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Abstract Background/purpose: Plant-derived cellulose nanofibers (CNF) have emerged as a
promising material for biomedical applications due to their diverse and exceptional properties
but application in dental research remains limited. This study aimed to use CNF as barrier
membranes or scaffold materials applied in guided bone regeneration (GBR) and guided tissue
regeneration (GTR).
Materials and methods: Two different thicknesses of CNF were detected by surface
morphology, roughness, hydrophilicity, mechanical properties, and degradability test, and
compared with GC Membrane and Ti (titanium). Additionally, the cell compatibility and cell
morphology of MC3T3-E1 and HGF-1 in different groups were also studied. The alkaline phos-
phatase (ALP) activity of MC3T3-E1 was also examined on the 14th and 21st days.
Results: Compared to the GC membrane, CNF showed better mechanical properties but re-
mained inferior to titanium. Soaking increased their roughness and hydrophilicity while
reducing mechanical strength. CNF also exhibited degradability, and good biocompatibility,
with ALP expression significantly elevated at 14 and 21 days.
Conclusion: The results of this study on various properties of CNF indicate that CNF has the po-
tential to become a novel dental biomaterial.
ª 2025 Association for Dental Sciences of the Republic of China. Publishing services by Elsevier
B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.
org/licenses/by-nc-nd/4.0/).
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Introduction

The aging population has significantly contributed to
the rise in surgical and restorative procedures in
dentistry, accompanied by advancements in dental bio-
materials. This includes the increasing use of implants and
periodontal regeneration techniques, which often neces-
sitate Guided Tissue/Bone Regeneration Membranes
(GTR/GBR) and grafting materials. Alongside surgical
techniques, the selection of these materials is crucial in
determining the success and long-term prognosis of the
procedure.1

GTR/GBR membranes are frequently employed as a
therapeutic strategy to isolate periodontal defects among
these grafting materials. These membranes are extensively
utilized to preserve the space between the bone septum
and the overlying gingival flap. Despite differences in
composition and structure, the primary purpose is to pre-
vent epithelial and connective tissue cells from migrating
into regions of angiogenesis and osteogenesis, as these cells
move more rapidly than bone-forming cells.2 Moreover,
compared to expanded polytetrafluoroethylene (ePTFE), a
gold-standard non-resorbable membrane, biodegradable
membranes have gained significant attention due to their
ability to eliminate the need for secondary surgical
procedures.3e5 Resorbable membranes are classified into
natural and synthetic polymers based on their material
composition. Collagen membranes, such as Bio-Gide,
represent the natural polymer category, while Poly(lactic-
co-glycolic acid) (PLGA) most exemplifies synthetic poly-
mers.6 However, in current clinical practice, resorbable
membranes also encounter several challenges, such as
inadequate stability and rapid degradation. In a compara-
tive analysis of PLGA membranes and collagen membranes
for GBR, researchers demonstrated comparable osteogenic
efficacy between the two materials at both 4-week and 8-
week healing intervals. However, neither membrane
exhibited ideal barrier functionality. Histological evalua-
tion revealed extensive cellular infiltration into both PLGA
and collagen membranes, accompanied by complete
degradation within 24 weeks. Notably, the membrane
behavior more closely resembled that of a biodegradable
scaffold rather than fulfilling the intended role of a pro-
tective barrier in GBR procedures.7 Also, relatively low
mechanical strength and limited barrier function make the
membrane prone to collapse. Therefore, for large-area
bone defects, the use of appropriately designed scaffolds
may be essential to effectively guide and promote alveolar
bone regeneration.8,9 Besides, titanium mesh exhibits
excellent mechanical properties, including high strength
and stiffness, which provide stable spatial support for bone
regeneration. Its structural stability helps maintain graft
volume during healing, while its elasticity minimizes
mucosal compression.10,11 The mechanical performance of
titanium mesh correlates positively with thickness, with
commonly used ranges of 0.1e0.6 mm; a thickness of
0.2 mm typically suffices for most clinical applications.
Notably, studies demonstrate that larger-aperture meshes
(1.2 mm) enhance bone regeneration and suppress soft
tissue infiltration more effectively than smaller-aperture
counterparts (0.6 mm).12
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Scaffolds are specially designed three-dimensional
biomaterials characterized by their porosity, high perme-
ability, and fibrous structure. They facilitate cell in-
teractions, support cell viability, and promote the
deposition of extracellular matrix.13,14 Although scaffold-
free tissue engineering has gained attention, traditional
biomaterial scaffolds remain the gold standard for bone
regeneration. Their unmatched advantages include
outstanding mechanical properties, and the precise de-
livery and release of critical biomolecules, making them
superior to alternative materials.15,16 In treating alveolar
bone defects, customized alveolar bone augmentation
can provide sufficient and precisely regenerated bone
tissue, creating an optimal foundation for subsequent
dental implant placement. Although titanium is the
most widely used metal material in tissue engineering due
to its excellent biocompatibility and mechanical proper-
ties, the disadvantages limit their application in vivo: the
high elastic modulus of titanium can cause stress shield-
ing, and the release of metallic ions through corrosion or
wear, may lead to tissue loss.17,18 Besides, non-absorbable
titanium scaffolds necessitate a second removal opera-
tion, which increases the risk of infection and patient
discomfort.19

CNF are environmentally friendly materials derived from
natural sources, known for their outstanding mechanical
strength, excellent biocompatibility, versatile surface
chemistry, and unique optical characteristics.20,21 Due to
the unique structure and morphology of CNF, which can
serve as a high-tech, sustainable, and partial substitute for
fossil resource-based polymers.22 As a type of nanofiber,
CNF also offers advantages for oral tissue repair due to its
high surface area-to-volume ratio and microporous struc-
ture. Additionally, it has the potential to promote cell
adhesion and proliferation.23,24

In this study, CNF materials were fabricated into samples
of two kinds of thicknesses (0.2 mm and 1 mm), which
compared with common commercial dental materials, GC
Membrane, and titanium. We hypothesize that CNF can
serve as substitutes for membranes and scaffold bio-
materials. The primary aim of this study is to explore the
potential of CNF as a biomaterial and evaluate its appli-
cability in dental applications.
Materials and methods

Specimen preparation

Two types of CNF samples (Chuetsu Pulp & Paper, Toyama,
Japan), CNF-1 (1 mm in thickness) and CNF-0.2 (0.2 mm in
thickness) were created by dehydrating an aqueous solu-
tion of Nanoforest (Chuetsu Pulp & Paper) after a pres-
surizing and drying process. This process enhances the
physical characteristics of CNF by increasing the degree of
dehydration. Commercially produced titanium plates
(Grade 2, ASTM F67 unalloyed Ti) were purchased by
Nippon Steel Corporation. GC Membrane (300 mm thick), a
synthetic polymer composed of PLGA, was purchased by
GC Corporation.
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Materials treatment

Due to the water absorption properties of CNF, it is essen-
tial to exclude its effect on mechanical properties and
subsequent biological experiments. In this experiment, the
various types of CNF were immersed in PBS solution
(Phosphate-buffered saline; Thermo Fisher Scientific, Inc.,
Waltham, Manassas, USA) and left to stand for 3 day at
37 �C to allow the material to fully absorb the PBS solution
(Thermo Fisher Scientific, Inc.). The treated materials were
named CNFe1S (1 mm thickness, soaked) and CNF-0.2S
(0.2 mm thickness, soaked) respectively. To exclude the
effect of the PBS solution (Thermo Fisher Scientific, Inc.)
immersion process on the material, pure titanium and GC
Membrane of the same specifications were subjected to the
same immersion treatment, used as control groups, and
designated as TieS and GC Membrane-S. The surface of
pure titanium was ground and polished to achieve condi-
tions similar to clinical use. All samples were cleaned using
ultrasonic baths of distilled water.

Surface morphology and roughness

The soaked samples were dried by freeze-drying method
before being subjected to surface morphology observa-
tions, which need to be dehydrated with ethanol solutions
for 30min and then placed in fresh t-butyl alcohol (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan) for 20 min
and repeated three times. The samples were placed in
metal containers, with 50 mL of t-butyl alcohol added to the
surface of each sample and then frozen at �20 �C for 2 h.
The frozen containers with the samples were placed in a
freeze-drying unit (JFD-320, JEOL, Tokyo, Japan), where
the remaining water in the samples was replaced with t-
butyl alcohol under freezing conditions and dried through t-
butyl alcohol sublimation. All samples were coated with
platinum using an automatic fine coater (JFC-1600, JEOL)
to enhance conductivity. The samples were then observed
using a scanning electron microscope (JSM-6390LA, JEOL) at
10 KV. The structure roughness and three-dimensional
image were estimated from a laser scanning roughness
(Shimadzu SFT-4500, Kyoto, Japan).

Surface wettability

The hydrophilic property of all samples was determined
using a portable contact angle meter (PCA-1, KYOWA, Sai-
tama, Japan). The excess solution was gently wiped from the
surface of the soaked sample using lint-free paper before
the test. An auto pipette and a goniometer were employed
to ensure uniformity of the distilled water droplet volume
(2 ml). Images were analyzed with FAMAS software for 1 s
after the water dropped.

Shore A hardness test

The Shore A Hardness of all samples was measured to eval-
uate the surface hardness. Experiments were conducted on
Ti, CNF-1, and CNFe1S. All experimental groups consisted of
samples measuring 10 mm � 10 mm. The measurements
were taken using a Shore A Hardness tester (Durometer Type
1438
A, Teclock Co., Nagano, Japan). Five distinct places on the
same surface, separated by 2 mm, were used to replicate
each type of hardness measurement. For that specific test,
the sample’s true hardness value was determined by aver-
aging these five values (n Z 5).

Flexural strength

Flexural strength was tested via a three-point bending
method. Four groups of Ti, CNF-1, and CNFe1S, measuring
10 mm � 60 mm, were fixed on the fixture of a universal
testing machine (Instron model 5565, Instron Corp, Canton,
MA, USA) with a span of 50 mm. The experiments were
conducted at a constant rate of 1 mm/min until the sam-
ples fractured or the applied force stabilized. For that
specific test, the sample’s flexural strength value was
determined by averaging these five values (n Z 5).

Tensile test

Tensile tests were used to evaluate the elastic modulus of
the samples. Experiments were conducted on GC Mem-
brane, CNF-0.2, and CNF-0.2S samples, each measuring
10 mm � 30 mm, which were secured in the grips of a
universal testing machine with a span of 10 mm. All ex-
periments were conducted at a constant rate of 5 mm/min
until the samples fractured. For that specific test, the
sample’s tensile test value was determined by averaging
these five values (n Z 5).

Degradability and water absorption

Gravimetric analysis was used to determine the initial
weight, pre-drying weight after the experiment, and post-
drying weight after the experiment of the cellulose nano-
fibers to evaluate their biodegradability and water absorp-
tion. The initial weight of the samples (W0) was recorded. All
samples were then incubated for 1, 2, and 4 weeks at 37 �C
in 5 mL of PBS (Thermo Fisher Scientific, Inc.). Fresh 5 mL
were added to the PBS (Thermo Fisher Scientific, Inc.) each
week. At the designated test time point, the sample was
removed from the solution, and excess liquid was gently
wiped from its surface using lint-free paper. After the sam-
ples were placed in a drying oven and removed after three
days, the current weight (W) was measured. The weight
ratio between the initial weight (W0) and the current weight
(W) of the degraded membrane is calculated according to
the formula: Weight ratio (%) Z W/W0 x 100. Three times
experiment was repeated at each time point.

Cell culture

MC3T3-E1 mouse calvaria-derived cell line (CRL-2594, ATCC,
Manassas, VA, USA) and Human gingival fibroblast cells (HGF-
1, CRL46 2014, ATCC) were used to evaluate the biocom-
patibility. MC3T3-E1 was cultivated using the Minimum
Essential Medium, Alpha Modification (a-MEM, Nacalai Tes-
que, Kyoto, Japan), which included 10 % fetal bovine serum
(Thermo Fisher Scientific Inc.) and 1 % Penicillin-
Streptomycin Solution (Nacalai Tesque), in an incubator
with 5 % CO2 at 37 �C. HGF-1 was produced in Dulbecco’s
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Modified Eagle Medium (D-MEM, Nacalai Tesque), which
included 10 % fetal bovine serum and 1 % Penicillin-
Streptomycin Solution, in an incubator with 5 % CO2 at 37

�C.

Cell morphology

To detect cell morphology on various samples, 10,000 cells/
cm2 of MC3T3-E1 and HGF-1 were seeded on different
samples and cultures for 24 h, respectively. All samples
were rinsed twice with PBS (Thermo Fisher Scientific, Inc.)
and then fixed at 4� in 2.5 % glutaraldehyde solution over-
night after the culture time point. The fixed cells were then
rinsed 3 times with PBS (Thermo Fisher Scientific, Inc.) for
10 min and dehydrated with ethanol solutions (60 %, 70 %,
80 %, 90 %, 95 %, and 100 % v/v). The samples were then
placed in fresh t-butyl alcohol (FUJIFILM Wako Pure
Chemical Corporation) for 30 min. The following steps were
the same as the surface morphology test.

Cell proliferation

Cell proliferation of MC3T3-E1 and HGF-1 in different
samples was detected by Cell counting kit-8 (CCK-8,
Dojindo, Kumamoto, Japan). The samples of GC Membrane,
CNF-0.2S, Ti, and CNFe1S were placed in a 24-well culture
plate, and 1 mL of MC3T3-E1 cell suspension with a density
of 1 � 104 cells/ml was added to each sample and cultured
for 1, 4, and 7 days. At each collection time point, 550 ml of
a solution consisting of the CCK-8 and culture medium in a
1:10 ratio was added to each sample and incubated for an
additional 2 h. Then, 100 ml of the resulting solution was
transferred to a 96-well plate and absorbance was
measured at a wavelength of 450 nm.

Cell differentiation

The cell differentiation only for MC3T3-E1 will be tested by
an alkaline phosphatase kit (ALP-kit, FUJIFILM Wako Pure
Figure 1 Different surface morphology images were detected by
were magnified SEM graphs (500 � , scale bar Z 50 mm).
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Chemical Corporation). The samples of Ti, CNFe1S, GC
Membrane, and CNF-0.2S were placed in a 24-well culture
plate, and 1 mL of MC3T3-E1 suspension with a density of
1 � 104 cells/ml was added to each sample. The samples
were cultured for 14 and 21 days.

Statistical analysis

All experiments were repeated three times, and the data
were expressed as mean standard deviation (SD).
Comparing more than two groups, a one-way analysis of
variance (ANOVA) was utilized, and when comparing only
two groups, the t-test was utilized. At P < 0.05, a signifi-
cant difference was considered to exist.
Results

Surface morphology and roughness

The surface morphology of four materials before and after
immersion was examined using SEM at 100x and 500x mag-
nifications. In Fig. 1, compared to the smooth surface of
pure titanium, the GC membrane group exhibited a typical
porous structure. The CNF group showed fibrous structures,
which were more pronounced in the CNF-0.2 group due to
preparation differences, while the CNF-1 group had a
smoother surface due to compression. After immersion and
drying, the GC Membrane-S and TieS groups showed no
significant morphological changes compared to the original
samples, except for a slight deposition of t-butyl alcohol
crystals. In contrast, the fibrous structures on the surfaces
of the CNF-0.2S group and CNFe1S group exhibited
noticeable swelling, likely due to the inherent water ab-
sorption properties of the materials.

A laser microscope at 500x magnification was used to
observe surface roughness, construct 3D images, and
measure the mean height (Rc) and arithmetic mean height
SEM, respectively (100 � , scale barZ 100 mm). Insets of images
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(Ra) values. Fig. 2 shows trends consistent with SEM results,
with CNF displaying typical fibrous structures, more pro-
nounced in the CNF-0.2 group than in CNF-1. Fig. 3 and
Table 1 indicate a significant increase in surface roughness
after immersion and drying only in all CNF groups. Due to
the lack of significant changes and the absence of clinical
processing requirements, the GC membrane-S and TieS
groups were excluded from further experiments.

Wettability

As shown in Fig. 4, the contact angles of all groups were
lower than those of the GC membrane group. The CNF-1
group exhibited values like the Ti group, while the CNF-
0.2 group demonstrated smaller contact angles than the
CNF-1 group. Hydrophilicity increased across all CNF groups
following treatment.

Mechanical strength

This study explored the CNF as a novel biomaterial for
dental applications, particularly dental membranes and
scaffolds. The experimental design included two distinct
material groups: (1) the membrane group (GC membrane,
CNF-0.2, and CNF-0.2S) and (2) the scaffold group (Ti, CNF-
1, and CNFe1S). Mechanical characterization methods were
selected based on the inherent properties of each material
Figure 2 Laser microscope ima
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type. For flexible membranes, tensile testing was priori-
tized, as conventional hardness measurements and three-
point bending tests are unsuitable for thin, pliable mate-
rials. In contrast, for rigid scaffolds, mechanical perfor-
mance was assessed using Shore A hardness measurements
and three-point bending tests, which better capture load-
bearing capacity. This approach ensured that mechanical
assessments were physiologically relevant and aligned with
the intended clinical applications of each material. As
shown in Fig. 5A, the CNF-0.2 group exhibits significantly
higher tensile strength than the GC membrane group,
though the elastic modulus and tensile strength of the CNF-
0.2S group are notably lower. In Fig. 5B, the surface hard-
ness of the CNF-1 group exceeds that of pure titanium, and
while the CNFe1S group shows a slight reduction, it remains
comparable to pure titanium. Fig. 5C shows a significant
difference between the groups, with titanium having
almost three times the flexural strength of the CNF-1 group.
The flexural strength of the CNFe1S group is lower than the
CNF-1 group but remains higher than the GC membrane
group.
Degradability and water absorption

As shown in Fig. 6, the biodegradation of the CNF was
evaluated by weight loss and weight change after soaking
CNF in PBS solution (Thermo Fisher Scientific, Inc.). The
ges and 3D roughness images.



Figure 3 Roughness value of different samples. (A) Mean height valve (Rc); (B)Arithmetic mean height (Ra). Different lowercase
letters indicate statistically significant differences between groups (P < 0.05). Data are presented as mean � SD, with n Z 3
replicates for each group.

Table 1 Rc and Ra results of different samples.

GC Membrane GC Membrane-S CNF-0.2 CNF-0.2S Ti TieS CNF-1 CNFe1S

Rc (mm) 5.04 � 0.94 4.18 � 1.03 5.53 � 0.2 11.91 � 1.85 6.18 � 0.49 6.15 � 0.66 5.68 � 0.36 8.7 � 0.67
Ra (mm) 1.63 � 0.25 1.49 � 0.1 1.81 � 0.07 5.33 � 0.14 2.15 � 0.08 2.29 � 0.1 1.87 � 0.19 4.17 � 0.4

Figure 4 Contact angles of various samples. (A) Images of contact angles on different surfaces; (B) Contact angle values of
different surfaces. Data are expressed as mean � SD, n Z 3 replicates per group. Different lowercase letters indicate statistically
significant differences between groups (P < 0.05). Data are presented as mean � SD, with n Z 3 replicates for each group.

Figure 5 Mechanical strength of different samples. (A) Tensile strength; (B) Surface hardness; (C) Flexural strength. Data are
expressed as mean � SD, n Z 5 replicates per group. Different lowercase letters indicate statistically significant differences
between groups (P < 0.05).

Journal of Dental Sciences 20 (2025) 1436e1446
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Figure 6 Degradation and water absorption analysis. (A) Degradability line graph of CNF; (B) Water absorption line graph of CNF.
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in vitro biodegradation tests conducted at week four
demonstrated a slight reduction in the weight of all nano-
fibers, suggesting the initiation of degradation, albeit at a
slow rate, with a maximum degradation rate is no more
than 4 %. Due to the minimal rate of degradation, the effect
of degradation can be excluded from the water absorption
test. The absorbency of the samples decreases over time.
Meanwhile, the water absorption of the CNF-1 group was
generally lower than that of the CNF-0.2 group.
Cell morphology

In Fig. 7, MC3T3-E1 cells HGF-1 were incubated on all
sample surfaces for 24 h and detected early cell adhesion
by SEM in 100X and 500X magnification. In the GC mem-
brane and Ti groups, MC3T3-E1 and HGF-1 cells exhibited a
typical fibroblast-like morphology. Despite being seeded at
the same density, HGF-1 cells were relatively fewer in
number and displayed larger surface areas than MC3T3-E1
Figure 7 Morphological images of MC3T3-E1 and HGF-1 were obt
of images were magnified SEM graphs (500 � , scale bar Z 50 mm)
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cells after 24 h of culture, likely due to differences be-
tween cell lines and primary cells. In contrast, in the CNF-
0.2S and CNFe1S groups, cells were scarcely observed,
possibly due to material deformation during preparation
significantly affecting cell adhesion.
Biocompatibility

To evaluate the impact of the immersion experiment on the
biocompatibility of CNF materials, MC3T3-E1 cells were
seeded on the materials before and after immersion, and
cell proliferation was assessed on days 1, 4, and 7. As shown
in Fig. 8, while the proliferation of CNF materials did not
reach the level of the control group, the cell proliferation
capacity significantly improved after immersion at all time
points.

The results of the cell proliferation experiments are
presented in Fig. 9. On day 7, MC3T3-E1 proliferation on
CNF-0.2S was lower than that on the GC Membrane group,
ained by SEM, respectively (100 � , scale bar Z 100 mm). Insets
.



Figure 8 Cell proliferation results before and after CNF im-
mersion treated. MC3T3-E1 cells were cultured on different
surfaces for 1, 4, and 7 days. Different lowercase letters
indicate statistically significant differences between groups
(P < 0.05). Data are presented as mean � SD, with n Z 3
replicates for each group.

Figure 10 Cell differentiation results of different samples.
MC3T3-E1 cells were cultured on different surfaces for 14 days
and 21 days. Different lowercase letters indicate statistically
significant differences between groups (P < 0.05). Data are
presented as mean � SD, with n Z 3 replicates for each group.

Journal of Dental Sciences 20 (2025) 1436e1446
while CNFe1S showed lower proliferation compared to the
Ti group. Additionally, proliferation on CNF-0.2S was higher
than on CNFe1S. For HGF-1, proliferation on CNF-0.2S
showed a significant difference compared to the GC Mem-
brane group, whereas proliferation on CNFe1S was lower
than on titanium. Notably, proliferation on CNF-0.2S was
higher than on CNFe1S and showed no significant differ-
ence compared to the Ti group.

The ALP activity is shown in Fig. 10. Over the culture
period from 14 to 21 days, the ALP activity increased in all
experimental groups. On the 21st day, the activity of the
CNF-0.2S group was lower than that of the GC Membrane
group. The activities of both the CNF-0.2S group and the
CNFe1S group were significantly higher than that of tita-
nium. Additionally, the activity of the CNF-0.2S group was
higher than that of the CNFe1S group.
Discussion

CNF, a subset of nanocellulose, including nanoscale cellu-
lose and crystalline nanocellulose (CNC), are micron-length
fibers with diameters ranging from 20 to 40 nm. In recent
years, the potential applications of nanocellulose have
been extensively explored, particularly in pharmaceutical
and biomedical applications, but knowledge about plant-
derived CNF remains limited. This study aims to explore the
application of wood-derived CNF in dental biomaterials.
Figure 9 Cell proliferation results of different samples. (A) MC3
days; (B)HGF-1 cells were cultured on different surfaces for 1, 4
significant differences between groups (P < 0.05).
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Mechanical and biological properties of CNF as membranes
and scaffolds compared with commercially available ma-
terials currently in use were evaluated. CNF is a promising
alternative for dental biomaterial applications, including
guided tissue regeneration membranes and tissue engi-
neering scaffolds, based on its unique combination of bio-
logical compatibility, structural robustness, and economic
viability. The material’s exceptional biocompatibility,
enzymatic biodegradation profile, and non-cytotoxic na-
ture, coupled with remarkable tensile strength and cost-
effectiveness, positions it as a competitive candidate for
clinical translation. We employed a commercially estab-
lished PLGA membrane (GC membrane) for systematic
evaluation as the benchmark control. Pure titanium, as a
commonly used commercial metal, is widely employed in
implant materials due to its excellent biocompatibility,
which serves as a positive control for CNF as a high-strength
scaffold material.

Substrate materials supporting cell viability can modu-
late cellular phenotypes and functions by modifying surface
topography, thereby impacting various cellular activities
and behaviors, especially micro/nano size. In Fig. 1, the
obvious fibrous structure of CNF is observed through SEM.
Compared to the 1 mm-thick membrane, the 0.2 mm-thick
CNF membrane demonstrates a more prominent surface
fibrous structure, resulting in a non-uniform morphology
and potentially higher surface roughness. This phenomenon
may be attributed to the unique pressure application during
the fabrication process, which influences the morphological
characteristics of CNF membranes with varying thicknesses.
T3-E1 cells were cultured on different surfaces for 1, 4, and 7
, and 7 days. Different lowercase letters indicate statistically
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Furthermore, compared to the untreated material, the
fibrous surface structure of CNF membranes becomes more
significant after immersion treatment and subsequent dry-
ing. The 3D images in Fig. 2, combined with the roughness
parameters Ra and Rc presented in Fig. 3 and Table 1,
demonstrate a significant swelling and enlargement of the
CNF fibrous structures after immersion and drying, with
marked differences compared to the original material.

Moreover, the hydrophilic ability of CNF imparts softness
to the fibers, leading to a relatively loose and flexible sur-
face structure.25 However, the drying process may signifi-
cantly impact the material’s morphology and potentially
disrupt surface-adherent components, including cellular
structures. As shown in Fig. 7, the unavoidable drying
process during cell electron microscopy experiments can
cause material deformation, potentially resulting in the
detachment of cells adhered to the surface. Therefore,
preserving cellular structures on the material’s surface
after drying warrants further investigation, while a com-
parison between Figs. 1 and 7 reveals significant differ-
ences between the original materials and the cell-cultured
substrate materials.

Alterations in hydrophilicity can significantly affect the
surface adsorption of adhesive proteins and cell stiffness.
Thus, assessing hydrophilicity provides a critical parameter
for evaluating material properties and predicting subse-
quent cellular biological responses. From the contact angle
experiment shown in Fig. 4, following immersion treatment
and subsequent drying, a reduction in contact angle was
observed in all CNF membranes. This reduction was notably
more pronounced in the 0.2 mm-thick CNF membranes
compared to the 1 mm-thick ones, potentially attributed to
the enhanced prominence of their surface fibrous structure
post-treatment. These findings are consistent with the
morphological characteristics observed in the SEM anal-
ysis.26 Furthermore, related experiments have demon-
strated that materials with moderate water contact angles
(ranging from 30� to 60�) facilitate the adsorption of serum
proteins, ultimately promoting cell adhesion.27 Notably,
the contact angles of CNF membranes fall within this
favorable range.

In mechanical experiments, surface hardness and flex-
ural strength are important parameters for evaluating
scaffold performance, as they affect the stability, dura-
bility, and overall mechanical properties of the scaffold.28

Fig. 5B shows that the surface hardness of CNF-1 is
greater than that of titanium. Even though the physical
properties of CNFe1S are somewhat reduced due to the
hydrophilicity of CNF, the surface hardness of CNFe1S still
shows no significant difference compared to titanium. In
the three-point bending test, as shown in Fig. 5C, CNF-1
exhibits a significant difference in flexural strength
compared to titanium. Moreover, the flexural strength of
CNFe1S is further reduced compared to CNF-1. This in-
dicates that while CNF can achieve similar surface hardness
to titanium, their flexural strength is still insufficient, with
a limited stress range. When comparing membranes, as
shown in Fig. 5A, the tensile test demonstrates that CNF-
0.2 has a significant advantage in elastic modulus over GC
Membrane. Even though the strength of CNF-0.2S is reduced
compared to CNF-0.2, it still shows a significant advantage
over GC Membrane. This indicates that CNF membranes can
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maintain a stable structure and function in tissue repair,
resisting excessive deformation or rupture. This is crucial
for ensuring the barrier function and long-term support of
the membrane.29 In the degradation test, Fig. 6 indicate
that neither a 1 mm thickness nor a 0.2 mm thickness alters
the inherent properties of CNF, which exhibits low de-
gradability. Studies have shown that tree-extracted CNF
exhibits no degradation effects at temperatures up to
100 �C.30

One of the key considerations for membrane and scaf-
fold materials in tissue engineering is their ability to sup-
port cell adhesion and migration. Recently, Takata et al.
investigated osteoblast migration on various membranes
used for guided bone regeneration, including bovine type I
collagen, PLGA, expanded polytetrafluoroethylene (e-
PTFE) and cellulose acetate-cellulose nitrate copolymers.
Their results indicated that the PLGA membranes demon-
strated the most superior cell migration. However,
cellulose-containing Millipore membranes outperformed
collagen membranes in supporting cell migration. This
study underscores the promising potential of cellulose-
based membranes for future research and applications.31

During material characterization, the morphology of CNF
materials was changed due to water absorption, which
needs further investigation to determine the impact of such
deformations on cell adhesion and growth. Comparative
CCK-8 assay analysis conducted before and after immersion
revealed a significant reduction in cell proliferation ca-
pacity on untreated CNF surfaces. This effect was more
obvious in the thicker CNF-1 samples. This phenomenon
may contribute to the expansion of the material which may
generate mechanical stress on adhered cells, potentially
influencing their morphology and functional behavior.
Excessive expansion could induce cellular stress or
detachment, thereby impairing cellular activity and hin-
dering tissue integration.32

In the research on oral membrane and scaffold mate-
rials, the capacity for alveolar bone and soft tissue
remodeling on the material surface represents a pivotal
factor in the effective application of biomaterials.33 In this
study, mouse pre-osteoblasts (MC3T3-E1) and a human
periodontal fibroblast (HGF-1) model were utilized to
simulate cellular processes associated with bone and con-
nective tissue biology respectively. Fig. 9 shows the pro-
liferation of MC3T3-E1 and HGF-1 cells cultured on
different materials. All results indicate that the number of
cells on the material surfaces increased with extended
culture time, suggesting that none of the experimental
groups exhibited significant cytotoxicity. As shown in
Fig. 9A, there were no significant differences in early
osteoblast proliferation among all the materials tested.
However, on days 4 and 7, the proliferation ability of os-
teoblasts on the immersed CNF materials decreased
compared to both the negative control group cultured on 24
well plates and the positive control groups comprising GC
membranes and pure titanium. This reduction may be
attributed to morphological alterations caused by the
swelling of CNF materials in liquid, which could affect cell
proliferation; however, this hypothesis requires further
experimental verification.

Since HGF-1 cells are primary cells, their proliferative
capacity significantly differs from that of immortalized cell
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lines. In Fig. 9B, all experimental groups exhibit decreased
overall OD values at equivalent time points compared to
Fig. 9A. Notably, the GC membrane group demonstrates
significantly higher cell proliferation among all groups,
especially on day 7. This phenomenon contrasts with the
observations in Fig. 9A and may be attributed to the
inherent lack of differentiation tendency in HGF-1 cells,
which could further amplify the proliferation-promoting
effect of the GC membrane. The trends observed in the
other groups are consistent with those noted in Fig. 9A.

Moreover, in Fig. 9, CNF-0.2 exhibited better biocom-
patibility compared to CNF-1, which may also relate to the
surface morphology of the material. In previous studies, the
surface contains tiny bumps and intertwined fibers, which
can provide a barrier for soft tissues and enhance the
growth of osteoblasts. And also shown that this rough sur-
face structure is more conducive to cell proliferation.34 In
this study, higher roughness and a more prominent fibrous
structure also facilitate cell proliferation.35,36

ALP is an early marker of osteoblast differentiation.37 As
shown in Fig. 10, the ALP activity of each group gradually
increased over time. On the 21st day, the activity of CNF-
0.2 and CNF-1 was lower than that of GC Membrane but
higher than that of titanium. This indicates that CNF are
also suitable as important materials for bone tissue engi-
neering and regenerative medicine. Furthermore, CNF-0.2
demonstrated a better ability to promote osteogenic dif-
ferentiation compared to CNF-1.

In this study, we proposed a novel dental biomaterial. As
a scaffold material, CNF has better biocompatibility, hy-
drophilicity, and slightly degradability compared to tita-
nium, but their mechanical properties still need
improvement. On the other hand, as a membrane material,
CNF has better mechanical properties than GC Membrane,
but their degradability and biocompatibility still require
enhancement. Despite these issues, CNF has demonstrated
the potential to become a novel dental biomaterial. This
study represents only a preliminary attempt to use CNF as
dental biomaterials. While antimicrobial functionality rep-
resents a critical requirement for clinical dental materials,
the unmodified CNF investigated in this preliminary study
inherently lacks bactericidal activity due to its native
polysaccharide structure.38 This fundamental characteristic
precluded antimicrobial assessment in the current experi-
mental framework. The present work focuses on estab-
lishing the baseline material properties as a foundation for
future functionalization strategies. Notably, CNF’s unique
chemical structure, with three reactive hydroxyl groups per
anhydroglucose unit (C6eOH, C2eOH, and C3eOH), offers
versatile sites for covalent modification.39 In future
research, because of each glucose unit in cellulose contains
three hydroxyl groups, providing chemical reactivity that
facilitates the introduction of functional groups, we plan to
utilize the abundant hydroxyl groups in CNF for various
modification methods, aiming to apply them as potentially
different dental biomaterials.40 Additionally, controlling
material deformation in operational environments will be a
key focus of future research.

In conclusion, we report on CNF as a novel multifunc-
tional potential dental biomaterial. Although unmodified
cellulose nanofiber (CNF) materials exhibit certain limita-
tions compared to commercial products, this work
1445
demonstrated significant research potential and prospects
of CNF in dental applications. Moreover, their plant-derived
origin provides a foundation for environmental friendliness
and sustainable development.
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