and serves as a strong endotoxin
exhibiting a wide range of biological action.” The host
response to LPS is primarily mediated through its recognition
by Toll-like receptor 4 (TLR4), which, upon activation, initiates
intracellular signaling cascades such as the NF-KB and MAPK
pathways via Myeloid differentiation primary response 88

(MyD88) dependent signaling.”® NF-KB plays a critical role
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in the migration and adhesion of various cell types.”* Moreover,
IFNG regulates the odonto/osteogenic differentiation of
dental pulp stem cells (DPSCs) through both NF-KB and
MAPK signaling pathways.” MAPK has also been associated
with the proliferation of endothelial progenitor cell-like
cells generated from the periodontal ligament (PDL) via
MEK/ERK and JNK-mediated signaling pathways."
Porphyromonas gingivalis lipopolysaccharides (P. gingivalis
LPS) initiates the inflammatory process by inducing the
expression of pro-inflammatory cytokines and chemokines
such as interleukin 1 beta (IL1B), IL6, IL8, TNF in periodontal
ligament stem cells (PDLSCs)" and human monocytic
cell.”” Consequently, DNA methylation or the expression
of microRNAs alters gene expression.® Considering this,
there is growing interest in understanding how P. gingivalis
LPS affects various stem cell populations relevant to
dental tissue repair and regeneration, particularly stem
cells from human exfoliated deciduous teeth (SHEDs).

SHEDs are a type of mesenchymal stem cells
(MSCs) capable of multipotential differentiation, including
osteoblastic/odontogenic, adipogenic, neurogenic, and
angiogenic differentiation after induction.”” SHEDs are
isolated from dental pulp tissues that remain in naturally
shedding deciduous teeth, making them easily accessible
without requiring invasive procedures for cell collection.
SHED:s offer distinct advantages over other MSC sources,
including non-invasive collection, high proliferation, and
potent regenerative capacity, supporting their relevance
for inflammation-related studies in dental tissues. Several
studies have examined the effect of the inflammatory
microenvironment on the proliferative potential, multilineage
differentiation, migration, and inflammatory cytokine
secretion of oral MSCs. Notably, SHEDs have been shown
to express Toll-like receptors TLR2 and TLR4, enabling them
to respond to LPS."* Of particular interest is the response
of SHEDs to P. gingivalis LPS, although current findings
remain inconsistent due to variations in MSC sources,
inflammatory stimuli types and concentrations, and
experimental designs.” Previous studies have reported
that P. gingivalis LPS can promote cell proliferation in

PDLSCs' and fibroblasts,'® whereas other reports suggest

that P. gingivalis LPS inhibit proliferation in dental follicle
progenitor cells (DFPCs)."" A similar inhibitory effect was
observed in PDLSCs, where P. gingivalis LPS suppressed
cell proliferation via TLR4 activation, increased reactive
oxygen species (ROS) production, induced apoptosis, and
altered the cell cycle through upregulation of cyclins D1,
A, and B1." Furthermore, P. gingivalis LPS has been shown
to stimulate bone marrow mesenchymal stem cell (BMMSC)
proliferation at low concentrations while inhibiting it at
higher doses." These conflicting results may stem from
differences in LPS concentration, exposure duration, or
donor variability, suggesting that the cellular response to
P. gingivalis LPS may be dose- and context-dependent.

Despite this growing body of evidence, no studies
have specifically investigated the effects of P. gingivalis
LPS on SHEDs, representing a critical gap in understanding
their roles in tooth tissue regeneration. Therefore, the
purpose of this study is to examine how P. gingivalis LPS
affects SHEDs, including the expression of pro-inflammatory
cytokine genes and cell proliferation. The results of this
study will facilitate the establishment of SHEDs for dental
tissue regeneration and may contribute to the development

of a new valuable pulp treatment protocol in the future.

Materials and Methods

Cell Isolation and culture of SHEDs

SHEDs were obtained from healthy pediatric
patients aged 7-10 years, from deciduous teeth with no
carious lesions or pathologic lesions. The teeth were
extracted following the treatment plan such as prolonged
retention teeth and stored in a culture medium. Ethical
approval was submitted by the Ethics Committee, Faculty
of Dentistry, Chulalongkorn University (approval no. 018/2023).
The study protocol and informed consent were provided to
the child’s parent. To clarify, extracted teeth were washed
three times with sterile phosphate buffer saline (PBS).
The pulp tissues were carefully removed from the teeth
and cut into small pieces with a surgical blade and placed
on a 35-mm tissue culture plate (Corning, New York, NY,
USA) containing Dulbecco's Modified Eagle Medium (DMEM,
Gibco, USA) supplemented with 10% fetal bovine serum
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(HyClone, USA (Gibco, USA), 2mM L-glutamine (Gibco,
USA), 100 Units/ml Penicillin (Gibco, USA), 100 pg/mL
Streptomycin (Gibco, USA), and 5 pg/mL Amphotericin B
(Gibco, USA). The cell explants were incubated at 37°C
in a humidified atmosphere of 5 %CO, in the air. The medium
was changed every two days. When cell confluence was
achieved, cells were detached with 0.25 % trypsin-EDTA
(Gibco, USA) and subcultured at a 1:3 ratio into 60-mm tissue
culture plates for the first passage. Cells from passages
3-6 were used for subsequent experiments.
Characterization of SHEDs

To characterize the cells, cultured cells were
tested for properties as multipotent mesenchymal stem
cells by plastic adhesion, shape, and morphology, as
well as for their multipotential differential differentiation
ability, using in vitro mineralization. Flow cytometry was
used to determine the expression of cell surface antigens
in SHEDs cells. Single cell suspensions were obtained by
detaching cells with 0.25 % trypsin-EDTA solution. Cells
were centrifuged and the supernatant culture medium
was discarded. Then, cells were rinsed with PBS and stained
with primary antibodies conjugated to fluorescent dye,
including FITC-conjugated anti-human CD44 (BD Bioscience
Pharmingen, USA), FITC-conjugated anti-human CD90 (BD
Bioscience Pharmingen, USA), and PerCP-conjugated anti-
human CD45 (BD Bioscience Pharmingen, USA). Stained
cells were analyzed using a FACS®"™ flow cytometer using
the CellQuest software (BD Biosciences, USA).
LPS media preparation and treatment of SHEDs with
various LPS concentrations

P. gingivalis LPS powder purified by phenol extraction
(Sigma-Aldrich, USA) was dissolved in endotoxin-free
water and homogenized to prepare the P. gingivalis LPS
stock solution of 1 mg/mL. From this, a series of concentrations
namely 0.01, 0.1, and 1.0 pg/mL were prepared via serial
solution.
Pro-inflammatory cytokine gene expression

SHEDs were seeded at a density of 100,000 cells/
wellin 12-well plates in culture medium and incubated
for 24 hours to allow cell attachment. The medium was
changed to serum-free medium with various P. gingivalis

LPS concentrations for 24 hours. The expression levels

of pro-inflammatory cytokines were determined by
quantitative RT-PCR (qRT-PCR). The extraction of cellular
RNA was performed using Trizol Reagent, following the
guidelines provided by the manufacturer and converted
into complementary DNA (cDNA) by using reverse transcriptase
iScript cDNA Synthesis Kits (Bio-Rad, USA). After that, gPCR
was performed on MiniOpticon real-time PCR system
(Bio-Rad, USA) using FastStart Essential DNA Green Master
kit (Roche Diagnostic, USA). Glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) gene was used for normalization
of each sample as the housekeeping gene. The primer

sequences for gRT-PCR are listed in Table 1.

Table 1 Primer sequences of pro-inflammatory cytokine genes used

in this study

Gene Primer sequence

GAPDH Forward: 5" CAC TGC CAA CGT GTC AGT GGT G’

Reverse: 57 GTA GCC CAG GAT GCC CTT GAG 3’

IL1B Forward: 5" GCA GAA GTA CCT GAG CTC GC 3’
Reverse: 57 CTT GCT GTA GTG GTG GTC GG 3’

IL6 Forward: 57 CCT GAA CCT TCC AAA GAT GGC 3’
Reverse: 57 CTG ACC AGA AGA AGG AAT GCC 3’

IFNG Forward: 5' CCA ACT AGG CAG CCA ACC TAA 3'
Reverse: 57 AGC ACT GGC TCA GAT TGC AG 3’

TNF Forward: 5' CAC AGT GAA GTG CTG GCA AC 3'
Reverse: 5” ACA TTG GGT CCC CCA GGA TA 3’

Cell proliferation assay

SHEDs were seeded at a density of 25,000 cells/well
in 24-well plates in culture medium. After 24 hours, the
culture medium was replenished with fresh medium
containing the respective concentrations of P. gingivalis
LPS, and this process was repeated three times for each
concentration. On days 1, 3, and 7, changes in cell growth
viability were analyzed using the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay.
The existing medium in every well were removed and
replaced with 300 pL MTT solution (USB Corporation,
USA) for 15 minutes at 37°C in a humidified atmosphere
of 5% CO,to allow formazan crystal formation. Next, the
formazan was dissolved using eluting agents that contained
dimethylsulfoxide and glycine buffer. The solutions were

determined for optical density (OD) by a microplate reader
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(ELx800; BIO-TEK®) at 570 nm. using the vehicle-treated
group as the baseline for comparison.
Statistical analysis

The experiments were duplicated using cells
obtained from at least four different donors (n=4). Data
were reported in the form of mean + standard deviation
(SD). The statistical analysis of the results was performed
using the Kruskal-Wallis test and Dunn's multiple comparison
test. The statistical analyses were created using GraphPad
Prism 10.2.3 (GraphPad Software, CA, USA). A p-value

of less than 0.05 was considered statistically significant.

Isolation and characterization of SHEDs

Cellsisolated from primary teeth were characterized
by spindle-shaped, fibroblast-like morphology and formed
distinguishable colonies (Fig. 1a). Flow cytometry analysis
demonstrated the presence of mesenchymal stem
cell markers CD44 (99.36) and CD90 (99.87), while the
hematopoietic cell marker CD45 was absent (2.69) (Fig. 1b).
Upon osteogenic induction, these cells exhibited increased
mineral deposition compared to undifferentiated control

cells, indicating their osteoblastic potential (Fig. 1c).

{a)
Cell morphology of SHEDs
(b)
g - g - 8 -
i Cha4 99.36% ] 020 99.87% Co 45 2.69%
2 3 2 3
3 3 ERE
[&] &)
1-0'-" w1 103 10* 100 10t 102 108 104
CD44 FITG CDS0 FITC
{c) . -
ALP staining Alizarin Red Von Kossa

Normal culture medium

Osteogenic medium

Figure 1 Characterization of the cells isolated from dental pulp tissues. (a) Cell morphology of isolated cells from primary teeth

exhibited a spindle-like morphology under phase-contrast microscopy (left) (scale bar at 4X = 300 um.) and colony forming

unit ability (right). (b) Presence of mesenchymal stem cell markers CD44 and CD90 by flow cytometric analysis, and the

absence of the hematopoietic marker CD45. (black line: negative control) (c) The osteogenic differentiation was examined

using alkaline phosphatase on day 7, Alizarin Red S and Von Kossa staining on day 14 after osteogenic induction (Scale bar

at 4X = 300 um.)
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P. gingivalis LPS Upregulates Pro-inflammatory Cytokine
Gene Expression

Upon P. gingivalis LPS treatment, gRT-PCR revealed
an upregulation in the expression of IL1B, IL6 and IFNG
in a dose-dependent manner. Statistical significance was
observed in the expression of IL1B when cells were treated
with 0.1 pg/mL of P. gingivalis LPS (p<0.05) (Fig. 2a)and

the expression of IL6 at concentration of 1.0 pg/mL of

(a) (b)
IL1B IL6

|
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P. gingivalis LPS {ug/mL)
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w
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Cctrl 0.01 0.1 1.0
P. gingivalis LPS (ug/mL)

Relative ratio of TNF/GAPDH

P. gingivalis LPS (p<0.05) (Fig. 2b). Furthermore, exposure
to P. gingivalis LPS also induced increased gene expression
levels of TNF when treated with concentrations of 0.1 pg/mL
(Fig. 2¢). Interestingly, at the highest concentration (1.0 pg/mL),
the gene expression level gradually decreased (Fig. 20).
However, statistical significance was only observed in
the expression of TNF at concentrations of 0.1 (p<0.05)
(Fig. 20).
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Figure 2 The effect of P. gingivalis LPS on the expression of pro-inflammatory cytokines of SHEDs. The relative gene expression of (a)
IL1B, (b)IL6, (c) TNF, and (d) IFNG in SHEDs after treatment with P. gingivalis LPS at concentrations of 0.01, 0.1, and 1.0 pg/mL

were compared to SHEDs without P. gingivalis LPS treatment. Data are shown as mean + SD. Statistical analysis was per

formed using the Kruskall-Wallis test with Dunn’s multiple comparison (n=4); *p < 0.05

Effects of P. gingivalis LPS on the proliferation of SHEDs
Results revealed no statistically significant difference

in cell proliferation ability between the control group and

the experimental groups treated with P. gingivalis LPS at
concentrations of 0.01, 0.1, and 1.0 pg/mL (p>0.05) (Fig. 3).
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Figure 3 The effect of P. gingivalis LPS on the proliferation of SHEDs. Increasing P. gingivalis LPS concentration did not result in statistically

different cell proliferative ability between the control group and the experimental groups (p>0.05). Data are shown as mean

+ SD. Statistical analysis was conducted using the Kruskall-Wallis test with Dunn’s multiple comparison (n=4)
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Discussion

This study is the first to explore the effects of P.
gingivalis LPS on SHEDs, particularly at low concentrations.
Our findings offer valuable insight into how clinically
relevant LPS stimuli may influence SHEDs behavior in
the context of dental inflammation and regeneration.

Dental caries is a chronic infectious condition
driven by oral bacterial invasion into enamel and dentin.
As the infection progresses, bacterial toxins such as LPS
induces inflammation, triggering a host immune response
and initiating tissue repair through the formation of tertiary
dentin mediated by dental stem cells.”** Among the
various LPS sources studied, P. gingivalis LPS stands out
due to its relevance in mimicking the pathophysiological
environment of the carious pulp.”” While Escherichia coli
(E. coli) LPS has been shown to be a potent stimulator of
immune responses in dental stem cells, its clinical relevance
remains debated.””’ In contrast, although P. gingivalis LPS
is less potent, it more accurately reflects the natural
inflammatory processes occurring in carious lesions and
may therefore serve as a superior model for studying
pulpal inflammation.”**

Our preliminary results confirmed that P. gingivalis
LPS at concentration lower than 0.01 pg/mL had minimal
impact on SHEDs proliferation, while higher concentration
(10 pg/mL) had deleterious effects. Based on these observations,
we focused on a dose range of 0.01-1.0 pg/mL for subsequent
experiments. P. gingivalis LPS exposure led to a dose-
dependent increase in pro-inflammatory cytokine gene
expression, specifically IL1B, IL6, and IFNG. Statistically
significant upregulation of IL1B and /L6 was observed at
0.1 pg/mL and 1.0 pg/mL, respectively (p<0.05) (Fig. 2a-b),
consistent with previous findings in PDLSCs treated with
1 pg/mL P. gingivalis LPS." TNF expression also increased
at 0.1 pg/mL P. gingivalis LPS, similar to trends reported
in DPSCs and stem cell from the apical papilla (SCAPs)
exposed to P. gingivalis LPS.”* Interestingly, TNF levels
declined at 1.0 pg/mL but remained elevated compared
to control levels, indicating a possible threshold effect
or feedback regulation. Notably, while these cytokines
are known for their pro-inflammatory roles, they also

contribute to regenerative signaling cascades, particularly

those involved in odontoblastic differentiation and
reparative dentinogenesis. This dual role highlights the
complexity of interpreting inflammatory cytokine profiles,
as they may simultaneously mediate damage and repair.”"*

In terms of cell proliferation, P. gingivalis LPS at
concentration below 1.0 pg/mL produced a mild increase
in SHEDs proliferation by day 7; however, this effect did
not reach statistical significance (Fig. 3). The concentration
of 0.1 pg/mL P. gingivalis LPS was found to preserve
SHEDs viability, suggesting it may represent a biologically
relevant dose for mimicking mild inflammatory conditions
in vitro. These results are partially aligned with earlier
studies demonstrating enhanced PDLSCs proliferation
at 10 pg/mL P. gingivalis LPS'" and increased BMMSC
proliferation at 0.1 pg/mL, whereas higher concentrations
were inhibitory." A similar biphasic response was also noted
in DPSCs treated with E. coli LPS.** However, other cell
types such as SCAPs, DFPCs, and BMMSCs have shown
no significant proliferative response to P. gingivalis LPS**,
reinforcing the notion that LPS effects are highly context-
dependent. These variations may also reflect inherent
differences between permanent and deciduous tooth-
derived stem cells, as SHEDs possess higher proliferative
capacity and neurotrophic potential compared to other
dental stem cell types. Thus, SHEDs offer a unique and
underutilized in vitro model for examining host-pathogen
interactions specific to primary dentition, which is especially
relevant in pediatric oral health research. A limitation of
this study is that it focused solely on cell proliferation; the
potential effects of P. gingivalis LPS on SHEDs differentiation
were not evaluated. As LPS may influence differentiation
without affecting viability, this warrants further investigation
in future studies.

The discrepancies observed among different studies
likely stem from several factors, including heterogeneity in
donor cell sources (genetic background, age, gender), the
stage of cellular differentiation, and inter-individual variability
that may affect stem cell bioactivity.”* Methodological
variables such as culture duration, frequency of medium
changes, and experimental timelines also influence

outcomes. Importantly, differences in the molecular structure
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of LPS especially the lipid A moiety and variations in
receptor binding affinity further complicate interpretations.
For instance, The activation of E. coli LPS in dental pulp
cellsis initiated through pattern recognition receptors (PRRs),
such as TLR4 and TLR2, located on the cell membrane.®
These receptors detect pathogen-associated molecular
patterns (PAMPs) like LPS and trigger downstream inflammatory
signaling pathways. These include the MyD88-dependent
pathway, NF-KB signaling, MAPK activation via TIR domain-
containing adaptors, and the PI3K-Akt pathway, all of
which contribute to the production of pro-inflammatory
cytokines.” However, the interaction of P. gingivalis LPS
with TLR2 and TLR4 remains controversial. While £. coli LPS
increases TLR4 expression without affecting TLR2 in DPSCs,
P. gingivalis LPS does not appear to alter the expression of
either receptor in these cells.” Therefore, examining the
effects of P. gingivalis LPS on TLR2 and TLR4 expression
in SHEDs may help determine whether P. gingivalis LPS
activates similar signaling pathways, providing further
insight into immune response mechanisms in dental
pulp-derived stem cells. Whether P. gingivalis LPS activates
SHEDs via TLR2, TLR4, or alternative signaling pathways
remains unresolved and warrants further investigation. It
is also important to acknowledge the potential variability
introduced by differences in LPS purification methods
across suppliers and batches. These inconsistencies may
influence cellular responses and highlight the need for
standardization in future studies.

Despite the absence of statistically significant
proliferation changes, our study suggests that low-dose
P. gingivalis LPS may subtly promote SHEDs proliferation
and inflammatory cytokine production in a dose-dependent
manner. This finding may have implications for modeling
chronic pulpal inflammation and studying early tissue
responses in regenerative endodontic research. Further
investigations are needed to delineate the molecular path-
ways involved and to evaluate the long-term regenerative

capacity of SHEDs under sustained P. gingivalis LPS stimulation.

Conclusions

This study demonstrates that Porphyromonas

gingivalis LPS induces a dose-dependent inflammatory

response in SHEDs, characterized by upregulation of IL 15,
IL6, IFNG, and TNF. While low concentrations of P. gingivalis
LPS did not significantly enhance SHEDs proliferation, a subtle
promotive trend was observed, suggesting a potential role
in early-stage tissue responses. These results support the
use of P. gingivalis LPS as a clinically relevant stimulus to
model chronic pulpal inflammation and highlight SHEDs
as a promising in vitro system for investigating host-pathogen
interactions and inflammation-mediated regenerative

processes in the primary dentition.
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The Effect of Powered Toothbrushes on Surface Roughness and Wear of Direct
Restorative Materials

Sookwasa Hirunmekavanich' and Chaiwat Maneenut'
'Department of Operative Dentistry, Faculty of Dentistry, Chulalongkorn University, Bangkok, Thailand

Abstract

The study aims to evaluate surface roughness and wear or volume loss of three direct restorative materials after
brushing with oscillating and sonic-vibrating powered toothbrushes. Twenty specimens of each material: conventional
nanofilled resin composite (FiltekZ350XT), flowable resin composite (Filtek Supreme flowable restorative) and
resin-modified glass ionomer cement (Fuji Il LC), were prepared and divided into two groups according to the type
of powered toothbrush used. Brushing was conducted using a toothbrushing simulator that applied a consistent
force of 1 newton (N) for one hour, simulating one year of brushing. Surface roughness and wear or volume loss
tests were performed on each specimen before and after brushing to assess the impact of the different toothbrush
types and materials. The surface roughness (Sa), the differences of roughness change (ASa) and volume loss were
analysed using the paired t-test and two-way ANOVA with LSD post hoc tests. The results showed no statistically
significant difference of roughness, roughness change and wear after one year of simulated tooth brushing by the
powered toothbrush in all groups. Two-way ANOVA analysis showed that type of powered toothbrush and material
do not significantly influence the surface roughness alteration of all three direct restorative materials. However, the
type of materials significantly influenced the volume loss. A greater surface roughness value changes were observed
in sonic-vibrating powered toothbrush groups. Resin-modified glass ionomer cement brushed by a sonic-vibrating
powered toothbrush (GS) showed the most surface roughness change. The highest volume loss was detected in
resin-modified glass ionomer cement brushed by the oscillating powered toothbrush (GO) group. There is a statistically
significant difference in wear between resin-modified glass ionomer cement groups and resin composite groups in
both powered toothbrush types. In conclusion, in this in vitro study, brushing with powered toothbrushes does not

affect the surface roughness and wear of direct restorative materials.
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Introduction

Tooth brushing is the act or method of cleaning the could lead to many problems including dental caries, periodontal
teeth with a toothbrush together with toothpaste. It is the problems and malodor breath.' In addition, excessive brushing
simplest and the most effective way to eliminate dental force could cause tooth wear and non-carious cervical
plaque. Incorrect tooth brushing (toothbrush, toothpaste lesions (NCCLs).” These oral health problems can occur in
and technique), resulting in inadequate plaque removal, all eroups of age and eventually affect their quality of life.
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The powered toothbrush was developed to be
more user-friendly, eliminate incorrect brushing techniques
and provide consistent ability to eliminate dental plaque.’
Previous studies found that the safeness of using powered
toothbrushes was not significantly different from the
conventional manual toothbrush.>* Thus, many people
start to pay more attention to the powered toothbrush
since it can deliver a simpler method of daily oral care.
Moreover, the powered toothbrush is beneficial to people
who aregeriatric or handicapped who have weakened
muscle movement especially fine muscle movement
which is important for tooth brushing.5 So, as a dental
professional, it can be assumed that a powered toothbrush
is more suitable for some special patients compared to
the conventional manual toothbrush and it can eliminate
technique sensitivity, control brushing force and help
motivate good oral care for everyone.

Powered toothbrushes vary in head size, head
shape, speed of movement and the whole brush design.
Nowadays marketed powered toothbrushes have three
types of action which are rotating or oscillating, sonic
vibrating and ionic-powered. The rotating or oscillating
toothbrush usually comes with a round head design. The
head spins with speed when moving the brush along the
teeth and gum line causing the dislodgement of food
particles. While the sonic vibrating toothbrush comes
with a vibrating head that emits ultrasonic waves that are
claimed to cause vibration, resulting in fluid movement and
air vibration.® Sonic vibration combined with the vibrating
bristle will loosen the plaque and food particles. The
ionic-powered toothbrush temporarily alters the tooth
ion charge from negative to positive by the circuit under
the head and handle. This polarity helps push away food
particles, which are also positive charges.” However, there
is no mechanical action from the brush itself unlike as
in an oscillating or sonic-vibrating powered toothbrush.

Improper tooth brushing is not only one of the
various factors causing oral health problems but also
plays a part in damaging dental restoration over time,
especially direct restoration.’ Several previous studies” ™
showed the effects of tooth brushing to resin composite

which were increased surface roughness, decreased surface

gloss and increased wear. These effects can lead to increased
plague accumulation which ultimately results in restoration
failure.”'""* However, literature reviews revealed only the
effect of manual toothbrushes or compared the effect
between manual and powered toothbrushes. There are
still limited studies that compared the effect among the
powered toothbrushes.

From the knowledge gap and the raising popularity
of powered toothbrush and its benefits, this present study
aims to investigate and compare the surface roughness
and wear of the direct restorative materials which are a
conventional nanofilled resin composite, a flowable resin
composite and a resin-modified glass ionomer, after
brushing using the oscillating and sonic-vibrating powered
toothbrushes. The null hypothesis of this study is that the
powered toothbrush does not affect the surface roughness
and wear of direct restorative material. Clinically, understanding
these specific effects can help dental professionals to
provide evidence-based recommendations on the most
appropriate oral hygiene instruments for patients with
direct restorations, potentially influencing restorative
material selection, maintenance protocols, and patient
education to enhance the survival and esthetic integrity

of restorations.

Materials and Methods

Sample size calculation

Sample size was calculated using G*power 3.1.9.4
(Kiel University, Germany) utilizing Power [3 = 80% and
QL = 5%, cited from the study of Sayed et al., 2022.° The
total sample size from the calculation was at least 46.2
(8 specimens per group), including 10% compensation.
However, to avoid discrepancy, the specimens in this study
were increased to ten specimens per group. A total of
60 specimens were investigated, which were categorized
into two divisions based on toothbrush type and further
segmented into three types of direct restorative materials.
Specimen fabrication

Sixty cylindrical specimens (20 for each material)
with dimensions of 10 mm in diameter and 2 mm in thickness
were prepared using polyethylene molds (Fig. 1.). The

materials used in this study are shown in Table 1.
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Figure 1 Specimen fabrication and area of brushing (3x3 mm) at the middle

Conventional resin composite, Filtek™ Z350 XT
Universal Restorative shade A3 (3M™, ESPE, USA), was placed
in the mold with a plastic instrument. The sample was
covered with a celluloid strip and a glass slide, followed
by putting a metal weight of 1 kg on the top for 20 seconds
to ensure the flat surface of the specimen. The metal weight
was removed, the curing tip was placed perpendicularly to
the surface of the material and it was light cured through
a glass slide with LED light curing unit (DemiTM Plus, Kerr,
USA) using approximately 1000 mW? for 40 seconds. The
light intensity was confirmed with a radiometer (100
Optilux Radiometer®, Sds Kerr, USA). In order to imitate
the clinical polishing technique, the top surface of the
specimen was polished with Softlex discs (Sof-Lex™ XT
Contouring and Polishing Discs, 3M™, ESPE), using coarse,
medium, fine and superfine discs respectively, with a
micro-motor handpiece at 10,000 rpm for ten strokes in
the same linear direction for each disc. After polishing with
each disc type, the specimen was rinsed off for ten seconds
and air-dried for ten seconds with a triple syringe (Mobile
Unit, Super Mobile 85, T.D.P. Thailand). The polishing disc
was discarded after every four specimens were polished
to ensure the efficiency of the disc.

Flowable resin composite specimens, Filtek™
Supreme Flowable Restorative shade A3 (3M™, ESPE, USA),
were prepared by injecting material from tube into the mold,
followed by the same procedures as previously described.

Resin-modified glass ionomer specimens, Fuiji

Il LC® Capsule shade A3 (GC, Japan), were prepared by

mixing in an amalgamator (Ultramat 2, SDI, Australia) for
ten seconds as per the suggestion of the manufacturer and
injected into the mold, followed by the same procedures
as previously described.

All specimens were stored in distilled water at a
temperature of 37°C in an incubator for 24 hours before
submitted to surface roughness analysis (Sa) at a square
area of 3 x 3 mm at the middle of the polished surface
(Fig. 1). The surface roughness values of all specimens in
each material type were verified not to be significantly
different to ensure the homogeneity of the baseline value
before performing the brushing test.

Brushing test

Each material specimen was randomly divided
into two groups for the powered brushings (n=10). The
first group was brushing performed with an oscillating-
rotating powered toothbrush (Oral-B pro-2000 powered
toothbrush, Procter and Gamble, USA). The bristle type
was medium, end-rounded nylon bristle (Braun Oral-B
EB17-2 Precision Clean Replacement, Procter and Gamble,
USA). The toothbrush head spun using sensitive mode
with 33,000 rounds per minute. The second group was
brushing performed with a sonic-vibrating power tooth-
brush (Sonicare 1100 series, Philips, Netherlands) with
medium, end-rounded nylon bristle (Sonicare C2 Optimal
Plaque Defense HX9022/28, Philips, Netherlands). The
sonic-vibrating powered toothbrush ran with 31,000

rounds per minute.
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Figure 2 a). Oral-B pro 2000 powered toothbrush with medium bristle13 and b). Philips Sonicare 1100 series powered toothbrush

with a medium bristle™

The powered toothbrush was attached to the
modified tooth brushing simulator (Fig. 3). The simulator
consisted of two parts which were the adjustable toothbrush
holder and the plastic container that had the silicone
specimen holder in the middle. The toothbrush holder
consisted of three adjustable screws and the toothbrush erip.
The first adjustable screw was used to adjust the toothbrush
position in the vertical dimension. The other two were
used to finely adjust the toothbrush horizontal plain.

In order to keep the margin of the specimen surface
to be the unaffected area from the brushing procedure,
a waterproof sticker tape was applied on the surface,
leaving an area of 3x3 mm square shape at the middle
to have direct contact with the brush bristles as shown in
Figure 1. The specimen was inserted into the silicone holder
followed by the addition of 100 ml of toothpaste solution
to completely submerge its surface. The toothpaste solution
was prepared by mixing 33.3 ¢ of measured toothpaste
(Colgate® Cavity Protection Toothpaste, Colgate-Palmolive,
USA) with 100 ml distilled water, following a 1:3 ratio as

ISO11609:2017. The container was placed on the digital scale
and the weight was set as zero (0). The powered toothbrush
was attached to the toothbrush holder grip.The height
and the horizontal plain were adjusted assuring that the
bristle was pressed against the specimen surface and the
pressure was set at 1 newton (N) (approximately 100 gram),

simulating the force applied when brushing the teeth.”

Figure 3 The modified tooth brushing simulator, consisting of two
parts which are the toothbrush holder part (left) and
the specimen holder part (right)
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Since the powered toothbrush did not require
horizontal movement of the head like the manual
toothbrush, brushing time was used instead of cycles of
movement in this experimental method. Since the American
Dental Association recommends two minutes (120 seconds)
tooth brushing time, twice a day“’, and according to a previous
study'” which the maximum duration of toothbrush contact
with each tooth surface is five seconds per two-minute
interval of brushing (equating to ten seconds per day), in this
study, each specimen was brushed for 60 minutes which
represent one year of tooth brushing. The toothbrush head
was changed after six specimens of brushing, which referred
to changing of toothbrush every three months as per the
recommendation of the American Dental Association. "™

After the brushing test, the specimen was washed
for 60 seconds with water from a triple syringe (Mobile Unit,
Super Mobile 85, T.D.P. Thailand) followed by immersion
in the ultrasonic bath (Ultrasonic cleanser: 5210 (Heidolph,
Germany) for two minutes to remove the smear layer, and
air dried for 60 seconds with a triple syringe (triple syringe,
Mobile Unit Super Mobile 85, T.D.P. Thailand). The specimens
were stored in distilled water at 37°C followed by the surface
roughness and wear after brushing evaluations.
Surface roughness analysis

The surface roughness of all the specimens were
measured before brushing simulation by contact profilometer
(TalyScan 150, Taylor Hobson Limited, England). The measured
area was 3 x 3 mm (Fig. 1)which was saved as the reference
area for after the brushing measurement. The profilometer
setup was using a cut-off at 0.8 mm, a speed of 1000 um/s,
spacing 0.5 um in the x-axis and 10 ym in y-axis. The surface
roughness was analyzed to Sa value by TalyMap software
(Taylor Hobson Limited, UK) which analyzed both surface
profile and surface parameters. To standardize the baseline
surface roughness value, all the data were collected and
statistically analysed for data distribution in each material.
The same procedure was done to the specimen after
the brushing test. The surface roughness value after the
brushing test was collected at the same reference area.
The difference in surface roughness between before and
after brushing or roughness change (ASa) within the same

material and the same toothbrush type were calculated.

Wear analysis

After the brushing test, the wear of each specimen
was measured by measuring the volume loss of the material
using the contact profilometer (TalyScan 150, Taylor Hobson
Limited, England) and analyzed with The TalyMap software
(Taylor Hobson Limited, UK). After removing the sticker tape,
the measurement area was 5 x 5 mm area which included
the brushing area and the surrounding unaffected area
(Fig. 4). The profilometer setup was a speed of 1000 um/s,
spacing 0.5 pm in the x-axis and 20 pm in the y-axis. The
volume loss (mm?) of the material was calculated by
subtracting the whole volume of brushing area out of
the surrounding unaffected area. This value was the wear

of the material after brushing.

Figure 4 The measurement area for wear, the red dotted
area (5 x 5 mm). The black dotted area was the

brushing area

Statistical analysis

The data was statistically analyzed by SPSS statistics
version 22.0 programs. The confidence interval in this study
was determined at 95%, (p=0.05). The homogeneity test
was evaluated using Levene’s test. The Shapiro-Wilk test
was used to analyze data distribution. The paired t-test
was applied for analyzing the surface roughness (Sa) value
of the same material before and after the test in the same
toothbrush group. The Two-way ANOVA was used to analyze
the interaction between two factors, types of powered
toothbrush and material. Also, the Two-way ANOVA was used
for analyzing means of difference in roughness or roughness
change (ASa) and wear among materials in the same toothbrush
type group followed by post-hoc LSD analysis. To compare
between two types of powered toothbrushes in the same

material, a two-sample t-test was used.
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Specimen preparation

Total specimen N=60

+ Conventional resin composite (n=20)
(Filtek™ Z350 XT Universal Restorative(3M,ESPE))

———————— |nitial surface roughness evaluation ———— Statistic analysis

!

Brushing test

+ Flowable resin composite (n=20)

(Filtek™ Supreme Flowable Restorative{3M,ESPE))

= Resin modifed glass ionomer (n=20)

Osciallting powered

Sonic-vibrating powered

(Full 1 LC® Capsule(Ge) toothbrush toothbrush
(Cral-B pro 2000) (Sonicare 1100 series)
FO ) (n=10) (n=10)

Final surface roughness evaluation

and Volume loss evaluation

Statistic analysis

Figure 5 Study design diagram illustrates group deviations, abbreviation and sample size in each group

Surface roughness

The surface roughness value (Sa) at baseline,
before the brushing test, showed no statistically signifi-
cant difference between the two powered toothbrush
groups of each material (Table 2). After the brushing test,
the paired t-test demonstrated no statistically significant
differences of the surface roughness values in all groups
(Table 2).

The mean of the difference in surface roughness
between before and after brushing value or roughness
change (ASa) of all groups is demonstrated in Table 2.
The GS group showed the most surface roughness change
followed by the FS, GO, CS, FO and CO groups respectively.
All groups, except the GO group, presented a smoother

surface after the brushing test, as the means of ASa values

were negative values. Oscillating-powered toothbrush
groups presented rougher surfaces than sonic-vibrating
powered toothbrush groups for all materials. Yet, greater
surface roughness value changes were observed in sonic-
vibrating powered toothbrush groups compared to
oscillating power toothbrush groups.

However, there was no statistical difference when
comparing ASa values between two different toothbrush
types for the same material. Also, there was no statistically
significant difference comparing ASa values of the same
toothbrush type among the three materials (Table 2).
The two-way ANOVA indicated that powered toothbrush
type and material did not influence ASa values (p=0.100,
p=0.859), and these two factors had no interaction with
each other (p=0.550).

Table 2 Surface roughness (Sa) values and difference (ASa) of before and after brushing test

Groups

Sa before (um)

Sa after (um) Difference (ASa)

Conventional resin composite
CcO
(&)

-0.006 + 0.472"
-0.055 + 0.297"

1.355 + 0.608™
1.133 + 0365%

1.361 + 0.526™
1.188 + 0.298
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Table 2 Surface roughness (Sa) values and difference (ASa) of before and after brushing test (cont.)

Groups

Sa before (um)

Sa after (um) Difference (ASa)

Flowable resin composite

FO 1.569 + 0.534°
FS 1.556 + 0.444"

Resin-modified glass ionomer

GO 2.004 + 0.722F
GS 2.129 + 0.668F

-0.012 + 0.336°
-0.212 + 0.552"®

1.557 + 0.495%
1.344 + 0.585%

0.145 + 0.504°¢
-0.241 + 0.696™

2.149 + 0.818F
1.888 + 0.681"

The same letters refer to no statistically significant difference (p>0.05). The lowercase letters show the column comparison within each material.

The uppercase letters show the row comparison of before and after the brushing test in each group.

In ASa column, the uppercase letters show the column comparison within each material. The symbols show the column comparison in each

toothbrush type among all materials. The same symbol refers to no statistically significant difference (p>0.05). The negative value represented

a smoother surface after the brushing test.

Wear (Volume loss)

The two-way ANOVA indicated that the materials
significantly influenced volume loss (p<0.05). On the other
hand, the type of powered toothbrush did not affect the
volume loss (p=0.414) and both factors showed no interaction
with each other (p=0.511).

The average volume loss of each group is presented
in Table 3. The highest volume loss was detected in
resin-modified glass ionomer, the GO group (0.011265 mm’
+ 0.005709) followed by the GS group (0.009418 mm’ +
0.004194). On the contrary, the lowest volume loss was
detected in conventional resin composite, the CO group
(0.000012 mm3 + 0.000006). Comparing between
toothbrush types, greater volume loss was observed in

oscillating powered toothbrush type of resin-modified

Table 3 Mean + standard deviation of wear (Volume loss) (mm’)

glass ionomer groups and flowable resin composite groups.
However, in conventional resin composite groups, the CS
group presented a greater volume loss than the CO group.

In the same powered toothbrush type, conventional
resin composite and flowable resin composite showed
statistically significantly less compared to resin-modified
glass ionomer (p<0.05). There was no statistically significant
difference in volume loss between conventional resin
composite and flowable resin composite. These results
were similar in both oscillating-powered toothbrush
groups (p=0.983) and sonic-vibrating powered toothbrush
groups (p=0.989). In all three material types, there were
no statistically significant differences in volume loss

between powered toothbrush groups (Table 3)

Volumes loss (mm?) Conventional resin

composite

Flowable resin Resin-modified

composite glass ionomer

Oscillating powered 0.000012 + 0.000006™

toothbrush

Sonic vibrating powered 0.000017 + 0.000009*

toothbrush

0.000039 + 0.000020* 0.011265 + 0.005709

0.000035 + 0.000019 0.009418 + 0.004194°

Lowercase letters show the comparison between powered toothbrush types. Uppercase letters show the comparison among materials. Different

letters refer to a statistically significant difference (p<0.05)

Discussions

Toothbrushing can cause various effects on direct
restorative materials, especially on the surface of restoration
where the toothbrush directly contacts. This could apply

to the clinical situation in restoring class V, class IV and

class lll cavities. Those restored cavities are affected by
toothbrushing more than the occlusal load.” Due to
the great esthetic properties and dentine-liked physical

properties of resin composite, nowadays it has become
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a popular material of choice for dentists in restorative
work." Accordingly, in this present study, high polishing
ability, suitability for restoring in anterior teeth, and lower
abrasive wear than hybrid composite', a nanofilled resin
composite (Filtek™ Z350 XT Universal Restorative, 3M,
ESPE) was selected. Additionally, with a lower flexural
strength and stiffness than the conventional resin composite,
the flowable resin composite was used in a small abfraction
class V cavity.” Following this reason, flowable resin
composite (Filtek™ Supreme Flowable Restorative, 3M,
ESPE) were also chosen. And since powered toothbrushes
are suggested for patients who are handicapped and
geriatric and tend to have high caries risk levels.” Fluoride-
releasing direct restorative material as resin-modified glass
ionomer (Fuji Il LC®, GC) was added in this studly.

As the result of this study which there is no statistically
significant differences in surface roughness and wear in all
groups after one year simulated brushing test with both
types of powered toothbrushes, the null hypothesis
that the powered toothbrush does not affect surface
roughness and wear of direct restorative material was
accepted. Moreover, there is no statistically significant
difference when comparing surface roughness change (ASa)
value and wear between two powered toothbrush types.
And there is no statistically significant difference in ASa
value among three different direct restorative materials in
the same powered toothbrush group. However, a statistically
significant difference exists between the wear of resin-
modified glass ionomer and the resin composites.

This statistically significant difference in volume
loss may due to material composition and physical
properties which resin-modified glass ionomer is inferior to
resin composite.”” According to lower fracture toughness,
lower surface hardness® and more solubility”, resin-
modified glass ionomer groups demonstrated significantly
greater wear and surface roughness value change than resin
composite groups after the brushing test as shown in this
current study. Additionally, Kormandal and co-workers,
in 2021, found that the surface roughness of resin-modified
glass ionomer (Fuji Il LC gold label, GC) was significantly
different from baseline at three months of the simulated

tooth brushing test with an oscillating powered toothbrush.”*

Moreover, it is found that the resin-modified glass
ionomer structure is porous.” This air trapping inside the
material structure occurs during the mixing process. In
this study, a machine mixing method was chosen to avoid

25,2

mixing errors and minimize the porosity.”** Accordingly,
this porous structure of the material can also affect the
amount of wear and surface roughness of the material
due to the exposure of pores after surface loss, resulting
in higher volume loss for the GO and GS groups compared
to others. However, this porous structure and high-water
sorption of material promote fluoride-releasing ability of
resin-modified glass ionomer.”” Furthermore, in a clinical
situation, resin-modified glass ionomer is capable of recharging
and releasing fluoride over time which causes the ion ex-
change of FAS glass that provides strength for the material,
resulting in decreasing of surface hardness.” This could lead
to further surface degradation of the material over time.

On the contrary, the conventional resin composite
group (Filtek™ Z350 XT Universal Restorative, 3M, ESPE)
presented the least surface roughness alteration and
volume loss after brushing test. Resin composite consists
of two main parts: organic resin matrix and inorganic filler
particles. The filler particle plays an important role in
the physical and mechanical properties of the material,
including wear resistance.”® The smaller the filler, the more
filler loading could be added to the resin composite. The
surface roughness of resin composite can be a result of
degradation of the resin matrix and the dislodgement of
the filler particle.” Increasing the surface roughness of
restorative material can eventually lead to the wear of
material over time. In this study, Filtek™ Z350 XT Universal
Restorative has nano filler size particles, 4-20 nm, with a
filler load of 78.5% by weight (66.3% by volume). The
small filler size of nanofilled resin composite provides
good polishability, performing a smooth surface after
the polishing procedure. Heintze and co-workers” found
that the nanofilled resin composite appears to have the
lowest surface roughness increased after brushing test
among types of resin composites, including hybrid resin
composites. The distribution of the filler also influenced
the wear.” Densely packed filler leads to less chance of

matrix exposure and accelerates the wear. In addition,
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the SEM shows that the nanofilled resin composite shows
uniform abrasion due to the same filler particle size and
distribution® and less surface morphology alteration™
after the toothbrushing test.

To improve the adaptability of conventional resin
composite, flowable resin composite was invented with less
filer load, 37% - 53% by volume, or adding other modifying
agents.”" Providing flowable resin composite to be less
viscosity, to flow and adapt itself into the margin or the
irregularity of the tooth structure. This material also be used
insmallabfraction class V cavity since the flowable resin composite
has a lower flexural strength and stiffness than the conventional
resin composite, providing more success rate.””” The
drawback of the flowable resin composite is the weaker
mechanical properties and higher polymerization shrinkage
due to the lower percentage of filler load.”

For wear resistance, Fernanda and co-workers™
compared the mass loss of five flowable resin composites
and two resin composites after the simulated tooth brushing
test. They found no significant mass loss among resin
composites. However, all five flowable resin composites
showed higher mass loss percentages compared to
microfilled resin composite. Corresponding to the previous
study results, in this present study, Filtek™ Supreme
Flowable Restorative, 3M, ESPE consisted of a filler loading
of 65% by weight (55% by volume), which is a lower filler
load than the conventional resin composite (Filtek™
Z350 XT Universal Restorative, 3M, ESPE). This results in
more difference in roughness or roughness change (ASa)
value and more volume loss than conventional resin
composite groups in both powered toothbrush types.
However, there was no statistically significant difference
between conventional resin composite and flowable resin
composite. It can be assumed that with the reduced filler
content, degradation of the matrix after the dislodgement
of filler could be increased, resulting in a lower wear resistance
of this material.

Besides the materials factors, using different
powered toothbrushes also play an important role in
surface roughness alteration and wear of materials. The
oscillating powered toothbrush used in this present study

was an Oral-B pro 2000 powered toothbrush (Procter and

Gamble, USA) with oscillating-rotating, 45,000 rounds per
min (normal mode) and 33,000 rounds per min (sensitive
mode). While the sonic-vibrating powered toothbrush
(Sonicare 1100 series powered toothbrush, Phillips,
Netherland) vibrates with 31,000 rounds/min. An oscillating
power toothbrush was selected in sensitive mode to
eliminate the amount of cycle factor.

Two-way ANOVA results of the current study
showed that toothbrush type did not statistically significantly
influence surface roughness alteration and wear of tested
materials. However, greater surface roughness value
changes (ASa), were observed in sonic-vibrating powered
toothbrush groups compared to oscillating power
toothbrush groups. The same result was presented in
volume loss of the conventional resin composite groups
which the CS group presented greater wear than the
CO group. Nevertheless, there is no statistical difference
of two toothbrush types in both ASa value and wear.
These results correspond to the results of Ahmed and
co-workers, in 2022°, that the sonic vibrating powered
toothbrush demonstrated a stronger action than the
oscillating powered toothbrush in both surface roughness
and wear of materials with no statistical difference. These
could be explained by the cleaning action of a sonic-
vibrating powered toothbrush that used hydrodynamic
fluid forces® other than only actual brittle reaching’
that benefit in plague and biofilm removal. Besides, the
toothbrush claimed to emit ultrasonic waves which can

create cavitation theoretically”>*

where gas bubbles grow
and collapse in an alternating pressure field, resulting in
highly destructive shear forces.” It was suspected that
the wave can promote destruction of the filler-matrix
interface in materials, leading to filler dislodgment.
However, the effects of cavitation depend on ultrasonic
frequency and intensity. Even though, the sonic vibrating
powered toothbrush only emits 260 Hz, which is not an
actual ultrasonic wave.” This sonic wave has also been
proven to create fluid and air movement around the
bristle, creating turbulent and associated shear force, and
effectively removing stain and bacteria adhesion.””*

Furthermore, the previous study found that

oscillating power toothbrush also create low sound wave
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as sonic-vibrating powered toothbrush does.” By only 63 Hz
rotating causes dislodgment of plaque in the range of
1 -2 mm from the bristle tip similar to the result from
260 Hz of sonic vibrating powered toothbrush, which
suggest that dynamic fluid activity is not solely restricted
to a sonic vibrating powered toothbrush. In this current
study, the oscillating powered toothbrush spined 33,000
rounds/minute which is converted to 550 Hz. Combined
with the rotating action of the toothbrush head, the
oscillating powered toothbrush could lead to greater
wear of materials and rougher surface after toothbrushing
especially the lower surface hardness material as resin-
modified glass ionomer and flowable resin composite.
This reason explained the results of the current study
in which the GO group demonstrated a rougher surface
after brushing and the FO and GO groups showed the
greater volume loss compared to the FS and GS groups,
respectively. To eliminate the confounding factors, the
current study chose the sensitive mode, which was
recommended for periodontal problem patients. The
normal mode has a greater cycle of rotation (45,000
rounds/min), which could lead to a different result in wear
and roughness alteration, this could be further studied.
However, this current study only focused on the difference
in action of the powered toothbrushes.

Abrasive agents in toothpaste are added to
aid the mechanical cleaning efficacy of toothbrushing.
Toothbrushing with only saliva does not create wear on
the enamel surface, while brushing with toothpaste does.”
The Relative Dentin Abrasivity (RDA) is a standardized scale
for measuring the quantity of abrasiveness of toothpaste.
The standard reference abrasive RDA value is around
100. However, the ADA recommends toothpaste with an
RDA below 250, which produces no wear to enamel and
limited wear to dentin with proper brushing technique.*' In
the current study, low-abrasive toothpaste (Colgate® Cavity
Protection) was selected to eliminate the confounding
factors. The RDA value is 65.

The hardness of the filler particle and the abrasive
agent in toothpaste also impacted the wear.” If the filler
particle has more hardness than the abrasive particle,

there is a lower chance of wear. In the present study, the

main abrasive agents are hydrated silica and dicalcium
phosphate dihydrate (CaHPO, H O), which are medium
hard and soft relative hardness®, respectively. The Moh’s
hardness of hydrated silica is 5 and dicalcium phosphate
dihydrate (CaHPO,_H O)is 2.5.” While the filler particles
in nanofilled resin composite (Filtek™ Z350 XT Universal
Restorative, 3M, ESPE) and flowable resin composite
(Filtek™ Supreme Flowable Restorative, 3M, ESPE) are silica
filler and zirconia filler which has Moh’s hardness 7 and 8,
respectively. Since the filler particles have a higher hardness
than toothpaste abrasive agents resulting in less wear
from abrasive agents’ factor. However, the correlation
between the abrasiveness of the toothpaste particle and
surface roughness is still controversial.

Boyd and co-worker, in 1997* demonstrated the
force applied to brushing with a powered toothbrush
is only 1/3 of the force applied to brushing with a manual
toothbrush. The previous study® found that the habitual
toothbrushing force using a manual toothbrush was in the
range of 1-4 N, depending on multiple factors including
measuring technique, gender, age, toothbrushes and dental
characteristic of the study group. The most effective brushing
force for plaque removal using a manual toothbrush is
around 300 mg (3N).* In addition, Van der Weijden and
co-worker, in 200415found that an oscillating powered
toothbrush, a low brushing force (+1.5N) showed more
plaque removal efficacy than a high brushing force (£3.5N).
In this study, a brushing force at 1 N was chosen, following
the literature review. However, the results of this study
showed no statistically significant differences when
comparing the roughness values before and after the
brushing test in all groups. Most groups presented a
smoother surface after the brushing test. On the contrary,

. . 12,1
previous studies™**®

showed a rougher surface of resin
composite after brushing, which used greater brushing
force with different study designs.

In the present study, although specimens were
polished before being submitted to the brushing test, a
surface irregularity was still present, as shown in the value
at baseline. A low brushing force of 1 N might not cause
much dislodgment of filler particles but rather polish the

irregularity of the exposed resin matrix, resulting in a smoother

Hirunmekavanich and Maneenut, 2025 234



surface of materials. Especially in the resin composite,
which consists of the more durable bond of silane coupling
agent between glass filler and resin matrix compared to the
loosely ionic bond of polyacid molecule in resin-modified
glass ionomer.*" As most groups in the current study, except
for the GO group, presented a smoother surface after brushing.

The homogeneity of specimens in the same
material group was statistically analysed before undergoing
the brushing test. As the baseline values for the material
group were effectively controlled, allowing the baseline Sa
value of the specimen to function as an internal control for
variations in the Sa value after brushing. Nevertheless, this
study aimed to compare the difference in the alteration
of the Sa value (ASa) among materials. However, different
materials have a variety of properties, so the mean Sa
values could not be compared directly with one another.
For wear measurement, the specimen was partially covered
with the adhesive tape, which would be the unaffected
area from brushing. This area of the specimen was used as
a control or reference area for measuring volume lost (wear).

The limitation of this study was the duration of
brushing. The cycle of brushing was one hour straight,
which represented one year of brushing. Nevertheless, in
the clinical situation tooth brushing occurs twice a day
with about eight hours in between, causing more storage
time intervals, which could lead to further degradation
of material. Further study with intervals brushing time
might refer to closer clinical situations. In addition, this
current study is still an in vitro study.

As the results in the current study demonstrated
that brushing with a powered toothbrush with 1 N force
does not affect the surface roughness and wear of direct
restorative materials - nanofilled resin composite, flowable
resin composite and resin-modified glass ionomer, after
brushing for one year. Implied in clinical situations, dentists
can safely recommend using the powered toothbrush
in both types with the proper brushing technique and
appropriate brushing force for people who need it such
as the elderly and people with handicaps, instead of a
manual toothbrush. However, dentists should be aware of
greater wear of resin-modified glass ionomer restoration

than resin composite restoration over time.

Conclusion

In this in vitro study, brushing with powered
toothbrushes showed no significant influence or effect on

surface roughness and wear of direct restorative materials.
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Abstract

Oral mucosal defects, especially in elderly patients with cancer, trauma, or post-surgical resections, require
biomaterials that are biocompatible, promote tissue regeneration, and restore function. Collagen-based scaffolds
are extensively researched due to their biocompatibility and structural similarities to natural tissue. However,
characterizing the molecular integrity of these scaffolds is essential for ensuring their efficacy. This pilot study employed
Fourier transform infrared spectroscopy (FTIR) as a fundamental analytical tool to investigate and compare two collagen-based
scaffolds system as two distinct modification strategies: (1) fish scale-derived collagen crosslinked with 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDC) and (2) porcine skin-derived collagen coated with acemannan (AceCol).
FTIR was used to investigate structural features, specifically the maintenance of collagen’s triple-helix structure
(Amide I-1ll bands) and the integration of bioactive polysaccharide groups. The spectra was analyzed for key vibrational
peaks, such as hydroxyl (O-H), amide, and polysaccharide-specific regions. The results indicate that the EDC-crosslinked
fish scale collagen scaffold exhibited intact Amide I-lll bands, confirming the stability of the triple-helix structure.
The acemannan-coated scaffold displayed additional peaks in the range of 1000-1100 cm™ and enhanced hydroxyl
band intensity (3300-3400 cm™), which indicates successful polysaccharide integration. In conclusion, this pilot study
demonstrated that FTIR spectroscopy can differentiate structural signatures between two scaffold modification
strategies. EDC crosslinking retained the triple-helix stability of fish scale-derived collagen, while acemannan coating
introduced polysaccharide-related features in porcine collagen. These findings provide preliminary evidence supporting
the complementary roles of crosslinking for stability and coating for bioactivity, warranting further validation for future

applications in oral mucosal regeneration.
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Introduction

Elderly patients, particularly those suffering from have oral mucosal defects.' These defects can significantly

cancer, trauma, or following surgical resection, frequently affect many functions, such as speech, mastication, aesthetics,
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and overall quality of life.” Therefore, the development
of effective and biocompatible scaffolds is essential to
support tissue regeneration and restore oral function.’
Current treatments, like autologous grafts, have limitations
due to donor site morbidity, low tissue availability, and
unpredictable healing outcomes.” This situation has driven
the development of tissue-engineered biomaterials that
can mimic the structural and biological properties of native
oral mucosa.” Among the various candidates, collagen-
based scaffolds have gained considerable attention due
to their favorable properties for soft tissue regeneration.’
These properties include biocompatibility, biodegradability,
low immunogenicity, and structural similarity to the native
extracellular matrix.’

Comprising about thirty percent of all the proteins
in the body, collagen is the main structural protein found
in mammals, which is an essential component that provides
mechanical strength to connective tissue, including skin,
bone, and cartilage.® The fundamental structural unit of
collagen consists of three polypeptide chains: two identical
QL1 chains and one slightly variant QL2 chain, which are
intertwined in a unique triple-helical shape. This structure
consists of a repeating sequence of amino acids called
glycine-X=Y (Gly-X-Y), with X and Y often being proline
and hydroxyproline. The stability of the triple helix is
mostly maintained by hydrogen bonding between adjacent
carbonyl (CO) and amine (NH) groups.” Additionally, the
unique physical properties of collagen, including high
water absorption, gel-forming ability, and surface activity
at lipid-free interfaces, make it a versatile material for
biomedical applications such as scaffolds, wound-healing
material devices, and drug delivery systems.”®

Traditionally, mammalian by-products, such as
bovine and porcine tissues, have been the primary source
of collagen for medical and industrial applications. However,
increasing concerns about zoonotic infectious disease
transmission, allergenicity, ethical considerations, and
religious restrictions have inspired much research into
safer and more sustainable alternative sources.'’ Recently,
researchers have focused on thousands of tons of by-products,
including fish bones, skin, and scales, which are typically

food waste from human consumption, as alternative
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sources of collagen." Among these, fish scales are gaining
more interest due to their natural qualities that resemble
type | collage, which is composed of two QL1 chains and
one OL2 chain'® and is found in over 90% of the human
body"™ within nearly all extracellular matrix and connective
tissues.” In addition, collagen from fish scales demonstrates
proper water absorption and retention properties, which
makes it appropriate for the creation of biomedical
scaffolds." However, compared to mammalian collagen
(39-40°C), collagen derived from fish scales typically has
a lower denaturation temperature (Td), around 35-36°C,
which limits its use in biomedical applications.”"* The
lower levels of proline and hydroxyproline in marine
collagen, which are essential for hydrogen bonding to
stabilize the triple-helix structure, are the main cause of
this decreased thermal stability.”® Consequently, collagen
derived from fish denatures at temperatures close to
physiological values, which presents a major challenge
for in vivo applications.”” To overcome this limitation,
researchers have employed several physical and chemical
crosslinking methods to enhance the structural integrity
of fish collagen.'” Among different crosslinking methods,
chemical crosslinking is considered the most suitable for
type | collagen-based scaffolds, as it enhances scaffold
stability without causing structural changes. Notably,
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC)
stands out as a zero-length crosslinker that enhances
mechanical strength and thermal stability without
leaving toxic residues or significantly altering the native
structure.'®

Recent studies have also explored the functionalization
of collagen scaffolds with bioactive molecules.”” Acemannan
is a significant natural polysaccharide derived from the inner
gel of Aloe vera. It is a highly acetylated polysaccharide
consisting of B—(1,4)-linked mannose units.”’ In previous
studies, acemannan demonstrates excellent biocompatibility
and biodegradability, along with immunomodulatory,
antiviral, antitumor, and antioxidant properties, making it
highly suitable for biomedical applications.”** Additionally,
it stimulates wound healing, matrix formation, and cell
proliferation.” Spectroscopic techniques can investigate

interactions between its acetylated polysaccharide structure
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and the polypeptide chains of collagen.” However, to
the best of our knowledge, no study has directly compared
fish scale-derived collagen crosslinked with EDC and porcine
skin-derived collagen functionalized with acemannan
using the same analytical framework. This lack of comparative
evidence represents a critical knowledge gap, particularly
in understanding how scaffold origin (marine vs. mammalian)
and modification (crosslinking vs. coating) affect their structural
and functional characteristics.

Fourier transform infrared (FTIR) spectroscopy is a
vibrational spectroscopic technique employed to investigate
molecular-level alterations and identify chemical functional
groups, types of chemical bonds, and molecular configurations.”
Researchers have extensively utilized the FTIR spectroscopy
to analyze protein structures and molecular interactions.”
In the context of collagen, the Amide | band (1600-1700
cm’™) primarily results from the stretching vibrations of C=0
bonds in the peptide backbone. This band is recognized
as a fundamental indicator of the triple-helical conformation
and secondary structure of collagen (protein secondary
structure elucidation using the FTIR spectroscopy).
Additionally, the Amide Il band (1470-1570 cm™), which
encompasses N-H bending and C-N stretching vibrations,
as well as the Amide Ill band (1250-1350 cm™), which
includes C-N stretching and N-H deformation, provides
critical information regarding the presence of proteins and
polypeptides, along with the stability of the triple-helix
structure.”” Recent technological developments have
permitted FTIR data to be acquired with a spatial resolution
of approximately 10 microns from small tissue sections,
enabling precise structural characterization at the microscale,
which is useful in tissue engineering and scaffold
evaluation.”” The FTIR spectroscopy will serve as an
essential analytical tool for comparing the chemical
structures and molecular arrangements of collagen-based
scaffolds derived from different sources, including pure
fish scale-derived collagen and porcine skin-derived collagen
coated with acemannan.

Accordingly, this work was conducted as a pilot
study to assess the feasibility of FTIR spectroscopy in
characterizing and distinguishing two scaffold systems as

two distinct modification strategies: (1) fish scale-derived
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collagen crosslinked with EDC and (2) porcine skin-derived
collagen coated with acemannan. The central research
question was whether FTIR could reliably differentiate the
molecular and structural features arising from crosslinking
and bioactive coating. It was hypothesized that the scaffolds
would exhibit distinct molecular and structural signatures
detectable by FTIR, reflecting differences in crosslinking
and bioactive functionalization. The findings are intended
to provide preliminary evidence and foundational knowledge
that will guide the future optimization of tissue-engineered
oral mucosa scaffolds for the treatment and restoration

of oral mucosal integrity in elderly patients.

Materials and Methods

Preparation of fish scale-derived collagen scaffold
crosslinked with EDC

Circular collagen scaffolds (16 mm in diameter
and 1 mm in thickness) were fabricated using 1.1% (w/v)
type | atelocollagen extracted from tilapia fish scales
(Collawind Co., Ltd., Niigata, Japan) crosslinked with 1.0%
(w/v) 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) (Tokyo Chemical Industry, Tokyo,
Japan) for structural stabilization following a previously
published protocol with minor modifications.”

Briefly, freeze-dried collagen (Cell Campus FD-08G,
Taki Chemical Co., Ltd., Hyogo, Japan) was dissolved in
hydrochloric acid (pH 3.0) and mixed with Dulbecco’s
phosphate-buffered saline (D-PBS; KAC Co., Ltd., Kyoto,
Japan) at 4 °C. The resulting solution was poured into silicone
rubber molds (1.0 mm thickness; Asone Corporation,
Osaka, Japan) with circular holes (16 mm diameter) and
incubated at 25°C to induce fibrillogenesis.

After gelation, the scaffolds were chemically
crosslinked by using 1.0% (w/v) EDC dissolved in 99.5%
ethanol (Kishida Chemical). Crosslinking was performed
by immersing the collagen gel in the EDC solution at a
ratio of 100 mg EDC per 7.8 mg of collagen and incubated
for 24 hours at room temperature.

After crosslinking, scaffolds were carefully
removed from the molds and washed sequentially in
50% ethanol and D-PBS, each for 24 hours under gentle

rotational stirring at room temperature. The scaffolds were
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then sterilized using Y-irradiation and stored in D-PBS
at 4°C until further use.

Preparation of Porcine Skin-Derived Collagen Scaffold
Coated with Acemannan (AceCol Scaffold)

Fresh porcine skin was obtained from a certified
local supplier and processed within 24 hours. After hair
removal, the skin was soaked in 70% ethanol for surface
sterilization and thoroughly rinsed with normal saline.
Collagen was extracted following a previous study.”' Briefly,
the skin was treated with 0.1 M NaOH at a 1:10 (w/v) ratio
for 24 hours to remove non-collagenous proteins and lipids.
The tissue was washed with ice-cold deionized water
until reaching neutral pH, followed by incubation in 0.3 M
acetic acid at a 1:15 (w/v) ratio with porcine pepsin
(20,000 units/g of skin; Sigma-Aldrich, USA) for 24 hours at
4°C. After centrifugation at 5000 rpm for 20 minutes, the
supernatant was collected and precipitated with ice-cold
3 M NaCl at 4°C overnight. The resulting precipitate was
centrifuged at 5000 rpm for 30 minutes, dialyzed with
deionized water (10x volume), freeze-dried, and stored
in a desiccator.

Acemannan was extracted from Aloe vera (Aloe
barbadensis Miller) leaves as previously described.” The
outer skin of the leaves was removed, and the inner pulp
was washed, homogenized, and centrifuged. The supernatant
was precipitated with 100% ethanol at 4°C overnight,
followed by collection and lyophilization for use. To
fabricate the acemannan-collagen (AceCol) scaffold,
freeze-dried porcine collagen was dissolved in 0.1 M acetic
acid, while acemannan was dissolved in warm deionized
water. The two solutions were mixed at a 1:0.4 (w/w)
ratio and homogenized thoroughly.” The mixture was
then lyophilized to form a scaffold structure. Finally,
the scaffold was sterilized using Y-irradiation (Thailand
Institute of Nuclear Technology, Nakhon Nayok, Thailand)
and stored in a desiccator until further use.
Characterization Using the Fourier Transform Infrared
(FTIR) Spectroscopy

The FTIR microspectroscopy was employed to
investigate the structural characteristics of the collagen-
based scaffolds. Samples were embedded in an optimal

cutting temperature (OCT) compound using aluminum foil
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molds. The compound was allowed to partially solidify
until it became opaque and was subsequently positioned
horizontally and fully covered with additional OCT. The
embedded specimens were rapidly frozen in liquid nitrogen,
cryosectioned at -20°C to a thickness of 20 ym, and
prepared for spectral analysis.

Infrared spectra were acquired using a Bruker Tensor
27 FTIR spectrometer coupled with a Bruker Hyperion
3000 infrared microscope. Measurements were conducted
in attenuated total reflectance (ATR) mode using a 15x
objective and a 20x ATR lens, along with a high-sensitivity
mercury cadmium telluride (MCT) detector. Spectra were
recorded over the range of 3400-650 cm™*, which includes
key functional groups such as Amide |, II, and Ill characteristic
of collagen, at a spectral resolution of 4 cm-1 with 64 scans
per point. For each scaffold type, samples were prepared
from three independent batches. From each batch, three
specimens were analyzed, and spectra were collected
from three randomly selected areas per specimen. This
approach ensured that the spectral data captured both
intra-sample and inter-batch variability, thereby enhancing
the repeatability and validity of the investigation. The
collected data were subsequently analyzed as described
in the following section.
Data Analysis

OPUS 7.5 software (Bruker Optics Ltd., Ettlingen,
Germany) was used for analysis of all obtained spectra. The
spectra underwent baseline correction, normalization, and
subsequent processing by second derivative transformation
to improve the resolution of overlapping peaks, particularly
in the Amide | region (1600-1700 cm™), which is sensitive
to the triple-helix structure of collagen. Characteristic
absorption bands associated with Amide | (C=0 stretching),
Amide Il (N-H bending and C-N stretching), and Amide Ill
(C—N stretching and N-H deformation) were identified
and compared between the scaffold groups. Additionally,
characteristic peaks in the 1000-1100 cm region were
monitored to identify the presence of polysaccharide-
specific vibrations (e.g., C-O-C) indicative of acemannan
incorporation. Spectra from multiple randomly selected
regions of each scaffold sample (n = 3 per group) were

averaged to ensure reproducibility and representative
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analysis. Comparative assessments between scaffold types
focused on shifts in peak positions and changes in relative
intensity to evaluate structural differences. Chemical
identification and verification of functional groups were
performed by comparing the processed spectra against
reference data in the OPUS spectral library using the Library

Search function.

FTIR Spectral Analysis of Fish Scale-derived Collagen
Scaffold Crosslinked with EDC

The FTIR spectroscopy is employed to identify
functional groups and molecular structures of organic
compounds, with each peak corresponding to the
vibrational modes of specific chemical bonds. The Fourier
Transform Infrared (FTIR) spectrum of collagen derived
from fish scales and crosslinked with EDC (n=3 independent
samples) revealed specific absorption peaks characteristic
of Type | collagen, as illustrated in Figure 1: A notable peak

was observed in the range of 3300-3400 cm, corresponding
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to the stretching vibrations of O-H and N-H bonds. These
absorption peaks are associated with bound water molecules
that contain hydroxyl and amino groups within the collagen
structure. A prominent peak of Amide I was identified in
the range of 1650-1660 cm™, representing the C=0 stretching
vibration of peptide bonds. This peak s a primary indicator
of the secondary structure of collagen, particularly its
triple-helix configuration. A clear Amide Il peak was detected
at 1550-1560 cm, associated with N-H bending and C-N
stretching, which provides additional structural information
about the protein. Amide Il was identified by a peak in the
range of 1230-1240 cm™', which arises from C-N and N-H
vibrations. This region is unique for the stability and integrity
of the triple-helical structure of collagen. Furthermore,
the retention of distinct Amide |, I, and lll bands indicates
that the EDC crosslinking process did not notably disrupt
the native triple-helical structure of collagen. Figure 1 thus
serves as the baseline spectrum of the EDC-crosslinked
fish collagen scaffold, providing a detailed reference for

its molecular integrity.
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Figure 1 FTIR spectrum of fish scale-derived collagen scaffold crosslinked with EDC. The spectrum shows the characteristic Amide |
(~1650-1660 cm™), Amide Il (~1500-1560 cm™), and Amide Il (~1230-1240 cm™) bands, confirming the preservation of the
triple-helix structure. A broad absorption band at 3300-3400 cm’* indicates O-H and N-H stretching vibrations associated with

hydration and structural stability. This figure serves as the baseline spectral profile of the EDC-crosslinked fish collagen scaffold
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FTIR Spectral Analysis of Porcine Skin-Derived Collagen
Scaffold Coated with Acemannan (AceCol Scaffold)

The spectrum of acemannan-coated collagen
scaffold (AceCol) (Figure 2, n=3 independent samples)
demonstrated several distinct spectral modifications,
indicating the integration of polysaccharide-based
functional groups into the collagen matrix, compared
to the FTIR spectrum of fish scale-derived collagen. The
AceCol scaffold exhibited a wider and more distinct absorption
peak in the range of 3300-3400 cm, associated with O-H
and N-H stretching vibrations. The increased intensity
in this region suggests a higher hydroxyl group content,
likely attributable to the polysaccharide structure derived
from Aloe vera, which is rich in hydroxyl functionalities.
Importantly, a new absorption peak appeared at 1737
cm’’, corresponding to the C=0O stretching vibration of
acetyl ester groups. This peak serves as a molecular
signature of acemannan, confirming the existence of

acetyl substitutions in its polysaccharide backbone. The

presence of acemannan in the AceCol spectrum strongly
supports its effective deposition onto the collagen surface,
as uncoated collagen scaffolds typically lack absorption
in this region. Notably, the Amide I(1642 cm™), Amide I
(1555 cm™), and Amide 111239 cm™) bands remained present,
suggesting that the acemannan coating did not interfere
with the triple-helical structure of the collagen backbone.
Additionally, notable spectral changes were observed in
the range of 1200-1000 cm, corresponding to C-O and
C-O-C stretching vibrations characteristic of sugar ring
structures in polysaccharides. These signals were absent
in the fish scale-derived collagen, supporting the successful
surface modification of acemannan onto the collagen
matrix and supporting the hypothesis that the coating
process did not disrupt the original collagen framework
but instead introduced additional functional groups. Figure 2
therefore provides the baseline spectrum of the acemannan-
coated scaffold highlighting unique acemannan-associated

features in addition to collagen bands.
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Figure 2 FTIR spectrum of porcine skin-derived collagen scaffold coated with acemannan (AceCol). In addlition to collagen-related amide
bands, distinct peaks are observed at 1737 cm™ (C=0 stretching of acetyl ester groups) and 1000-1100 cm™ (C-O and C-O-C
stretching vibrations), representing molecular signatures of acemannan. The intensified absorption at 3300-3400 cm™ fur

ther reflects the hydroxyl-rich polysaccharide structure. This figure provides the baseline spectral profile of the aceman

nan-coated collagen scaffold, highlighting unique acemannan-associated features
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Comparison of FTIR Spectra for Two Types of Collagen
Scaffolds
While Figures 1 and 2 present the baseline spectra

of the individual scaffolds, Figure 3 overlays the two spectra
to allow direct comparison between the modification
strategies. Compared to fish scale collagen (purple line),
the acemannan-coated scaffold (green line) exhibited
stronger and more complex signals in the hydroxyl
(3300-3400 cm™) and polysaccharide fingerprint

(1200-1000 cm*) regions, as shown in Figure 3. Both samples
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(n=3 independent spectra each) retained the major
Amide |, Il, and lll bands, confirming the structural integrity
of collagen in both scaffolds. The spectral differences
indicate the successful surface modification of collagen
with acemannan without disruption of its native
conformation. Figure 3 thus provides a comparative
overlay that highlights the structural stability of the fish
collagen scaffold following EDC crosslinking and the
successful incorporation of polysaccharide functional

groups in the acemannan-coated scaffold.
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Figure 3 Overlay of FTIR spectra of fish scale-derived collagen crosslinked with EDC (purple line) and acemannan-coated collagen

(sreen line). The comparison highlights differences in the hydroxyl region (3300-3400 cm™) and polysaccharide fingerprint

region (1200-1000 cm™*), demonstrating the preservation of col

lagen’s triple-helix structure alongside. The successful incorporation

of acemannan functional groups. This figure provides direct comparative analysis of two scaffold modification strategies.

Discussion

The Fourier Transform Infrared (FTIR) spectroscopy
is a widely utilized technique for investigating the structural
characteristics of biomaterials. Based on molecular vibrations,
FTIR enables the identification of functional groups and
secondary structures by detecting unique spectral fingerprints
that reflect differences in atomic composition and molecular
configuration.” This study aimed to characterize and
compare the suitability of fish scale-derived collagen scaffolds

crosslinked with EDC and porcine skin-derived collagen

scaffolds coated with acemannan for the development
of oral mucosal tissue engineering using FTIR. The results
validated the hypothesis that FTIR can detect distinct
chemical and structural features in these scaffolds. The
FTIR analysis of fish scale-derived collagen scaffolds
revealed characteristic structural features corresponding
to type | collagen, including well-defined peaks at Amide |
(~1650-1660 cm), Amide Il (~1550-1560 cm™), and Amide |l
(~1230-1240 cm™), which are specific features of the triple-
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helix structure typical of type I collagen. These peaks serve
as key indicators of the secondary structure of protein.”
In addition, a broad absorption band in the range of
3300-3400 cm™ was seen, corresponding to the vibrations
of O-H and N-H bonds from hydroxyl and amino groups,
as well as attached water molecules in the protein
matrix.” This evidence suggests favorable water retention
properties.” Previous studies have also reported that the
surface hydrophilic groups, particularly O-H and N-H, can
promote protein adsorption and integrin-mediated cell
attachment, thereby contributing to enhanced cell
adhesion.” However, FTIR alone cannot provide direct
evidence of cellular responses, and future studies
incorporating in vitro adhesion assays will be required
to validate this interpretation. Moreover, these spectral
findings align well with previous studies on marine-derived
collagen, further supporting the reliability of FTIR in identifying
triple-helix structures based on amide band signatures.”
The retention of all three amide peaks (I, Il, and Ill) after
EDC crosslinking suggests that the triple-helix structure
remained intact, which is a critical index for assessing
the quality of scaffolds intended for oral mucosa tissue
engineering.”” These findings are consistent with several
previous studies that recommend EDC as a suitable
crosslinker for biomedical applications.***’

In the acemannan-coated collagen scaffolds,
increased absorption at 3300-3400 cm™ and new peaks at
1000-1100 cm™" indicated the presence of hydroxyl and
polysaccharide functional groups. These findings confirm
the successful incorporation of acemannan, which likely
interacts with collagen through hydrogen bonding and
electrostatic interactions. Importantly, the secondary
structure of collagen remained unaffected, and all amide
peaks were preserved (n=3 independent spectra).

While the principal Amide |, Il, and Il bands were
preserved in both scaffolds, variations in their relative
intensities were noted. In the acemannan-coated collagen
scaffold, the Amide Ill band was more prominent relative
to Amide | and Il, while fish scale collagen exhibited a
more balanced intensity pattern. This increased intensity
of the Amide Il signal, associated with C-N stretching and

N-H bending, indicates preferred interactions between
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acemannan and amino groups in collagen via hydrogen
bonding and electrostatic interactions. These spectrum
modifications indicate local environmental changes
surrounding the collagen molecules without compromising
the triple-helix structure, therefore supporting the notion
that surface functionalization rather than backbone
disruption occurred. In comparison to the collagen scaffold
derived from porcine skin and coated with acemannan, an
increase in absorption at 3300-3400 cm suggests the presence
of abundant hydroxyl (~OH) groups in the acemannan
structure.”” Furthermore, notable changes were detected
in the range of 1000-1100 cm”, corresponding to the
stretching vibrations of C-O and C-O-C bonds, which are
characteristic of polysaccharides.” These changes indicate
the presence of acemannan on the collagen surface.
The detection of these polysaccharide-associated peaks
provides qualitative evidence of successful acemannan
coating; however, FTIR alone cannot be used to quantify
the amount of coating, as peak intensity may vary with
sample thickness, baseline correction, and local molecular
environment. To determine coating levels more precisely,
complementary methods such as thermogravimetric
analysis (TGA), X-ray photoelectron spectroscopy (XPS),
or biochemical assays would be required in future studies.
This observation is consistent with other studies®* that
reported that acemannan interacts with biomaterials by
hydrogen bonding and electrostatic interactions with amino
groups in collagen. Importantly, the secondary structure
of collagen remained unaffected, with all amide peaks
preserved, therefore maintaining its triple-helix integrity,
and making it appropriate for biomedical applications.
This study also demonstrates that functionalization with
acemannan introduces bioactive groups, such as hydroxyl
and acetyl groups, which are known to support fibroblast
proliferation and collagen production and promote
wound healing.”** This surface modification enhances
bioactivity without compromising the native collagen
structure, offering potential for biomedical applications,
particularly for elderly patients with oral mucosal defects.

The FTIR analysis revealed the differences between
fish scale-derived collagen and acemannan-coated collagen.

The fish scale collagen retained its triple-helix integrity,
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while the acemannan-coated collagen scaffold displayed
additional functional groups specific to polysaccharides.
These findings highlight a notable advantage of acemannan
coating that could be applied in future applications for
fish scale-derived collagen because, compared to collagen
from mammalian sources, marine collagen provides
advantages in terms of higher purity and greater ethical
acceptability.'” Coating fish collagen with acemannan may
further improve its regenerative and anti-inflammatory
properties and warrants further investigation. It should
be emphasized that this work represents a pilot study,
aiming to demonstrate the potential of FTIR as a primary
tool for scaffold characterization. Another limitation of
this study is the absence of reference scaffolds, such as
uncrosslinked fish collagen or uncoated porcine collagen,
which would have allowed more definitive comparisons.
Including these controls in future work will help clarify
whether the observed spectral features are specifically
attributable to EDC crosslinking or acemannan coating. In
addition, this study did not include quantitative spectral
analysis (e.g., relative peak intensities or band area ratios),
which would provide stronger comparative evidence.
Future investigations will therefore incorporate such
quantitative approaches to complement the present
qualitative findings. While the findings indicate the potential
of FTIR to distinguish between crosslinked fish collagen
and acemannan-coated porcine collagen, relying solely
on this single technique imposes limitations, as it cannot
fully determine coating quantity, mechanical strength, or
in vivo stability. The absence of complementary analyses
also restricts the depth of interpretation. Therefore, future
studies incorporating reference controls and additional
techniques such as scanning electron microscopy (SEM),
differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and mechanical testing are required to

validate and expand upon these preliminary observations.

Conclusion

In conclusion, this pilot study demonstrated
that FTIR spectroscopy can effectively distinguish the
molecular and structural features arising from two scaffold

modification strategies. Fish scale-derived collagen
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crosslinked with EDC retained its triple helix structure,
confirming structural stability, whereas porcine skin-derived
collagen coated with acemannan exhibited polysaccharide-
related peaks, reflecting enhanced bioactivity. These findings
provide preliminary evidence for the feasibility of FTIR in
scaffold characterization and highlight the complementary
potential of crosslinking for stability and coating for bioactivity.
Further in vitro, in vivo, and clinical investigations, are
warranted to validate these observations and guide the
development of optimized biomaterials for oral mucosal

regeneration in elderly patients.
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Implant Stability in the Era of Digital Dentistry: Comparing Traditional and
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Abstract

Implant success is strongly influenced by surgical technique and implant stability throughout the osseointegration
process. This retrospective study aimed to compare implant stability in the posterior maxilla using three surgical
approaches: freehand, static-guided, and dynamic navigation techniques. Patients who underwent delayed placement
of a single Straumann implant between 2015 and 2022 were included. Insertion torque and primary implant stability
were recorded at the time of surgery, and secondary stability was assessed approximately three months postoperatively.
Additional variables—such as age, sex, healing duration, systemic conditions, implant site, dimensions, type, surface
treatment, and adjunctive procedures—were also collected. A paired t-test was used to compare primary and secondary
stability within each group, while a linear mixed-effects model identified factors associated with changes in implant
stability. A total of 49 patients (57 implants) were analyzed. No significant differences were found among groups in
terms of baseline characteristics, insertion torque, or primary stability. All eroups showed an increase in secondary
stability over time. However, the improvement was statistically significant only in the dynamic navigation group
(9.32 £ 9.42 1SQ, p < 0.01) and the static-guided group (6.26 + 8.01 ISQ, p = 0.003). Among the assessed variables,
only the primary implant stability was significantly associated with the change in stability. Within the limitations of
this study, both dynamic navigation and static-guided surgery demonstrated superior outcomes compared to the
conventional freehand technique. These results underscore the clinical value of digital technologies in enhancing

surgical accuracy and optimizing implant stability during osseointegration.
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Introduction

Dental implants have become a fundamental osseointegration of the prosthesis, thereby influencing the
component in modern oral rehabilitation, providing long-term efficacy of implant therapy.” It is usually divided into two
functional and aesthetic outcomes for edentulous and phases: primary stability, which is derived from the initial
partially edentulous patients. Implant stability is a critical mechanical anchorage in the bone, and secondary stability
factor that directly impacts the long-term survival and which is achieved through bone healing and ossecintegration.™
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Placing implants in the posterior maxilla is a
particularly complex procedure due to a variety of anatomical
and technical limitations. These include restricted access
and visibility, frequently reduced inter-arch space, and
progressive bone loss following tooth extraction, which is
routinely worsened by sinus expansion. Additionally, this
region is typically characterized by low-density (type IV)
bone, which is composed of a thin cortical shell surrounding
porous trabecular bones. This bone is associated with
reduced implant success rates.” Failure to achieve adequate
implant stability, particularly in the posterior, may result
in early implant failure, marginal bone loss and prosthetic
complications.® Although our clinical focus is the posterior
maxilla—where Types llI-IV bone predominate—the
freehand, static-guided, and dynamic navigation
approaches are routinely applied across bone Types -1V,
with osteotomy adjustments tailored to local bone
quality (e.g., under-preparation in low-density bone;
countersinking and avoidance of over-compression in
dense cortical bone).

Free-hand implant placement remains one of
the most widely practiced surgical procedures due to its
clinical adaptability and cost-effectiveness. However, its
success is considerably dependent upon the operator’s
proficiency and comprehension of anatomical structures.
This inherent variability has the potential to compromise
the precision of implant positioning and impact long-term
stability, particularly in anatomically challenging regions.”To
address these challenges, digital dentistry has implemented
a variety of tools to improve precision and outcomes in
implant surgery. These consist of static guided surgery
and dynamic navigation system. These innovations aim
to improve the accuracy of implant positioning, reduce
human error and potentially improve both primary and
secondary stability outcomes. In particular, these technologies
mitigate operator-dependent errors—includingentry-point
deviation, angulation and depth controlissues, and cumulative
drill drift—by constraining the drill path (static guides) or

providing real-time feedback (dynamic navigation).”
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In this context, “human error” refers to entry-point,
angulation, depth, and drill-diameter deviations; by
constraining the drill path (static guides) or providing
real-time feedback (dynamic navigation), these systems
reduce over-/under-preparation, cortical over-compression,
and thermal insult.” Several studies have compared
the clinical effectiveness of digital instruments to the
conventional freehand technique; however, the majority
have prioritized surgical accuracy while minimizing operator
variability.” Nevertheless, there is a lack of comparative data
regarding the impact of these procedures on the increase
in implant stability during the critical osseointegration
period, which is the first three months.

This study aimed to compare the ability of freehand,
static-guided, and dynamic navigation techniques in improving
implant stability during osseointegration in the posterior
maxilla by measuring insertion torque, primary stability,

and secondary stability.

Materials and Methods

This retrospective cohort study was conducted
at the Department of Oral and Maxillofacial Surgery,
Chulalongkorn University, Bangkok, Thailand. Patient
records from January 2014 to December 2023 were
reviewed, focusing solely on implant placements in the
posterior maxilla. This study was approved by the Human
Research Ethics Committee of the Faculty of Dentistry,
Chulalongkorn University (HREC-DCU 2022 - 016)
Subjects

Initially, 62 implant cases were identified. To
maintain consistency, one immediate and one early implant
placement were excluded. Additionally, cases with abnormal
or excessive changes in ISQ values were also excluded
as outliers to ensure data reliability. The final analysis
included 57 cases of delayed implant placements (Fig. 1).
All eligible cases during the study period were included,;
no a-priori sample-size calculation was performed due

to the retrospective design.
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Identified cases with complete records
(n =62)

!

!

Final delayed placement included
(n=57)

!

Figure 1 Flowchart of the group allocation

The inclusion criteria and exclusion criteria were as follows:
Inclusion criteria:

- Patients aged over 18 to 85 years

- Placement of at least one Straumann dental implant
system in the posterior maxilla

- Complete documentation including participant and
implant characteristics, surgical techniques, insertion
torques, and primary and secondary stability at immediate
placement and at follow-up 2-5 months after implant
placement
Exclusion criteria:

- Implant failure due to trauma or unrelated surgical
complications

- Use of medications affecting bone metabolism (e.g.
bisphosphonates, etc.)

- History of head and neck radiation therapy

- History of grafting at the intended implant site before
the index surgery (e.g., staged GBR or staged sinus floor
augmentation)
Data collection

Data were extracted from institutional records

and categorized as follows:
1. Patient-related variables: age, gender, systemic conditions,
implant placement location
2. Implant-related variables: diameter, length, type
(bone level and tissue level), surface treatment (SLA or

SLActive), and adjunctive procedures (guided bone

Exclusion | —m8 — > Early placement (n=1)

Group allocation | —8 —— Static-guided (n=19)

Immediate placement (n=1)

Outliers (n=3)

Free hand (n=19)

Dynamic navigation (n=19)

regeneration; GBR, osteotomes, simultaneous sinus lift,
or none)

3. Surgical variables: placement technique (free-hand,
static-guided surgery, or dynamic navigation), insertion
torque (Ncm). primary and secondary implant stability
Outcome measurement

1. Primary outcomes

To compare the increase in implant stability
(ISQ values) during the osseointegration period among
three surgical techniques (freehand, static-guided, and
dynamic navigation) in the posterior maxilla.

ISQ was recorded immediately after implant
placement (primary stability) and again during the
osseointegration period at approximately 8-20 weeks
post-operatively (+2 weeks). The exact follow-up interval
(in days) was recorded for each case. ISQ gain was defined
as follow-up 1SQ minus baseline 1SQ.

2. Secondary outcomes:

To evaluate factors associated with changes in
implant stability, including:

« Patient-related factors (age, gender, systemic
conditions, implant placement location)

« Insertion torque

« Implant dimensions (diameter, length)

« Implant type and surface treatment

+ Adjunctive procedures (GBR, osteotomes,

simultaneous sinus lift)
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Insertion torque measurements

Insertion torque was recorded at the time of
implant placement using either a calibrated torque wrench
or a motor-based system, depending on the surgical protocol
and clinical accessibility, and was measured in Newton
centimeters (Ncm).
Resonance frequency analysis

Primary and secondary implant stability were assessed
using resonance frequency analysis (RFA) and expressed as
implant stability quotient (ISQ) values, measured with the
Osstell Mentor™ device (Integration Diagnostics Ltd., Sweden)
immediately after implant placement and at follow-up.
Surgical protocols

All patients rinsed with 0.2% chlorhexidine for
30 s, followed by local anesthesia using 2% mepivacaine
or 4% articaine with 1:100,000 epinephrine. A crestal
incision was made and full-thickness mucoperiosteal
flaps were elevated. Osteotomies were prepared under
copious irrigation with sequential drills per manufacturer
specifications, and implants were placed according to
the planned positions, and IT and I1SQ were recorded.

In the free-hand group, osteotomy positioning
was guided by the surgeon’s interpretation of anatomic
landmarks and intraoperative measurements referenced to
the virtual plan, after which sequential drilling and implant
placement were performed to the planned depth and
angulation

In the static-guided group, preoperative CBCT
DICOM data were imported into coDiagnostiX v9.7 (Dental
Wings), STL files from extraoral scans of stone casts (D900L,
3Shape) were merged for prosthetically driven planning,
and a 3D-printed soft-tissue-supported surgical guide was
fabricated. Prior to surgery, three mini-implants (S-mini
ball, Neobiotech) were placed on each edentulous arch
as reference/fixation points; the guide was seated and
verified with a bite index, three pin holes were drilled,
the flap was raised, and the guide was fixed to bone with
pins. Osteotomy and implant insertion were then completed
using the Straumann Guided Surgery system in a fully

guided manner, and IT and ISQ were recorded.
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In the dynamic navigation group, CBCT DICOM
data were imported into IRIS 100 (EPED Inc.) for planning
and real-time navigation. An infrared tracking camera monitored
the handpiece and stent; fiducial markers registered patient
position to the CBCT. After calibration and accuracy
verification, osteotomy preparation and implant placement
were performed under real-time navigation with on-screen
guidance of drill position and angulation relative to the
plan, after which [T and ISQ were recorded.

Implant placement, IT and I1SQ measurements
were performed by multiple surgeons as part of
routine clinical care. Due to the retrospective design,
no assessment of intra- or inter-rater reliability (ICC) was
conducted.

Statistical analysis

All statistical analyses were performed using SPSS
software (SPSS Statistics for Windows, version 28; IBM).
Descriptive statistics were reported as means and standard
deviations for continuous variables and as frequencies
for categorical variables. Normality of continuous variables
was assessed using the Shapiro-Wilk test. Within each
technique, change in implant stability was tested with a
paired t-test (primary vs secondary ISQ). Between-technique
inference was based on ISQ gain (AISQ = secondary - primary
ISQ) using one-way ANOVA.

A linear mixed-effects model was applied to
identify factors associated with implant stability change
during osseointegration, according to multiple implants
placed in individual patients. Fixed effects included
patient demographics (age, gender, systemic disease,
implant placement location), implant characteristics
(diameter, length, implant type, surface treatment), and
surgical variables (adjunctive treatment, insertion torque,
primary stability). A random intercept was included to
control for clustering by patient. Post hoc power for the
primary paired ISQ change was estimated (two-sided
0L=0.05) using G*Power 3.1, and a sensitivity analysis
was conducted to determine the minimal detectable

effect (MDE). Statistical significance was set at P < 0.05.
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After excluding outliers, a total of 57 implants in 49
patients (20 males, 29 females; age range 21-85 years, mean
60.84 + 10.49 years) were analyzed. The study population
was equally distributed across the three groups: free-hand
(n =19), static-guided (n = 19), and dynamic-guided (n = 19).

Table 1 Baseline data
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Allimplants were placed using a delayed protocol, with
healing periods ranging from 51-161 days. Table 1 presented
the baseline characteristics across the three groups, showing
no significant differences in patient demographics, implant

characteristics, or surgical variables among the groups.

Variables Surgical technique
Free-hand Static-guided Navigation
Patient Age (years) mean+SD 60.84+5.94 61.05+9.26 60.63+14.87
factors P-value 0.99°
Gender (n) Male/ Female 10/7 6/10 a/12
P-value 0.14°
Systemic conditions (n) Yes/ No 6/13 7/12 7/12
P-value 0.91°
Implant placement location (n) Premolar/ Molar 5/14 11/8 8/11
P-value 0.14°
Healing time (day) mean+SD 97.11+22.77 99.68+32.80 100.37+31.87
P-value 0.94°
Implant  Implant diameter (mm) mean+SD 4.50+0.44 4.27+0.48 4.35+0.63
factors P-value 0.40°
Implant length (mm) mean+SD 9.37+1.17 9.47+1.31 9.47+1.31
P-value 0.96
Implant system (n) BL/ BLT/ BLX/ SP/ TE 7/8/0/2/2 14/4/0/1/0 10/8/1/0/0
P-value 0.15°
Surface treatment (n) SLA/ SLA active 18/1 15/4 18/1
P-value 0.19"
Adjunctive procedure (n) No/ GBR/ OS/ SS 13/1/2/3 12/3/4/0 14/2/0/3
P-value 0.23°
Surgical Insertion torque (Ncm) mean+SD 26.32+9.11 27.11+9.02 24.74+9.93
factors P-value 0.73°
Primary stability (ISQ) mean+SD 71.03+£7.90 68.03+7.72 65.61+11.21
P-value 0.19°

SD=Standard Deviation, BL=bone level implant, BLT=bone level tapered implant, BLX=bone level with aggressive thread design implant,

SP=standard plus, TE=Tapered effect, GBR=guided bone regeneration, OS=osteotome, SS=simultaneous sinus lift, ISO=Implant stability quotient;
a One-way ANOVA, b Chi-square test, * Significant at P-value <0.05, ** Significant at P-value <0.01, *** Significant at P-value <0.001

Figure 2 showed the primary and secondary I1SQ
values across surgical techniques. All groups exhibited an
increase in I1SQ during the osseointegration period; however,
statistically significant increases were observed only in the
dynamic navigation (P < 0.001) and static-guided groups (P <

0.01), while the free-hand group did not reach significance.

These findings indicated that navigation-assisted and static-
guided surgery may enhance implant stability in the posterior
maxilla during early healing compared to the conventional
free-hand technique. Across techniques, AISQ did not
differ significantly—free-hand 4.32 + 8.84, static-guided
6.26 + 8.01, dynamic navigation 9.32 + 9.42 (P = 0.22).
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Figure 2 Primary and secondary implant stability quotient (ISQ) values for free-hand, static-guided, and dynamic navigation techniques

Among the tested variables, only mean primary
ISQ was significantly associated with ISQ gain (F = 38.73,
P < 0.001), indicating that implants with higher initial
stability tended to exhibit greater ISQ increases during
the healing period. Other variables, including age, gender,
systemic conditions, implant location, diameter, length,
implant type, surface treatment, adjunctive procedures,
and insertion torque, were not significantly associated
with 1SQ gain (all P > 0.05).

Discussion

This study compared the effects of three surgical
techniques—free-hand, static-guided, and dynamic navigation,
on enhancing implant stability during osseointegration in
delayed posterior maxillary placements. While all techniques
demonstrated successful outcomes with increased 1SQ
values over time, significant improvements were observed
only in the static-guided and dynamic navigation groups,
with the greatest increase observed in dynamic navigation,
followed by static guidance. Additionally, primary 1SQ
emerged as a significant predictor of 1SQ gain, indicating
that higher initial stability was associated with greater
improvements in implant stability during the osseointegration
period. In this framework, baseline ISQ primarily reflects
primary stability (mechanical interlock at placement),
whereas I1SQ gain over time reflects secondary stability
(biologic integration during healing); thus, technique-related
differences are expected to appear more clearly in the

change in ISQ than in the baseline value.

The primary stability in dynamic navigation group
was found to be lower than the conventional free-hand
and static-guided groups. This may be due to the fact that
primary stability is largely influenced by quality of the
bone and implant design rather than the surgical technique.”
This finding is consistent with ITI consensus report that
although dynamic navigation shows superior accuracy,
primary stability may not be differ significantly from
conventional techniques.'” Mechanistically, primary
stability is governed chiefly by local bone quality/density
and implant macrogeometry, while osteotomy adjustments
(e.g., under-preparation in softer bone; countersinking
in dense cortex) modulate thread engagement.'"™
Guided approaches do not change intrinsic density, but can
standardize entry point, angulation, and depth, reducing
over/under-preparation, cortical over-compression, and
thermal insult. Dynamic navigation adds real-time trajectory
correction that may better preserve trabecular architecture
in challenging posterior sites; these features are expected
to have a modest effect on primary stability but may favor
secondary stability during healing.®

The results in our study revealed that implant
placement using dynamic navigation yielded significantly
higher ISQ gain when compared to the freehand and static
guided approaches. This shows that the dynamic navigation
group enhanced the precision in implant positioning,
leading to more favorable osseointegration.'*"” Navigation
systems allow for real-time adjustments, correct insertion

angles, preserve surrounding bone integrity, optimizing

Win et al., 2025 254



bone-to-implant contact during healing and potentially
minimizing micromovements.'® Accordingly, the greater ISQ
gains observed with guided/dynamic techniques are consistent
with an effect on secondary stability (ossecintegration) rather
than on the density-driven primary stability at placement.

There were no statistically significant differences
in insertion torque among the three groups. This finding is
consistent with the previous studies that insertion torque
depends more onlocal bone density than on the surgical
techniques.'’, The dynamic navigation group’s mean IT
was numerically lower, which could reflect reduced tactile
feedback and less bone condensation during osteotomy

10,17 PO . .
*" However, this interpretation remains

preparation.
exploratory given the non-significant difference. This may
benefit clinically by reducing the risk of cortical bone damage,
particularly in soft bone regions such as the posterior
maxilla. Taken together, our data support a model in which
bone density primarily determines baseline [T/ 1SQ, whereas
surgical guidance influences the trajectory of stability (ISQ
gain) by minimizing procedural trauma and micromotion
during the osseointegration period.

Guided and navigation techniques achieved >80%
post-hoc power for the paired ISQ change, whereas the
free-hand analysis did not reach 80% (power =~0.52;
MDE at n=19: dzz0.68). Accordingly, the smaller effect
observed in the free-hand group should be interpreted
cautiously given the higher risk of type Il error. Despite
these insights, this study has limitations. The retrospective
design and sample size may limit generalizability, particularly
for subgroup analyses. Although implant diameter, length,
and insertion torque were controlled, other factors influencing
stability, such as variations in bone quality and soft tissue
conditions, were not fully assessed. It is important to note
that peri-implant bone density provides additional insights
into the relationship between bone quality and stability
outcomes, emphasizing the necessity of comprehensive
bone assessments in future researches. In this routine-care
cohort, multiple operators performed ISQ measurements,
and no intra~/inter-rater reliability (ICC) was assessed,
which may introduce measurement variability. Additionally,

the follow-up should investigate long-term outcomes,
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such as marginal bone loss, peri-implant bone density
changes, and prosthetic success.

Further long-term studies with larger samples are
recommended to confirm the benefits of digital surgical
techniques on implant stability and peri-implant bone health
in delayed posterior maxillary placements. Prospective
studies should incorporate standardized duplicate

measurements and ICCs to assess rater reliability

Conclusion

From this, we can conclude that clinically acceptable
implant stability outcomes can be achieved regardless
of the surgical techniques. However, dynamic navigation
demonstrated greater gains in secondary stability despite
initially lower insertion torque, suggesting that its precision
in implant positioning may aid favorable bone remodeling

and osteointegration, particularly in the posterior maxilla.
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Abstract

This study examined the impact of alkali-heat treatment on the surface properties of Ti-6Al-4V titanium
implants fabricated by conventional machining and laser powder bed fusion (LPBF) additive manufacturing with
horizontal and vertical build orientations. Disc-shaped specimens were produced, immersed in 10 M NaOH at 90 °C
for 24 hours, and heat-treated at 600 °C. Scanning electron microscopy revealed uniform nanostructures, such as
nanospikes and crevices, across all treated groups while preserving the original microtopography. Energy-dispersive
X-ray spectroscopy and X-ray diffraction confirmed the formation of a sodium titanate layer, indicated by increased
sodium and oxygen content and a new diffraction peak at 48.3°. Surface roughness analysis showed that LPBF
samples had significantly higher roughness than machined ones (p < 0.0001), with horizontally printed specimens
rougher than vertically printed counterparts (p < 0.05). Importantly, the treatment did not significantly alter the initial
roughness in any group (p > 0.1). These findings demonstrate that alkali-heat treatment effectively creates bioactive
nanostructures and modifies the surface chemistry of titanium implants without compromising their roughness
or microtopography. Moreover, build orientation influences surface characteristics, highlighting the importance of
optimizing manufacturing parameters. Overall, combining LPBF fabrication with alkali-heat treatment may enhance

the bioactivity of complex titanium implants for dental applications.
Keywords: Alkali-heat treatment, Dental implants, Laser powder bed fusion (LPBF), Surface modification, Ti-6Al-4V
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Introduction

Dental implants have become the standard treatment used due to their excellent biocompatibility and mechanical

for replacing missing teeth, with titanium implants widely properties, enabling effective osseointegration with bone."
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However, titanium and its alloys, particularly Ti-6Al-4V, are
inherently bioinert, which can limit direct bone bonding.”
The physico-chemical properties of biomaterials used for
fabricating implants, including surface microtopography,
chemical composition, and wettability, significantly influence
the host cellular activity, which in turn affects treatment
outcomes.* Hence to enhance the bioactivity of implant
surfaces, a variety of surface modification techniques have
been developed, such as alkali-heat treatment, sandblasting,
acid etching, anodization, and plasma spraying.”

Of these, surface modification using sodium hydroxide
(NaOH) has been shown to improve the bioactivity of
titanium implants, due to the formation of a highly bioactive
sodium titanate layer.” In particular, this layer enhances
hydrophilicity, roughness, and cell compatibility of the
implant surface.*® The outcomes of such alkali treatment
with sodium hydroxide (NaOH) depend on several factors,
including the concentration and temperature, treatment
duration, and the initial surface microtopography.®” Studies
on conventionally machined titanium implants have
demonstrated that alkali-heat treatment can influence
the behavior of host cell types, including macrophages,
gingival fibroblasts, osteocytes, and periodontal ligament
cells, prompting them to exhibit functions suited to their
surroundings.®'"

Moreover, different implant production methods
result in varying mechanical and physical properties.'*"’
While most titanium implants have been produced
using subtractive manufacturing, additive manufacturing
(AM), particularly laser powder bed fusion (LPBF), has
recently gained attention for fabricating patient-specific
titanium implants with optimal mechanical strength and

18,19

biocompatibility.™” This technique, also called three-
dimensional (3D) printing, is a computer-controlled process
that translates 3D structural information into parts by melting
materials layer by layer.”” The LPBF method allows precise
control over several manufacturing parameters impacting
implant properties, such as the laser power, scanning speed,
scanning pattern, powder layer thickness, and building
orientation.”**” Additionally, the building orientation in
LPBF can influence the physical and mechanical properties
of the implant, including surface roughness, wettability,

and free energy, all of which can modulate cell responses.'®**
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In addition to enhancing bioactivity, surface modification
techniques such as chemical and electrochemical
methods have been applied to 3D-printed titanium
implants to remove the unmelted particles, particularly
in porous scaffolds.” However, there have been no previous
studies comparing alkali-heat treatment effects across
machining and LPBF orientations.

Hence in the present study, two different production
methods, additive, laser powder bed fusion (LPBF) and
subtractive manufacturing to treat Ti-6Al-4V discs were
evaluated. The LPBF specimens were printed in two different
building directions: horizontal (0°) and vertical (90°). Half
of the samples from each group underwent alkali-heat
treatment, which involved immersion in a 10 M NaOH
solution at 90°C for 24 hours, followed by heat treatment
at 600°C for 1 hour. The remainder of the sample was
used as negative controls.

The current study aims to evaluate the effects
of alkali-heat treatment on surface topography, physical
properties, and chemical composition of additively
manufactured titanium implants with different building
orientations. We therefore hypothesized that such treatment
and manufacturing parameters would significantly alter
the properties of the materials, providing valuable insights
into the relationship between production methods and

surface modification outcomes.

Materials and methods

Sample Size Calculations

For surface characterization, three samples per
group were analyzed by the Scanning Electron Microscopy
(SEM) and the Energy Dispersive X-ray Spectroscopy (EDS),
while one sample per group was used for X-ray Diffraction
(XRD). The sample size for roughness analysis was determined
using G*Power with a significance level of 0.05, a power
of 0.80, and an effect size of 2.11 from prior research’,
yielding a calculated minimum of two samples. To allow for
a 10% margin of error, three specimens per experimental
group were included for roughness measurements.
Preparation of Titanium Specimens

The disc-shaped titanium samples (10 mm diameter,
2 mm thickness) were fabricated via machining and laser

powder bed fusion (LPBF). LPBF specimens were built in
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horizontal (0°) and vertical (90°) orientations. A 3D model
created in ANSYS Spaceclaim was prepared in Materialise
Magics Print and printed from Ti-6Al-4V ELI powder
(15-45 pm; AP&C, Canada) using a TruPrint 1000 machine
(Trumpf, Germany). Process parameters included 100 W laser
power, 1200 mm/s scanning speed, 80 um hatch spacing,
20 um layer thickness, and 30 pm laser spot diameter in an
argon atmosphere (<100 ppm oxygen). Printed specimens
were removed by wire-cut EDM. Machined specimens
were cut from Ti-6Al-4V ELI rods and sequentially polished
with 400-1200 erit silicon carbide paper. All samples were
ultrasonically cleaned with deionized water, acetone,
ethanol, and DI water.

Surface modification involved immersion in
10 M NaOH at 90 °C for 24 hours, rinsing, air drying, and
sintering at 600 °C for 1 hour.'** Six experimental groups
were prepared: non-treated machined (M), non-treated
horizontally printed (H), non-treated vertically printed
(V), treated machined (TM), treated horizontally printed
(TH), and treated vertically printed (TV) specimens.
Scanning Electron Microscope and Energy Dispersive
X-ray Spectroscopy

The surface topography and chemical composition
of the six groups of titanium samples were evaluated using
a scanning electron microscope (SEM) equipped with an
energy-dispersive X-ray spectroscopy (EDS) (Quanta 250,
FEI, USA). Prior to analysis, the prepared samples were
stored in a desiccator overnight. SEM and EDS analyses
were performed in high vacuum mode with an acceleration
voltage of 20 kV. For SEM imaging, magnifications of 1,000x,
10,000x%, and 50,000x were used to observe surface
features. The SEM working distance ranged from 7.7 to 10 mm,
and the spot size was set to 3.0. EDS analysis was conducted
to determine the weight percentages (wt%) of elements
present on the specimen surfaces at 1,000x magnification.
The EDS working distance and spot size were set to 10 mm
and 5.6, respectively.
X-ray Diffraction Analysis

X-ray diffraction (XRD) was conducted to identify
the chemical composition and crystal structure of titanium
samples produced by two different methods, with and
without alkali-heat treatment. The analysis was performed

at room temperature using a diffractometer (D8 Discover,
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Bruker, Germany) with Cu KOl radiation. Data was continuously
collected over a 20 range of 10° to 80° at a scan rate of
0.02° per second. The resulting diffraction data was analyzed
using OriginPro (version 2025, OriginLab Corporation,
Northampton, MA, USA).
Roughness Analysis

Surface roughness parameters, such as the arithmetic
mean height (Ra), average roughness over an area (Sa),
and 3D roughness profile were evaluated for six groups
of titanium specimens. Each group consisted of three
samples, and three locations were measured per sample.
The assessments were conducted with 10x lens using an
optical profilometer (Alicona InfiniteFocus SL, Austria).
Scanning was performed using the ALICONA Laboratory
Measurement Module 5.4, and the results were analyzed
with ALICONA MeasureSuite software (Alicona, Austria).
Data Analysis

The weight percentages (wt%) of elements obtained
from EDS analysis and surface roughness data (Sa and Ra)
from the six experimental groups were analyzed. Normality
was confirmed using the Shapiro-Wilk test. Since the data
were normally distributed, a one-way ANOVA was performed
to compare the six groups, followed by Tukey’s post hoc
test for pairwise comparisons. All data were reported as
mean=SD. Statistical significance was set at p < 0.05. Data
analysis was performed using GraphPad Prism (version
10.3.1, GraphPad Software, Boston, USA).

Surface Topography of Differently Produced and Modified
Titanium Specimens

The surface topography of titanium specimens,
produced by different methods and modified via alkali-heat
treatment, was examined using a scanning electron microscopy
(SEM). In both vertically and horizontally printed LPBF
samples, spherical particles were observed (Fig. 1C1, E1),
with the vertically printed specimens showing a denser
particle distribution. In contrast, the machined samples
(Fig. 1A1) exhibited relatively smooth surfaces marked by
polishing-induced scratches. At higher magnifications (10,000x
and 50,000x), the unmodified specimens (Fig. 1A2, C2, E2,
A3, C3, E3) displayed relatively smooth surfaces. After
alkali-heat treatment, all modified groups at 1,000x (Fig.
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1B1, D1, F1) showed uneven surface deposition while still
retaining visible features of the original microtopography.
At 10,000x magnification (Fig. 1B2, D2, F2), irregularly
distributed cracks and nanocrevices were observed. At
50,000x (Fig. 1B3, D3, F3), the modified surfaces revealed
numerous nanospikes with a porous surface texture.
Surface Chemistry of Differently Produced and Modified
Titanium Specimens

Energy-dispersive X-ray spectroscopy (EDS)
characterized the titanium surfaces quantitatively (Table 1).
Within both the non-treated and treated groups, most
elements did not differ significantly between manufacturing
methods. Untreated machined, horizontally, and vertically
printed samples contained over 80 wt% titanium, with
minor aluminum, vanadium, oxygen, and carbon evenly
distributed. However, the aluminum and oxygen levels
in the untreated vertical specimens were significantly
different from those in the other two untreated groups.
The analysis revealed statistically significant differences
in chemical composition between treated and untreated
groups, except for the proportion of carbon. Specifically,
alkali-heat treatment significantly reduced titanium content
to 46-48 wt%, increased oxygen to 39-42 wt%, and introduced
sodium (5.12-5.82 wt%), suggesting sodium titanate formation.
In the treated groups, the vertically printed samples
exhibited the highest oxygen content, while the machined
samples had the lowest. These results demonstrate that
alkali-heat treatment alters surface chemistry by decreasing
the proportion of metallic elements and enriching oxygen

and sodium.

Table 1 Chemical Composition of Different Titanium Surfaces
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X-ray diffraction (XRD) was employed to further
examine the chemical composition and crystalline structure
of the titanium samples (Fig. 2). All groups exhibited strong
diffraction peaks corresponding to the hexagonal close-packed
(Q-phase) titanium (PDF 04-004-9156), with prominent
peaks near 35.5°, 38.6°, 40.5°, 53.4°, and 63.6°. A weaker
peak around 39.5°, associated with the body-centered cubic
(B—phase) titanium (PDF 04-019-6427), was observed in
both machined and treated machined specimens, indicating
the presence of OL—B titanium alloys. Following alkali-heat
treatment, a new low-intensity diffraction peak emerged in
all treated groups, notably at 48.3°, which did not correspond
to either the Q- or B—Ti phases.

Surface Roughness of Differently Produced and Modified
Titanium Specimens

Three-dimensional surface profiles (Fig. 3A-F),
obtained using an optical profilometer, qualitatively illustrate
the topography of the specimens. These profiles were further
evaluated to determine surface roughness parameters,
including arithmetic mean height (Ra) and area roughness
(Sa). Quantitative roughness analysis is shown in Fig. 3G, H.
Machined and treated machined surfaces exhibited the
lowest Ra and Sa values, indicating smoother topographies.
In contrast, horizontally and vertically printed surfaces
showed significantly higher roughness, with horizontally
printed samples exhibiting the highest Ra and Sa values,
followed by vertically printed ones. Notably, alkali-heat
treatment did not significantly alter the surface roughness

across any of the groups.

Element (wt%) (Mean+SD)

Treatment Groups Titanium Aluminum Vanadium Oxygen Carbon Sodium

(Ti) (AL V) (0) (@) (Na)
Untreated M 81.35+0.16" 5.50+0.09" 3.05+0.08" 6.03+0.38" 4.07+0.22"* 00
H 81.26+0.84" 5.69+0.25" 2.96+0.12" 6.03+0.40" 4.06+0.55" 0+0"
80.83+0.38" 4.80+0.03° 3.20+0.07" 7.59+0.28° 3.58+0.06° 00

Treated ™ 48.45+1.53° 1.06+0.28° 1.06+0.17° 39.31+0.79° 5.00+0.62" 5.12+0.62°

TH 46.79+2.02° 0.68+0.13¢ 0.86+0.06° 40.73+0.75° 5.13+0.61" 5.82+0.85°

TV 46.30+0.61° 0.70+0.06° 0.86+0.02° 41.72+0.17° 5.03+0.26" 5.40+0.28°

Legend. M (Machined); H (Horizontally Printed); V (Vertically Printed); TM (Treated Machined); TH (Treated Horizontally Printed); TV (Treated

Vertically Printed). Different superscript capital letters within the same column indicate significant differences between the six titanium surfaces

(one-way ANOVA with Tukey’s post hoc test, p < 0.05).
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Figure 1 Scanning Electron Micrographs of Different Titanium Surfaces at 1,000x, 10,000x, and 50,000x Magnifications (A1-A3)
Untreated machined (M) specimens show smooth surfaces with polishing marks. (C1-C3) Horizontally printed (H) specimens
exhibit globular particles with uniform distribution. (E1-E3) Vertically printed (V) specimens show denser particle accumulation.
(B1, D1, F1) Alkali-heat-treated surfaces (TM, TH, TV) display surface deposits while retaining microtopography. (B2, D2, F2) At
10,000, scattered cracks and nanoscale crevices are visible. (B3, D3, F3) At 50,000x, nanospikes and porous morphology appear.
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Figure 2 XRD Patterns of Different Titanium Surfaces
M, Machined; TM, Treated Machined; H, Horizontally Printed; TH, Treated Horizontally Printed; V, Vertically Printed; TV,
Treated Vertically Printed.
Red Triangle: Peaks corresponding to Ol-phase titanium; Blue Triangle: Peaks corresponding to B -phase
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Figure 3 3D Roughness Profile and Roughness Parameters Analysis

(A-F) 3D Roughness Profiles of different titanium surfaces

M, Machined; TM, Treated Machined; H, Horizontally Printed; TH, Treated Horizontally Printed; V, Vertically Printed; TV,
Treated Vertically Printed. (G) Mean arithmetic mean height (Ra); (H) Mean area roughness (Sa) of different titanium surfaces.
Data are presented as means+standard deviation (SD). The asterisks indicate the statistical significance (p < 0.05; Tukey’s

honest significant difference [HSD] test).

Discussion

This study aimed to assess how alkali-heat
treatment affects the surface characteristics of Ti-6Al-4V
specimens produced by different manufacturing methods
including subtractive (machined) and additive (LPBF with
horizontal and vertical orientations). The findings show that
both the production method and the surface modification
technique significantly influence surface morphology,

chemistry, and roughness of the titanium implant.

SEM imaging revealed clear distinctions in
surface topography between production methods. As
expected, machined specimens exhibited smooth surfaces
with polishing marks, while LPBF-produced specimens
showed prominent spherical particles, more densely
distributed in vertically printed samples. The presence
and distribution of partially melted powder remnants

described in the present study are commonly observed
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in LPBF-manufactured titanium surfaces with different
building directions.'*!” Following alkali-heat treatment,
all groups displayed significant morphological changes,
including nanospikes and nanocrevices distributed
unevenly across the surface, which align with previous
observations of sodium titanate nanostructure formation.*"*
Furthermore, the nanotopography created by alkali-heat
treatment has been shown to influence osseointegration.
Previous studies using the same treatment on machined
samples have shown that the resulting titanium surfaces can
promote the formation of an osteocyte lacunar-canalicular

network and enhance peri-implant osseointegration.'*'* |

n
this study, SEM images revealed similar nanostructures on
both machined and LPBF specimens, suggesting comparable
properties. However, further in vitro and in vivo investigations
are needed to confirm these findings. Interestingly, the
LPBF-manufactured samples retained much of their original
microtopography after alkali-heat treatment, while the
machined surfaces became noticeably more textured.
This suggests that the treatment has a more pronounced
effect on the nanotopography of titanium surfaces.
EDS analysis confirmed a substantial shift in surface
composition after alkali-heat treatment. Untreated specimens
consisted primarily of titanium, aluminum, and vanadium,
consistent with Ti-6Al-4V alloy composition. Notably, a
high proportion of carbon was detected across all groups,
likely indicating surface contamination from handling, the
environment, or the sample preparation process, which
has also been reported in a previous titanium surface
study.” Since the contamination was present across all
groups at comparable levels, it should not affect the
relative comparisons or overall interpretations of elemental
changes after alkali-heat treatment. Post-treatment, there
was a marked increase in oxygen and the appearance of
sodium, indicating successful formation of a sodium titanate
layer, a key objective of this study. These results are consistent
with earlier studies reporting the transformation of titanium
surfaces through NaOH treatment into bioactive titanate

"2 The higher oxygen content after alkali-heat

layers.
treatment reflects the formation of a thicker TiO, layer that
could increase surface wettability and facilitate osteoblast
attachment.” The sodium detected on the surface originates

from sodium titanate, which can undergo ion exchange
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with protons under physiological conditions, gsenerating
Ti-OH groups that promote apatite nucleation.”” This
bioactive apatite layer has been shown to mediate strong
bone bonding, consistent with prior in vitro and in vivo
studies demonstrating improved osseointegration of
alkali heat-treated titanium implants.'*******

XRD analysis further supported the observed
compositional changes. Untreated samples exhibited
dominant peaks corresponding to the OL-Ti phase, with
minor [3-phase peaks, consistent with previous studies.**
In Ti-6Al-4V, the Ol-phase provides strength and corrosion
resistance, while the [3-phase contributes ductility.” In
this study, B—phase peaks were observed only in the
machined specimens, while LPBF-produced samples
exhibited predominantly Ol-phase, could be due to the
rapid cooling suppressing B-phase retention.” Since these
phases mainly influence the mechanical properties of
the alloy, their distribution may affect implant stability,
whereas biological performance is more directly related
to surface chemistry and topography. Following alkali-heat
treatment, all groups displayed a new diffraction peak
around 48.3°, likely associated with the formation of sodium
titanate. The presence of this peak across all treated groups,
regardless of manufacturing method, indicates that the
alkali-heat process reliably induces a chemical phase
transformation. However, the relatively low intensity and
the appearance of only a single sodium titanate peak
suggest that further investigation is necessary to confirm
the extent and crystallinity of the newly formed phase.

Surface roughness analysis revealed that LPBF
specimens, particularly those printed in the horizontal
orientation, had significantly higher Ra and Sa values
than machined specimens, both before and after
treatment. This aligns with prior findings where LPBF
processes inherently produce rougher surfaces due
to powder sintering characteristics and layer-by-layer
fabrication.'**** However, some studies have reported
that vertically printed specimens typically demonstrate
greater surface roughness than those printed horizontally,
which contrasts with the findings of the present study.'®*
This discrepancy may be explained by differences in
measurement instruments and magnifications. Our analysis

was performed using an optical profilometer with a 10x
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lens and a scan area of 2 x 2 mm. In contrast, Celles et al
used a laser confocal microscope at 428x magnification
and reported vertically printed samples to be rougher.™
Similarly, Huang et al. employed both a contact profilometer
and atomic force microscopy (scan areas of 500 pm x
500 pmand 5 pm x 5 um, respectively) and found higher
roughness in vertical specimens.” To the best of our
knowledge, our study is the first to report horizontal
orientation producing a rougher surface. This may be due
to larger scan areas capturing greater disparities between
peaks and valleys, or to limitations of the measurement
technique, in which densely packed particles could prevent
full detection of the deepest points on the surface.
Contrary to some expectations based on previous

literature®*?

, alkali-heat treatment did not significantly
alter the surface roughness in any of the experimental
groups. This may be attributed to the already high baseline
roughness of the LPBF specimens, which could have
masked subtle changes, or to limitations in the resolution
of the measurement equipment, which may not effectively
capture nanoscale modifications.

A key limitation of this study is its exclusive
focus on the chemical composition and physical surface
properties of titanium implants. While these characteristics
provide valuable insights into material performance, they
do not capture the biological interactions critical to clinical
outcomes. Therefore, future research should include both
in vitro and in vivo studies to evaluate cellular responses
and determine the clinical relevance of the different

production methods and surface treatments.

Conclusion

This study shows that both the manufacturing

method and alkali-heat treatment influence the surface
properties of Ti-6Al-4V implants. While the elemental
composition remained consistent, the manufacturing
method led to distinct differences in surface topography.
Machined specimens exhibited an OL—B phase, whereas
LPBF specimens showed an O phase. Surface roughness
was also higher in LPBF implants compared with machined
ones, with horizontal LPBF rougher than vertical. Alkali-heat
treatment effectively modified the surface chemistry

by forming a sodium titanate layer without significantly
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changing roughness. Overall, these findings indicate that
optimizing processing and surface modification can tailor
surface properties to potentially enhance bioactivity,

although further biological validation is needed.
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Biodentine™ and MAC28 Inhibit Lipopolysaccharides-Induced Pulpal Inflammation

in Human Dental Pulp Cells
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Abstract

Our previous results demonstrated that pretreatment with monocarbonyl analogue of curcumin compound
28 (MAC28) in lipopolysaccharides (LPS)-treated human dental pulp cells (HDPCs) could suppress inflammation.
However, the pharmacological action of MAC28 co-incubated with LPS in HDPCs remained unclear. Furthermore,
the impact of MAC28 in combination with Biodentine™ in LPS-treated HDPCs was still unclear. This study aimed to
examine the cell viability and anti-inflamsmatory effects of Biodentine™ and MAC28 in LPS-treated HDPCs. HDPCs
were assigned to five groups: (1) control, (2) LPS, (3) LPS + MAC28, (4) LPS + Biodentine™, and (5) LPS + MAC28 +
Biodentine™. The concentration of LPS and MAC28 used in this study were 20 pg/mL and 10 uM, respectively. The
Biodentine™ extract was mixed with Alpha modification of Minimum Essential Medium Eagle (O.-MEM) at a 1:16
dilution ratio for cell treatments. Cell viability was assessed using the Alamar Blue assay. The expressions of toll-like
receptor-4 (TLR-4), myeloid differentiation factor-2 (MD-2), tumor necrosis factor-alpha (TNF-QL), and interleukin-6
(IL-6) mRNA were analyzed by qRT-PCR. Data was analyzed using one-way ANOVA with LSD post hoc tests at a 95%
confidence interval. The results demonstrated that LPS treatment did not significantly affect HDPC viability compared
with the control (p > 0.05). Similarly, co-treatment with MAC28, Biodentine™, or both combined did not affect cell viability
(p > 0.05 vs. control), indicating no cytotoxicity under the experimental conditions. LPS significantly upregulated TLR-4,
MD-2, TNF-QL, and IL-6 mRNAs when compared with the control (o < 0.05). However, LPS-induced HDPCs co-incubated
with MAC28, Biodentine™, or their combination significantly reduced the expressions of TLR-4, MD-2, and TNF-QU
mMRNAs (p < 0.05), while the expression of IL-6 mRNA levels remained unchanged when compared with the LPS group
(p > 0.05). MAC28 and Biodentine™ exhibited anti-inflammatory effects without cytotoxicity in LPS-treated HDPCs,

supporting their potential as adjunctive agents for the treatment of pulpitis.
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Introduction

Dental caries-induced pulpitis is among the most
common oral diseases worldwide." Toll-like receptor-4
(TLR-4) has received significant attention as it is involved
in the inflammatory process of the dental pulp at the
cellular level.” Myeloid differentiation factor-2 (MD-2) is
a protein essential for the activation of TLR-4 signaling,
which plays a critical role in inflammation across various
tissues.™ Several studies have demonstrated that the
TLR-4/MD-2 complex is present on cell surfaces, including
the membranes of dental pulp cells.” Lipopolysaccharide
(LPS) is one of the most important molecules initiating
TLR-4/MD-2 signaling. It binds to hydrophobic MD-2,
thereby triggering inflammation.” Therefore, blocking TLR-4

Nucleus
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signaling via MD-2 inhibitors represents a potential therapeutic
strategy for the treatment of pulpitis (Fig. 1).°

The monocarbonyl analogue of curcumin compound
28 (MAC28), a curcumin-derived compound that functions
as an MD-2 inhibitor, has been shown to block TLR-4 signaling
in LPS-treated macrophages by directly binding to MD-2.9
Our previous results demonstrated that pretreatment with
MAC28 in LPS-treated human dental pulp cells (HDPCs)
effectively inhibited inflammation (Fig. 1). However, the
pharmacological effects of MAC28 when co-incubated with
LPS in HDPCs remain unclear. In addition, evidence regarding
the pharmacodynamic effects of MAC28 in combination
with Biodentine™ in LPS-stimulated HDPCs is still lacking.

Figure 1 The relationship between LPS, MD-2, TLR-4, and MAC28. IL-6, interleukin-6; LPS, lipopolysaccharides; MAC28, monocarbonyl
analogue of curcumin compound 28; MD-2, myeloid differentiation factor-2; MyD88, Myeloid differentiation primary response
88; NF-KB, nuclear factor kappa-light-chain-enhancer of activated B cells; TLR-4, toll-like receptor-4; TNF-QL, tumor necrosis

factor-alpha

This study aimed to investigate the cell viability
and anti-inflammatory effects of Biodentine™ and MAC28
in LPS-stimulated HDPCs. It was hypothesized that both
materials would reduce inflammation in LPS-stimulated
HDPCs and that their combination would synergistically

inhibit the inflammatory response.

Materials and methods

Dental pulp tissue collection and dental pulp cell culture

This study was performed following approval
from the Human Experimentation Committee, Faculty of
Dentistry, Chiang Mai University, Thailand (ethical approval

number: 53/2022). After informed consent was obtained
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from all participants, healthy dental pulp tissues were
collected from individuals aged 18-21 years who were
scheduled for the surgical removal or extraction of impacted
teeth. Following tooth extraction, dental pulp tissues
were aseptically removed from teeth and collected for
cell culture as previously described.10 The HDPCs were
cultured in Alpha modification of Minimum Essential Medium
Eagle (OL-MEM) (Sigma-Aldrich, St Louis, MO, USA) containing
10% fetal bovine serum (FBS) (Gibco, USA), 100 U/mL of
penicillin, 100 pg/mL streptomycin (Gibco, USA), and 100
pmol/L of L-ascorbic acid at 37°C in an atmosphere of
5% CO.,. The medium was renewed every other day. HDPCs
from passages two to five were used in the experiment.
The study design

HDPCs were divided into five groups, n = 3/
group, as follows: 1) control group: cells were maintained
in culture medium containing 0.0001% dimethy! sulfoxide
(DMSOQ); 2) LPS group: cells were maintained in culture
medium containing 20 pg/mL LPS; 3) LPS + MAC28 group:
cells were maintained in culture medium containing 20
pg/mL LPS and 10 pM MAC28; 4) LPS + Biodentine™ group:
cells were maintained in culture medium containing 20
pg/mL LPS and Biodentine™ extract; and 5) LPS + MAC28
+ Biodentine™ group: cells were maintained in culture
medium containing 20 pg/mL LPS, 10 uM MAC28, and
Biodentine™ extract. After 24 hours of treatment, cell
viability and inflammation were analyzed.
Preparation of LPS, MAC28, and Biodentine™

A concentration of 20 pg/mL LPS, 10 uM MAC28,
and Biodentine™ extract was used in this study, in
accordance with previous studies.®*° LPS from Escherichia
coli (O111:B4; #0000110081) was purchased from Sigma-
Aldrich. MAC28 was provided by Wenzhou Medical University,
Zhejiang, China. A 1 M stock solution of MAC28 (molecular
weight = 469.53) was prepared in 100% DMSO according
to previous reports.’ The absolute concentration of 10 uM
MAC28 in culture medium was used for cell treatment.®”
Since the absolute concentration of DMSO diluted in culture
medium consisting of MAC28 was 0.0001%, 0.0001%
DMSO was also included in the control group, LPS group,
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and Biodentine™ group. Biodentine™ extract was prepared
following a previously described method.'*"” The Biodentine™
extract was diluted in culture medium at a ratio of 1:16
for cell treatments.

Determination of cell viability

To determine the viability of HDPCs in culture
medium containing LPS, MAC28, and Biodentine™, HDPCs
were divided into eight groups (n = 3/group), as follows: 1)
control group; 2) LPS group; 3) MAC28 group; 4) Biodentine™
group; 5) MAC28 + Biodentine™ group; 6) LPS + MAC28
group; 7) LPS + Biodentine™ group; and 8) LPS + MAC28
+ Biodentine™ group. After seeding 10,000 HDPCs per
well in 96-well plates for 24 hours, cell treatments were
performed as previously mentioned. In each assigned
group, the cell treatment was performed in triplicate.
At the end of the 24-hour experiment, cell viability was
examined by an Alamar Blue assay as described by Weekate
et al.” In brief, 10% AlamarBlue® was added to each well
and incubated for four hours at 37°C. The absorbance
reading was set at 570-600 nm using a multi-well scanning
spectrophotometer (Tecan Group Ltd., Mannedorf, canton
of Zurich, Switzerland). HDPCs in the control group were
interpreted as 100% viable.

Determination of inflammation by quantitative
real-time polymerase chain reaction (QRT-PCR)

To examine the inflammatory markers, HDPCs were
seeded in 6-well plates at a density of 2.5 x 105 cells/well.
The HDPCs were assigned to five groups as previously
stated in the study design. In each assigned group, the cell
treatment was performed in triplicate. After 24 hours of
treatment, gRT-PCR was conducted using the RNeasy Mini
Kit (QIAGEN). Subsequently, cDNA was synthesized using
PCRBIOSYSTEMS cDNA UltraScript kit according to the
manufacturer’s instructions. gRT-PCR was conducted using
the SYBR Green-based method. The primer pairs for TLR-4,
MD-2, tumor necrosis factor-alpha (TNF-QU), interleukin-6
(IL-6), and GAPDH used in this study are presented in Table 1.
The relative changes in gene expression were normalized

with GAPDH and quantified using the 2- AACT method."”
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Table 1 List of primer pairs used for gRT-PCR analysis®
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mRNA Primer sequences (5" to 3°)

TLR-4 Forward: CAA CAA AGG TGG GAA TGC TT
Reverse: TGC CAT TGA AAG CAA CTC TG

MD-2 Forward: TTC CAC CCT GTT TTC TTC CA
Reverse: AAT CGT CAT CAG ATC CTC GG

TNF-OL Forward: GCT GCA CTT TGG AGT GAT CG
Reverse: CTT ACC TAC AAC ATG GGC TAC AG

IL-6 Forward: ATG AAC TCC TTC TCC ACA AGC GC

Reverse: GAA GAG CCC TCA GGC TGG ACT G

GAPDH Forward: ACC ACA GTC CAT GCC ATC AC

Reverse: TCCACCACCCIGTTIG CTG TA

Abbreviations: GAPDH, ¢lyceraldehyde-3-phosphate dehydrogenase; IL-6, interleukin 6; MD-2, myeloid differentiation factor-2; qRT-PCR,

quantitative real-time polymerase chain reaction; TLR-4, toll-like receptor-4; TNF-QL, tumor necrosis factor-alpha.

Statistical analysis

The statistical analysis was performed based on
n = 3/group for all experiments. The results were expressed
as mean + standard deviation (SD). One-way ANOVA
followed by post hoc LSD tests were conducted for group
comparison. All statistical analyses were carried out using
GraphPad Prism 10 (version 10.2.1) software for macOS.
A 95% confidence level for statistical significance was

applied in this study (p < 0.05).

Effects of LPS, MAC28, and Biodentine™ on HDPC
viability

At the 24-hour incubation period, 20 pg/mL LPS
did not influence HDPC viability when compared with
the control group (Fig. 2, p > 0.05). In addition, HDPCs
co-incubated with 10 uM MAC28, Biodentine™ extract,
and the combination of MAC28 and Biodentine™ for 24
hours also showed comparable cell viability compared
with the control group (Fig. 2, p > 0.05). Furthermore,
LPS-induced HDPCs co-incubated with either MAC28,
Biodentine™, or both combined for 24 hours showed no
reduction in viability, as the percentages of the viable

HDPCs were similar to those in the control (Fig. 2, p > 0.05).
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Figure 2 Cell viability (% control) in LPS-treated HDPCs exposed to
MAC28, Biodentine™, and their combination for 24 h
(n = 3/group). * p < 0.05. Statistical analyses were
performed by One-way ANOVA. HDPCs, human dental
pulp cells; LPS, lipopolysaccharides; MAC28, monocarbony!

analogue of curcumin compound 28
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Effects of MAC28, Biodentine™, and both combined
on the LPS-induced inflammation in HDPCs
Treatment with 20 ug/mL LPS for 24 hours significantly
induced inflammation as the levels of TLR-4, MD-2, TNF-CL,
and IL-6 mRNAs were upregulated when compared with
the controls (Fig. 3A-D, p < 0.05). Co-incubation of either
10 uM MAC28, Biodentine™ extract, or the combination of
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MAC28 and Biodentine™ significantly reduced the levels
of TLR-4, MD-2, and TNF-OL mRNAs compared with the LPS
group (Fig. 3A-C, p < 0.05). However, the expression of IL-6
mMRNA remained unchanged in LPS-induced HDPCs treated
with the MAC28, Biodentine™, or combined conditions

(Fig. 3D, p > 0.05).
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Figure 3 Inflammatory profiles of LPS-treated HDPCs: A) Expression of TLR-4 mRNA (n = 3/group), B) Expression of MD-2 mRNA (n = 3/¢roup),
C) Expression of TNF-OL mRNA (n = 3/¢roup), and D) Expression of IL-6 mRNA (n = 3/group). * p < 0.05, ** p < 0.01, ***p < 0.001, ****
p < 0.0001. IL-6, interleukin-6; LPS, lipopolysaccharides; MAC28, monocarbony!l analogue of curcumin compound 28; MD-2,
myeloid differentiation factor-2; TLR-4, toll-like receptor-4; TNF-OL, tumor necrosis factor-alpha
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Discussion

The major findings from this study were: 1) 20 pyg/mL
LPS, 10 uM MAC28, Biodentine™ extract, and their combinations
had no effect on HDPC viability at 24 hours; 2) LPS induced
inflammation in HDPCs by upregulating TLR-4, MD-2, TNF-QL,
and IL-6 mRNAs; and 3) MAC28, Biodentine™, and their
combination suppressed inflammation in LPS-treated
HDPCs, but no synergistic anti-inflammatory effect was
observed between MAC28 and Biodentine™. Therefore,
the hypothesis that these materials reduce inflammation
in LPS-treated HDPCs were partially accepted; however,
their combination did not synergistically inhibit the
inflammatory response.

A previous study demonstrated that 0.1 - 100 pg/mL
LPS did not alter cell viability at 24 hours and induced
cell proliferation in the dental pulp stem cells of young
and aged rats." Furthermore, our previous findings showed
that 20 pg/mL LPS did not reduce HDPC viability at 24
hours.*'*" In this study, it was confirmed that 24-hour
exposure to 20 yg/mL LPS did not significantly affect
the viability of HDPCs. In addition, these current results
were in accordance with our previous study that 10 pM
MAC28 did not compromise HDPC viability.® It was also
reported that Biodentine™ extract applied in this study
did not compromise HDPC viability, which agreed with
a previous report that tested Biodentine™ extract at
10-25% dilution for 24-72 hours and discovered no
impairment of HDPC viability."*"” Combining 20 ug/mL
LPS with either 10 uM MAC28, Biodentine™ extract, or both
combined did not impair HDPC viability either. These
findings suggest that all the treatment conditions did not
adversely affect HDPC viability.

LPS derived from Escherichia coli is one of the
most commonly studied endotoxins and is widely used to
model dental pulp cell inflammation due to its ability to
induce proinflammatory cytokine production." According
to previous studies, LPS activates the TLR-4/myeloid
differentiation primary response 88 (MyD88)/nuclear
factor-KB (NF-KB) signaling pathway, leading to the
secretion of pro-inflammatory cytokines such as TNF-OU
and IL-6.4,16-19 TLR-4, which recognizes LPS, requires
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MD-2 as a cofactor for effective signal transduction (Fig. 1)."*

Results from our previous study and findings from this
study confirm that LPS upregulates TNF-OL and IL-6 mRNAs
with concomitant increases in TLR-4 and MD-2 mRNAs.?
Therefore, the application of 20 pg/mL LPS for 24 h is
suitable for inflammation induction in HDPCs without
compromising cell viability.

Following the LPS treatment, our results revealed
that MAC28, Biodentine™, and their combination reversed
the LPS-induced inflammation in HDPCs as TLR-4, MD-2, and
TNF-OL mRNAs decreased. However, no synergistic effect
was observed between MAC28 and Biodentine™, as the
lowered TLR-4, MD-2, and TNF-OL mRNA levels were not
significantly lower than either MAC28 or Biodentine™ alone
in LPS-induced HDPCs. The absence of an additional benefit
with co-application can be explained by several biological
factors. First, both MAC28 and Biodentine™ likely converge
on the same signaling complex (TLR-4/MD-2/NF-KB),
therefore, further suppression by combining these materials
provides no additional effect. Second, a concentration
mismatch is possible, as only one concentration of each
material was tested. Third, the two materials may exhibit
potential antagonism, which could hinder any additive effect
when co-incubated. Finally, some mediators, such as IL-6,
can be regulated through TLR-4-independent pathways,
which may sustain their expression despite upstream
suppression.” Further studies are needed to confirm these
speculations. In line with this, our previous study reported
that a 2-h pretreatment of MAC28 prior to LPS stimulation
reduced TNF-QL and IL-6 mRNA and protein expression
through downregulation of TLR-4/MD-2.8 The present
findings extend this by confirming that MAC28 co-incubated
with LPS also suppressed inflammation via the TLR-4/MD-2
signaling pathway. Although none of the treatments tested
reduced IL-6 mRNA compared with the LPS group, which
is consistent with our earlier observation that, although
MAC28 pretreatment inhibited inflammatory cytokines, IL-6
mRNA and protein levels did not return to control levels.?
Taken together, these findings suggest that persistent

IL-6 expression during co-treatment may be maintained
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through TLR-4-independent pathways,” thereby explaining
the lack of additional anti-inflammatory benefit when MAC28
and Biodentine™ were combined.

Biodentine™ has been shown to possess anti-
inflammatory and immunomodulatory properties in cells
harvested from periapical lesions. It inhibited the
production of TNF-OL and IL-6, while enhancing the
secretion of anti-inflammatory cytokines in granulocytes
and other inflammatory cells from periapical lesions.
Interestingly, the non-cytotoxic concentration of conditioned
Biodentine™ medium that lowered IL-6 lay between
12.5%-25%."" In our study, the Biodentine™ extract was
diluted at a ratio of 1:16, which corresponds to approximately
6.25% of the original extract. A 1:16 extract was intentionally
selected to align with established HDPC protocols and to
ensure cytocompatibility as confirmed in previous studies," "
thereby providing a reliable concentration for assessing
biological effects without confounding artifacts from higher
extract concentrations. However, as discussed earlier,
further studies are needed to verify the time course and
determine the optimal concentration of Biodentine™ extract
in the in vitro pulpitis model.

Both MAC28 and Biodentine™ reduced selected
LPS-responsive genes (TLR-4, MD-2, TNF-QL) at 24 hours
without compromising HDPC viability, supporting the biological
plausibility of attenuating early innate immune signals
that are relevant to vital pulp therapy (VPT), hemostasis,
and postoperative comfort. For regenerative or reparative
procedures, early immunomodulation could help establish
a more permissive microenvironment; however, these in
vitro gene-level findings do not yet demonstrate clinical
benefit, sealing performance, or effects on osteo/odontogenic
differentiation. Co-application was biologically compatible
but did not exceed the effects of either material alone
at 24 hours. More studies are therefore required before
concluding that the combination of MAC28 and Biodentine™
offers no advantage over Biodentine™ alone in clinical
practice. Future VPT-related studies should confirm cytokine
protein levels, assess the dose-response relationship
of MAC28 and Biodentine™, evaluate extended time
courses to determine cytokine kinetics, and investigate

osteo/odontogenic differentiation and mineralization
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in both in vitro and in vivo models before any clinical

inferences can be made.

Conclusion

Within the limitations of this study, MAC28 and
Biodentine™ reduced inflammation without affecting HDPC
viability; however, their combination did not demonstrate
a synergistic effect. These findings suggest that MAC28 could
serve as an alternative to Biodentine™ by targeting the

modulation of selected LPS-responsive genes in HDPCs.
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Abstract

Macrophages are key components of the innate immune system by eliminating pathogens through phagocytosis.
Their activity can be influenced by various agents including plant-derived essential oil. Lemongrass essential oil (LG-EO)
exhibits potent antifungal properties, however, its immunomodulatory effects on macrophage function remain unclear.
This study aimed to evaluate the effect of LG-EO on the phagocytic activity of RAW 264.7 macrophages infected with
C. albicans. The cytotoxicity of LG-EO was assessed using the MTT reduction method. Three concentrations--0.003%
(1/20 MIC), 0.006% (1/10 MIC), and 0.03% (1/2 MIC) (v/v)--were selected to evaluate their effects on the phagocytosis
of C. albicans-infected RAW 264.7 cells. Infected macrophages were treated with various concentrations of LG-EO for
four, six, and eight hours, after which surviving fungal cells were quantified using a cultivation method. LG-EO exhibited
dose-dependent cytotoxicity, with fewer than 5% of RAW 264.7 cells surviving at concentrations > 0.03% (v/v). In
the untreated control, fungal recovery (log10 CFU/mL) was 2.08 (1.84-2.08), 2.48 (2.42-2.52), and 2.56 (1.93-2.66)
after four, six, and eight hours of incubation, respectively. Treatment with 0.003% and 0.006% LG-EO showed no
significant enhancement in phagocytosis, with fungal counts comparable or slightly higher than controls. In contrast,
0.03% LG-EO reduced fungal recovery to 1.48 (1.39-1.54), 1.7 (1.59-1.85), and 1.7 (1.5-1.83) at the respective time points,
likely due to its cytotoxicity rather than enhanced phagocytic activity. At sub-cytotoxic concentrations, LG-EO did not
significantly modulate the phagocytic activity of C. albicans-infected RAW 264.7 macrophages. These findings imply

that LG-EO has limited immunomodulatory effects on macrophage mediated fungal clearance.
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Introduction

Lemongrass essential oil (LG-EO), a natural extract pathogen that primarily causes superficial or invasive
from Cymbopogon citratus, has been investigated for candidiasis in immunocompromised individuals." Citral,
various medicinal properties, particularly its antimicrobial a key active compound in LG-EOQ, plays a crucial role in
activity. LG-EO has demonstrated potent antifungal effects, inhibiting the growth of planktonic yeast cells and their
especially against Candida albicans, an opportunistic biofilm counterparts by targeting the fungal cell wall,
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inhibiting enzymes essential for fungal growth, and
suppressing hyphal formation.”” Consequently, LG-FO
has been incorporated or applied as a coating on the
surfaces of dental materials, including tissue conditioners,
denture acrylic resin, and silicone elastomers, to reduce
the risk of fungal infections.*"" However, other medicinal
properties of LG-EO—particularly its effects on immune
responses—-have not yet been extensively investigated.

The innate immune response is the first line of
defense in the immune system, activated upon exposure
to microorganisms, particularly pathogens. Phagocyt
es such as macrophages, neutrophils, and dendritic cells
play a major role in pathogen clearance and immune
signaling. The clearance of C. albicans involves phagocytosis
by macrophages, infiltrating monocytes, and neutrophils.'
However, the hyphal form of the fungus produces
candidalysin, a hypha-associated cytolytic peptide
toxin that damage the membrane of immune cells
and enables the fungus to escape from host defense
mechanism."”” Consequently, this study aimed to investigate
the effect of LG-EO on macrophage phagocytosis of C.
albicans. The findings may contribute valuable data
for further studies on the role of LG-EO in modulating

immune responses.

Materials and methods

Chemical reagents

LG-EO was purchased from Thai-China Flavours
and Fragrances Industry Co., Ltd. (TCFF), Thailand.
Dulbecco’s Modified Eagle Medium (DMEM) and Triton
X-100 were purchased from Sigma-Aldrich, USA, whereas
L-glutamine, and fetal bovine serum (FBS) were purchased
from Gibco labs, USA, and Cytiva, USA, respectively.
Sabouraud dextrose agar and broth were purchased
from Becton, Dickenson and company, NJ, USA.
LG-EO cytotoxicity assessment

RAW 264.7, a murine macrophage cell line,
(Department of Oral Microbiology, Faculty of Dentistry,
Mahidol University) was cultured in DMEM supplemented
with 10% FBS and 1% L-glutamine (complete DMEM,
CDMEM). Cells were maintained at 37°C in a humidified

incubator (NuAire, Air-jacketed automatic C02 incubator,
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Model NU-5810E) with 5% Co, and subcultured every two
days. RAW 264.7 cells (1.75x10° cells) were seeded into
each well of a 96-well plate and incubated for 24 hours
under the conditions described above. The cells were
then treated with various concentrations of LG-EO--2%,
1%, 0.5%, 0.25%, 0.125%, 0.06%, 0.03%, 0.015%, 0.007%,
and 0.003% (v/v) in CDMEM. After 18 hours of LG-EO
exposure, cell viability was assessed using the MTT assay.
Briefly, MTT solution [3-(4,5-dimethylthaizol-2-yl)- 2,5,
Diphenyltetrazolium Bromide] was added to each well and
incubated for two hours before the enzymatic reaction
product was measured at 590 nm using microplate reader
(BioTek ELx800, BioTek Instruments. Inc., USA). RAW 264.7
cells cultured in CDMEM without treatment and those
treated with 1.0% Triton X-100 were used as negative and
positive controls, respectively. Macrophage viability was
calculated as follows.

(Mean OD of treated cells)
(Mean OD of control)

% Cell viability =

Effect of LG-EO on Candida albicans-infected macrophages

C. albicans ATCC 10231 (Department of Oral
Microbiology, Faculty of Dentistry, Mahidol University) was
cultured in Sabouraud dextrose broth and incubated
overnight at 37°C. The yeast suspension was confirmed
by Gram staining (Figure 1) and adjusted to an optical
density (OD) of 1.0 at 600 nm using a cell density meter
(WPA CO 8000, Biochrom Ltd., UK). Subsequently, RAW
264.7 cells (5x10° cells) were seeded into 6-well plates
and incubated overnight under the conditions described
above. The cells were then infected with C. albicans
at a multiplicity of infection (MOI) of 2. After an hour of
fungal exposure, various concentrations of LG-EO—0.003%,
0.006%, and 0.03% (v/v)—were added to the cells,
followed by incubation under the previously described
conditions for four, six, and eight hours. After LG-EO
treatment, the cells were harvested, washed three times
with phosphate-buffered saline (PBS), and lysed using
0.1% Triton X-100 for 5 min. A 100 pL aliquot of the
lysate was then plated onto Sabouraud dextrose agar
and incubated at 37°C for 48 hours. Fungal survival was
quantified and expressed as Log - colony-forming units per

millimeter (CFU/mL). RAW 264.7 cells cultured in CDMEM
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were used as the negative control, while C. albicans-infected
macrophages without treatment served as baseline for
the phagocytic process.

All experiments were performed in triplicate for

three different time periods.
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Statistical analysis

Statistical analysis was performed using descriptive
statistics, the Shapiro-Wilk test to assess data normality,
and the Kruskal-Wallis test to evaluate differences between

groups. A P value of <0.05 was considered statistically significant.

Figure 1 Gram staining of Candida albicans suspension prepared for evaluating phagocytosis by RAW 264.7 cells (1000x)

LG-EO cytotoxicity assessment
The viability of RAW 264.7 cells treated with various
concentrations of LG-EO—2%, 1%, 0.5%, 0.125%, 0.06%,

0.03%, and 0.015% (v/v)--was significantly reduced, ranging
from 15.5%:+8.5% to 4.65%=+0.7%, compared to untreated

100

Cell viability %

= I -

Control 1%Triton 2% 1% 0.50% 0.25%

cells (control), which exhibited 100% viability. In contrast,
cell viability was 81%+10.5% and 51%+5% when the
cells were treated with 0.003% and 0.007% (v/v) LG-EQ,

respectively, as shown in Figure 2.

T =

0.125% 0.06% 0.03% 0.015% 0.007% 0.003%

Concentrations of lemongrass essential oil

Figure 2 Cytotoxic effect of lemongrass essential oil (LG-EQ) on RAW 264.7 cells. Data are expressed as the percentage of viable cells

(mean + SEM) (n = 9 per group)
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Effect of LG-EO on Candida albicans-infected macrophages

Three concentrations of LG-EO—0.003%, 0.006%,
and 0.03% (v/v)--were tested to evaluate their effects on
the phagocytosis of C. albicans-infected RAW 264.7 cells.
In the untreated control group, the number of C. albicans
recovered from macrophages was expressed as the median
of log10 CFU/mL with interquartile range and measured
at 2.08 (1.84-2.08), 2.48 (2.42-2.52), and 2.56 (1.93-2.66)
after four, six, and eight hours of incubation, respectively.
Following treatment with 0.003% LG-EO, fungal recovery
was 2.18(2.02-2.21), 2.28 (2.28-2.33),and 3.1 (2.81-3.16) at

Log10 CFU/ml

z 1 |
| FIT
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the same time points, while treatment with 0.006% LG-EO
resulted in values of 2.26 (2.25-2.48), 2.87 (2.87-2.97),
2.82(2.59-2.96), respectively. In contrast, treatment with
0.03% LG-EO led to a reduction in fungal recovery, with
values of 1.48(1.39-1.54), 1.7 (1.59-1.85), and 1.7 (1.5-1.83)
at four, six, and eight hours, respectively. However, none
of the differences observed between LG-EO-treated and
untreated groups were statistically significant. The effects
of LG-EO on phagocytosis of C. albicans-infected RAW

246.7 cells are summarized in Figure 3.

B Control

[ 0.003% LG-EO
I 0.006% LG-EO
O 0.03% LG-EO

m

Ghr 8hr

Exposure times

Figure 3 Effect of lemongrass essential oil (LG-EO) on the phagocytosis of Candida albicans by RAW 264.7 macrophages. Data are

expressed as the median (log10 CFU/mL) and interquartile range (n = 9 per group)

Discussion

LG-EQ, which contains citral as its major active
component (>70%), has demonstrated potent antifungal
activity, with a MIC ranging from 0.04% to 0.06% (v/v)® ° It is
of interest to evaluate whether LG-EO, at MIC and sub-MIC
concentrations, affects the phagocytic activity of RAW
264.7 cells infected with C. albicans. Determining the
cytotoxicity effect of LG-EO on RAW 264.7 cells is essential,
as macrophage viability directly influences their phagocytic
function. This study found that RAW 264.7 cells were highly
sensitive to LG-EO, with fewer than 5% of the cell surviving
after exposure to concentrations > 0.03% (v/v). In contrast,
approximately 80% of RAW 264.7 cells remained viable
when exposed to 0.003% (v/v) LG-EO, which corresponds to
a 20-fold dilution of its minimum inhibitory concentration

(MIC) against C. albicans.’ These findings differ markedly

from those of a previous study, which reported that RAW
264.7 cells remained viable after exposure to 2.5% (w/V)
LG-EO." The discrepancy may be attributed to differences
in testing procedures, the batch of LG-EO used, or the cell
viability assay employed.” Cytotoxicity of LG-EO on RAW
264.7 cells was dose-dependent. Consequently, three
concentrations of LG-EO—0.003% (1/20 MIC), 0.006%
(1710 MIC), 0.03% (v/v) (1/2 MIC)--were selected for
subsequent evaluation of their effects on phagocytosis
of C. albicans-infected RAW 264.7 cells.

Macrophages are key components of the innate
immune system, serving as a first line defense by rapidly
eliminating pathogens through phagocytosis--the process
by which macrophages engulf and kill microbes. This study
demonstrated that LG-EO at concentrations of 0.003% and
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0.006% (v/v) has no significant effect on the killing activity
of RAW 246.7 cells against C. albicans. These findings
are consistent with a previous study, which reported that
LG-EO did not directly enhance the killing activity of RAW
246.7 cells against C. albicans, likely due to its inhibitory
effect on nitric oxide (NO) production.™ To further clarify
the impact of LG-EO on the killing activity of C. albicans-
infected RAW 264.7 cells, extended incubation times
such as 12, 24 and 48 hours should be considered, as the
yeast cells are typically destroyed after at least 6 hours
of phagocytosis.'® Moreover, under culture conditions
using CDMEM supplemented with FBS, C. albicans may
transition to its hyphal form, make it more resistant to
phagocytic clearance."’ Since the number of viable and
functional macrophages plays a crucial role in phagocytosis
against microorganisms, it is important to assess the viability
of RAW 264.7 cells after exposure to LG-EO for varying
durations (four, six, and eight hours).

Phagocytic endocytosis, or engulfment--the process
by which macrophages internalize pathogens--is a critical
initial step in their clearance. Therefore, a higher rate of
endocytosis generally correlates with more effective
pathogen elimination. In this study, treatment with 0.003%
and 0.006% (v/v) LG-EO did not significantly affect the
endocytosis rate of RAW 264.7 cells infected with C.
albicans, compared to untreated C. albicans-infected
cells. This may be due to limitations of the cultivation
method used to assess surviving fungi, which does not
directly reflect the endocytosis process. Interestingly,
the fungus-infected RAW 264.7 cells treated with these
LG-EO concentrations appeared to exhibit increased
endocytosis, as suggested by the higher numbers of
surviving fungi in the raw CFU/mL data. To verify this
observation, further experiment should be conducted
using LG-EO treatment durations of 0.5, one, two, and
three hours, followed by the quantification of internalized
fungi using fluorescent-labeled or stained Candida cells,
rather than relying solely on cultivation assay. Consequently,
further studies using shorter exposure times and alternative
methods for assessing phagocytosis—such as fluorescent
labeling—are warranted to clarify the impact of LG-EO

on the early stages of fungal uptake and clearance.
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Conclusion

This study demonstrated that RAW 264.7 macrophages
were highly sensitive to LG-EQ, with significant cytotoxicity
observed at concentrations above 0.03% (v/v). At
sub-cytotoxic concentrations [0.003% and 0.006% (v/V)],
LG-EO did not significantly enhance the phagocytic or
killing activity of macrophages against C. albicans. These
findings suggest that, despite its strong direct antifungal
effects, LG-EO does not promote macrophage-mediated
antifungal immunity at concentrations that are non-toxic

to innate immune cells.
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