
Edited by

Nano-Engineering 
Solutions for 
Dental Implant 
Applications

Karan Gulati

Printed Edition of the Special Issue Published in Nanomaterials

www.mdpi.com/journal/nanomaterials



Nano-Engineering Solutions for
Dental Implant Applications





Nano-Engineering Solutions for
Dental Implant Applications

Editor

Karan Gulati

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Karan Gulati

The University of Queensland

Australia

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Nanomaterials (ISSN 2079-4991) (available at: https://www.mdpi.com/journal/nanomaterials/

special issues/Dental Implant nano).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-3144-1 (Hbk)

ISBN 978-3-0365-3145-8 (PDF)

Cover image courtesy of Dr Karan Gulati

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Karan Gulati

Nano-Engineering Solutions for Dental Implant Applications
Reprinted from: Nanomaterials 2022, 12, 272, doi:10.3390/nano12020272 . . . . . . . . . . . . . . 1

Yifan Zhang, Karan Gulati, Ze Li, Ping Di and Yan Liu

Dental Implant Nano-Engineering: Advances, Limitations and Future Directions
Reprinted from: Nanomaterials 2021, 11, 2489, doi:10.3390/nano11102489 . . . . . . . . . . . . . . 5

Sepanta Hosseinpour, Ashwin Nanda, Laurence J. Walsh and Chun Xu

Microbial Decontamination and Antibacterial Activity of Nanostructured Titanium Dental
Implants: A Narrative Review
Reprinted from: Nanomaterials 2021, 11, 2336, doi:10.3390/nano11092336 . . . . . . . . . . . . . . 31

Shu Hua, Peter Mark Bartold, Karan Gulati, Corey Stephen Moran, Sašo Ivanovski and

Pingping Han

Periodontal and Dental Pulp Cell-Derived Small Extracellular Vesicles: A Review of the Current
Status
Reprinted from: Nanomaterials 2021, 11, 1858, doi:10.3390/nano11071858 . . . . . . . . . . . . . . 49

Aya Q. Alali, Abdalla Abdal-hay, Karan Gulati, Sašo Ivanovski, Benjamin P. J. Fournier and
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Editorial

Nano-Engineering Solutions for Dental Implant Applications

Karan Gulati

School of Dentistry, The University of Queensland, Herston, QLD 4006, Australia; k.gulati@uq.edu.au

This Special Issue of Nanomaterials explores the recent advances and trends with re-
spect to nano-engineered strategies towards dental implant applications. A dental implant
microenvironment is complex, and an implantation surgery results in a local trauma [1].
Further, exacerbated by the ongoing patient conditions (age, osteoporosis, diabetes or
smoking), long-term dental implant success may be compromised due to inappropriate in-
tegration (both soft-tissue and osseo-integration), inflammation and bacterial infection [2,3].
As a result, surface modification of dental implants to fabricate desirable topographical
and chemical features towards enhancing osseo- and soft-tissue integration (STI), has been
well documented [4]. Various physical, chemical and biological modifications have been
investigated across the macro-, micro- and nano-scales to find the most optimum dental
implant surface features [5].

The goal of this Special Issue is to shine light on the recent nano-engineering advances
that revolutionize the dental implant technology, with a focus on the next generation of
implants capable of providing maximum local therapy to drastically reduce implant failures.
This Special Issue will inform the readers of the latest nano-engineering developments in
the domain of dental implants, aiming to bridge the gap between research and clinical
translation, from lab to clinics. This Special Issue contains a blend of eight original research,
communication-style research and review papers from leading scientists across the world
with expertise in nano-engineered dental implant technology.

Titanium (Ti) is the most popular choice for the fabrication of dental implants and
hence several articles were focussed on surface modification of Ti-based dental implants
to augment their bioactivity or therapeutic potential, as reviewed by Zhang et al. [6]. The
review summarizes key progress, challenges and research gaps relating to nano-engineered
dental implants, spanning across the use of nano-engineered Ti and therapeutic nanoparti-
cle (NP) modification of Ti dental implants. Similarly, the importance of nanoscale surface
modification with respect to achieving desirable microbial decontamination and antibacte-
rial efficacy is reviewed by Hosseinpour et al. [7]. While metallic and non-metallic NPs have
shown great promise in both bioactivity and antimicrobial functions, natural micro-/nano-
particles such as extracellular vesicles (EVs, membrane bound lipid particles secreted by
all cell types) possess considerable therapeutic potential. Hua et al. reviewed the current
status of periodontal and dental pulp cell derived small EVs towards anti-inflammatory,
osteo/odontogenic, angiogenic and immunomodulatory functions, suitable as effective
therapeutic molecules for alleviating dental implant challenges [8]. Next, Alali et al. in-
vestigated the soft-tissue integration and antibacterial performance of Lithium (Li)-doped
Ti implants [9]. Briefly, chemically modified Ti doped with Li presented an extracellular
matrix (ECM) mimicking nanowire network that enhanced collagen-I and fibronectin gene
expression (of cultured human gingival fibroblasts) and reduced bacterial metabolic activity
(of Staphylococcus aureus), confirming the suitability for dental implant applications.

Electrochemical anodization of Ti-based dental implants has been utilized to fabricate
controlled titania (TiO2)-based nanotopographies including nanotubes or nanopores to
augment cellular functions towards soft- and osseo-integration and enable loading and
release of potent therapeutics (antibiotics or proteins) [10,11]. Briefly, anodization involves
immersion of metal electrode/implant (anode) and a counter metal electrode (cathode) in an
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appropriate electrolyte containing water and fluoride ions and supply of optimized voltage
and current, which facilitates self-ordering of various metal-oxide nanostructures on the
implant (anode) surface [12]. It is known that nanoscale implant surface can influence blood
coagulation that can modulate cellular functions and early osseointegration. Further, long
non-coding (Lnc) RNAs regulate various processes within the skeletal system, however, the
interdependence between LncRNAs (derives from clot cells) and osseointegration remains
unexplored. Bai et al. bridged this research gap and investigated the correlation between
LncRNAs and TiO2 nanotube (TNT) modified Ti implants towards osseointegration [13].
Briefly, the sequence analysis (detailed Gene Ontology and Kyoto Encyclopedia of Genes
and Genomes pathway investigation) of LncRNAs (expressed within the clot formed) on
TNTs of various diameters (15, 60 and 120 nm) indicated that implant nanotopography
can influence the clot-derived LncRNAs expression profile, which dictates the de novo
bone formation.

Besides Ti, Zirconium (Zr) or Zirconia (ZrO2) is emerging as a popular dental implant
material choice attributed to its reduced affinity to bacterial plaque, appropriate mechanical
properties, white colour and non-magnetic nature [14]. In a pioneering study, Chopra et al.
reported nano-engineering of curved and micro-rough Zr surfaces via electrochemical
anodization to fabricate various nanotopographies [15]. Briefly, by optimizing anodiza-
tion conditions, dental implant/abutment relevant surfaces were modified with ZrO2
nanotubes, nanocrystals or nanopores, bringing anodization of dental implants closer to
clinical translation.

Peri-implantitis is characterized by peri-implant mucosa inflammation and progres-
sive destruction of the supporting bone attributed to biofilm formation [1,2]. Due to the
high prevalence of peri-implantitis, various debridement techniques including mechanical
treatment, chemical disinfection, antibiotic treatment, lasers and their combinations have
been explored. Among these, the use of various lasers like erbium-doped: yttrium, alu-
minum and garnet (Er:YAG); and erbium, chromium-doped: yttrium, scandium, gallium
and garnet (Er, Cr:YSGG) lasers have been proposed for implant debridement. Advanc-
ing this domain, Secgin-Atar et al. investigated the use of erbium lasers (Er:YAG and Er,
Cr:YSGG) and mechanical methods (curette, ultrasonic device) on implant debridement
(of implants lost to peri-implantitis) to obtain implant characteristics similar to virgin
implants [16]. In total, 28 failed implants (4 failed implants in each group: titanium curette;
ultrasonic scaler; Er:YAG very short pulse; Er:YAG short-pulse; Er:YAG long-pulse; Er,
Cr:YSGG1; Er, Cr:YSGG2) were debrided for 120s and compared with two virgin implants
(as controls) using SEM, EDX and profilometry characterizations. The results indicated that
ultrasonic and Er:YAG long pulse groups were most effective debridement techniques.

Next, Casarrubios et al. studied the influence of Ipriflavone (IP) incorporated SiO2–
CaO mesoporous bioactive glasse based hollow nanospheres (nanoMBGs) as an alter-
native to bioactive glasses for treating periodontal defects [17]. The authors reported
that nanoMBG–IPs entered pre-osteoblasts and enabled their differentiation into mature
osteoblast phenotype and enhanced the alkaline phosphatase activity, demonstrating the
osteogenic potential of the nanoMBGs, which can be used towards periodontal augmentation.

In summary, this Special Issue in Nanomaterials entitled “Nano-Engineering Solutions
for Dental Implant Applications” compiles a series of cutting-edge research and extensive
review articles demonstrating the potential of advance nano-engineering towards fabri-
cation of the next-generation of bioactive and therapeutic dental implants that overcome
challenges associated with conventional implants, while maintaining clinical translatability.
The Special Issue also informs the readers of the current challenges and future directions
in this domain. The Editor would like to thank all contributing authors for the success
of the Special Issue. This Special Issue would not have been of such quality without the
constructive criticism of the Reviewers.

Funding: Karan Gulati is supported by the National Health and Medical Research Council (NHMRC)
Early Career Fellowship (APP1140699).
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Abstract: Titanium (Ti) and its alloys offer favorable biocompatibility, mechanical properties and
corrosion resistance, which makes them an ideal material choice for dental implants. However, the
long-term success of Ti-based dental implants may be challenged due to implant-related infections
and inadequate osseointegration. With the development of nanotechnology, nanoscale modifications
and the application of nanomaterials have become key areas of focus for research on dental implants.
Surface modifications and the use of various coatings, as well as the development of the controlled
release of antibiotics or proteins, have improved the osseointegration and soft-tissue integration
of dental implants, as well as their antibacterial and immunomodulatory functions. This review
introduces recent nano-engineering technologies and materials used in topographical modifications
and surface coatings of Ti-based dental implants. These advances are discussed and detailed,
including an evaluation of the evidence of their biocompatibility, toxicity, antimicrobial activities
and in-vivo performances. The comparison between these attempts at nano-engineering reveals that
there are still research gaps that must be addressed towards their clinical translation. For instance,
customized three-dimensional printing technology and stimuli-responsive, multi-functional and
time-programmable implant surfaces holds great promise to advance this field. Furthermore, long-
term in vivo studies under physiological conditions are required to ensure the clinical application of
nanomaterial-modified dental implants.

Keywords: dental implants; osseointegration; TiO2 nanotubes; surface modification; nanoparticles;
antibacterial

1. Introduction

1.1. Dental Implants: History, Survival Rates and Related Complications

In the 1960s, the first preclinical and clinical studies revealed that implants made
of commercially pure titanium (Ti) could achieve anchorage in bone, which shifted the
paradigm in implant dentistry [1]. Direct bone-to-implant contact, known as osseointe-
gration, formed the foundation of oral implantology [2]. In the next two decades, other
materials and different shapes of implants were clinically tested, such as ceramic implants
made of aluminum oxide [3], non-threaded implants with a Ti plasma-sprayed surface [4],
and Ti-aluminum-vanadium implants [5]. By the end of the 1980s, commercially pure
Ti became the preferred material choice of implants [6]. In the 1990s, research findings
reported that significantly stronger bone response and higher bone-to-implant contact
were achieved in moderately rough or microrough implant surfaces [7]. Next, sandblasted
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and acid-etched surfaces, as well as microporous surfaces produced by anodic oxidation,
were marketed [8,9]. In the past 10 years, zirconium dioxide implants showed comparable
preclinical and clinical outcomes as those of moderately rough Ti implants [10]. Currently,
microrough implant surfaces are the ‘gold standard’ in implant dentistry.

Dental implant treatment is highly predictable, with a survival rate of around 95%
according to 10-year clinical observations [11–13]. Despite the favorable clinical results,
there are still implant-related mechanical, biological and functional complications [14,15].
One major complication is peri-implantitis, which can cause bone loss around the im-
plant, eventually leading to implant failure. According to several reviews, more than
20% of patients and 10% of implants will be affected by peri-implantitis 5–10 years after
implantation [16,17].

1.2. Current Ti Surfaces and Their Physicochemical Modifications

Various implant characteristics influence the osseointegration of dental implants, such
as implant geometry (parallel-walled, root-form, conical), thread design and implant-
abutment connection (trichannel, external hexagon, internal conical hexagon), as well
as implant surfaces [18,19]. Among them, the surface characteristics of dental implants
are important determinants of short-term and long-term clinical performance [20–22].
Various attempts have been made to optimize implants’ bioactivity by increasing their
surface roughness and performing physicochemical modifications, which have reduced
the incidence of implant failures and peri-implantitis.

In the 1980s, the majority of marketed implants featured turned or machined surfaces,
with an estimated average roughness (Ra) of 0.5 μm to 0.8 μm. Later, a much rougher
surface, Ti plasma sprayed surface (TPS), as well as surfaces coated with hydroxyapatite
(HAp) and calcium phosphate (CaP), emerged, with an Ra value of >2 μm [14]. However,
these TPS implants coated with HAp soon disappeared from the market, owing to the
delamination of the HAp-coating, which can cause severe marginal bone resorption and
even implant failure. Next, moderately rough surfaces manufactured by blasting, etching,
and oxidation techniques were introduced to the market during the 1990s and early 2000s.
One of the most successful surfaces in current clinical implant dentistry is the sandblasted,
large-grit, acid-etched (or SLA) surface. Smooth titanium implant surfaces are formed
into a primary mechanical cavity of about 200 μm using sand blasting technology, and
subsequently cleaned by acid etching to form a secondary cavity of 20μm, resulting in a
multi-level rough implant surface, which is conducive to bone bonding. It is worth noting
that the 10-year survival rate of SLA Ti implants was reported to be 95–97% [11,23,24].
As a mainstream dental implant surface treatment technology, SLA surfaces have been
frequently applied in clinical practice.

Another comparable surface is produced by using the anodic oxidation technique,
which uses a Ti implant as an anode to form a thickened and roughened TiO2 layer upon
electrochemical treatment. This surface is characterized as isotropic, with an Ra value
between 1 μm and 1.5 μm [25]. A recently published meta-analysis comparing the 10-year
clinical outcomes of different dental implant surfaces (machined, blasted, acid-etched,
sandblasted and acid-etched, anodized, Ti plasma-sprayed, sintered porous and micro-
textured) demonstrated that the anodized implants had the lowest failure rate (1.3%,
0.2–2.4%) and minor peri-implantitis rate (1–2%) [14]. According to this article, in addition
to a moderate microroughness that increases surface area and oxide thickness, anodized
implants also provide additional adhesion points for proteins and cells, which contributes
to the augmentation of osseointegration [26].

It is well established that osteogenic cells prefer and respond to microrough Ti sur-
faces, as compared to the machined surfaces [7,27]. However, additional investigations are
needed to find the most optimized implant surface topography (SLA or anodized) that
enhances bioactivity and osteogenesis [28]. Currently, both SLA and anodized implants
present a suitable topography for clinical use. However, SLA surfaces remain the pre-
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ferred choice in clinical dentistry, with many manufacturers opting for SLA over anodized
implants.

1.3. Nano-Scale Modifications and Coatings of Ti Implant Surfaces

While micro-roughness is regarded as the ‘gold standard’ towards establishment of
appropriate implant-bone bonding, nano-engineering is emerging as a new platform for
further enhancement of the dental implant bioactivity. It has been established by several
studies, in both in vitro and in vivo settings, that the nano-scale surface modification of
Ti implants offers enhanced bioactivity, outperforming the clinical micro-roughness [29].
To fabricate nano-engineered Ti implant surfaces, various strategies have been employed,
including plasma treatment, micro-machining, polishing/grinding, particle blasting, chem-
ical etching and electrochemical anodization [30]. The following summarizes the various
techniques utilized in the fabrication nano-engineered dental implants.

1.3.1. Mechanical Modification

While techniques including grinding, machining, blasting and polishing have been
used in the production of rough/smooth surfaces, attrition can be used to produce nano-
scale layers in order to improve mechanical characteristics, such as hardness and wettability.
Machining, polishing and grid-blasting involve the shaping or removal of material surfaces
and have been extensively utilized in the fabrication of controlled micro-scale surface
topographies on dental implants. Further, machining can result in the deformations of
crystalline grains, which increases the surface hardness. The polishing of implant surfaces
has also been utilized to obtain smoother finishes. The blasting of abrasive particles
against the implant surface can enhance surface reactivity. It is noteworthy that micro-
scale surface texturing may be inadequate for the early establishment and subsequent
maintenance of osseointegration, especially in compromised conditions. Attrition can
enable nanoscale surfaces on implants, which can improve tensile properties, surface
hardness and hydrophilicity.

1.3.2. Chemical Modification

Changing surface chemistry enables the alteration of topography, as well as the
incorporation of chemical moieties that can augment bioactivity and corrosion resistance
and offer surface decontamination. A simple acid or alkaline immersion can impart unique
surface chemistries/topographies, which have shown promising outcomes. A few tens of
nanometers or few micrometers of surface oxide have enhanced the osteogenic potential of
implants. Similarly, sol-gel and chemical vapour deposition (CVD) have also been utilized
to promote the bioactivity of conventional dental implants.

1.3.3. Physical Modification

Processes such as thermal treatment, physical vapour deposition (PVD), ion implan-
tation and plasma treatments are included in the physical modification of implants. The
involvement of either thermal, kinetic or electrical energy drives the deposition of specific
molecules or ions on the implants’ surface. For instance, thermal or plasma spraying has
been used in the coating of hydroxyapatite, calcium silicate, alumina, zirconia and titania
on Ti implants, to augment their wear and corrosion resistance and bioactivity. Further,
PVD and sputtering also enable favorable biocompatibility and wear/corrosion resistance.
Besides, glow discharge plasma can be used not only for surface oxidation, but also for its
sterilization.

1.3.4. Electrochemical Modification

Anodic oxidation enables the growth of 10 nm to 40 μm of TiO2 oxide layer and can
also allow the adsorption and incorporation of ions from the electrolyte. Through anodic
oxidation, controlled topographies can be fabricated on implants, which also offers corro-
sion resistance and augmented bioactivity. Alternatively, in electrochemical anodization
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(EA), fluoride and water in electrolytes drive the self-ordering of controlled metal oxide
nanostructures when the implant (anode) and counter electrode (cathode) are immersed,
and appropriate current/voltage is supplied [31].

1.3.5. Biomolecule Modification

The coating of bioactive molecules, such as collagen or peptides, has been performed
on dental implants to enhance bone-implant contact and peri-implant bone formation [32,33].
Additionally, inherently bioactive and antibacterial polymers such as chitosan have also
been used in order to modify implant surfaces [34]. Bioactive modifications can induce
specific cell and tissue responses, as well as biomimetic precipitation of CaP, via their
immersion in simulated body fluid.

2. Nanoscale Dental Implant Modifications

2.1. Titania Nanotubes
2.1.1. Fabrication Optimization

Titania (TiO2) nanotubes (TNTs) can be fabricated on Ti or its alloys via electrochemical
anodization (EA) [35]. Briefly, EA involves the immersion of a Ti implant as an anode and a
bare Ti/Pt electrode (cathode) inside an electrolyte (containing fluoride and water), with the
supply of adequate current/voltage [31]. Under controlled and optimized conditions and
the attainment of an equilibrium (characterized by metal oxide formation and dissolution),
the self-ordering of TiO2 nanotubes (like test-tubes, open at the top and closed at the
bottom) or nanopores (nanotubes fused together, with no distance between them) on the
entire surface of the implant occurs [36]. It is noteworthy that EA represents a cost-effective
and scalable Ti implant surface modification strategy. Recent attempts to optimize EA
to enable clinical translation include fabrication of controlled nanostructures on clinical
dental implants [36], superior mechanical stability (nanopores > nanotubes) [37], and
fabrication of dual micro-nano structures [38] by preserving the underlying ‘gold standard’
micro-roughness of dental implants [39]. It is worth noting that EA is a versatile technique
that can be used to nano-engineer controlled topographies on various biomedical implants,
spanning various metals and alloys, including Ti [40], Ti alloys [41], Zr [42] and Al [43]. A
schematic representation of TNTs and their various characteristics and research challenges
is shown in Figure 1.

2.1.2. Osseointegration

Attributed to improved bioactivity and the ability to load and release proteins/growth
factors, TNTs are a promising surface modification strategy for orchestrating osteogenesis,
as established by various in vivo investigations [29,45]. The incorporation of fluoride
ions into TNTs during anodization and the mechanical stimulation of osteoblasts also
contribute towards the enhancement of osseointegration [46]. Further, to ensure the suc-
cessful establishment and maintenance of osseointegration, TNTs on Ti implants have
loaded with various orthobiologics, including bone morphogenetic protein-2 (BMP-2) [47],
platelet-derived growth factor-BB [48], alendronate [49], ibandronate [50], N-acetyl cysteine
(NAC) [51], and parathyroid hormone (PTH) [52]. Lee et al. loaded TNT-modified dental
mini-screws with N-acetyl cysteine [NAC, a reactive oxygen species (ROS) scavenger with
anti-inflammatory and osteogenic properties], implanted them in rat mandibles in vivo and,
at 4 weeks, observed significantly enhanced osteointegration at the NAC–TNT sites [51].
In another study, machined dental implant screws were modified with HF etching and
EA to fabricate dual micro- and nanotubular structures, which, upon implantation in
ovariectomized sheep in vivo for 12 weeks, showed significantly increased pull-out force
and bone-implant contact [53]. Further, various nanoparticles, ions or coatings of Sr [54],
Ta [55], La [56], and Zn [57] onto/inside TNTs have also shown upregulated osteogenic
outcomes.

It is worth noting that various ions or NPs have exhibited favorable osseointegration
through their use in in vitro and in vivo investigations; however, these may illicit immuno-
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toxic reactions in a dose-dependent manner and remain the subject of active research.
Further, with respect to bone-forming proteins, future investigations into the estimation
of the local need for bioactive agents and the evaluation of their release inside the bone
micro-environment are needed.

 

Figure 1. Electrochemically anodized dental implants with titania nanotubes (TNTs) for the purpose
of enhanced bioactivity and local therapy. Adapted with permission from [44].

2.1.3. Soft-Tissue Integration (STI)

Studies relating to the use of TNTs for enhancing STI for dental implants are very
limited, as reviewed elsewhere [58]. Recently, Gulati et al. reported the enhanced prolifera-
tion and adhesion of human gingival fibroblasts (HGFs) on dual-micro-nano anisotropic
TiO2 nanopores [38]. Further, beginning at 1 day of culture, the HGFs started to align
parallel to the nanopores; and the gene expression analysis (type I collagen, type III colla-
gen and integrin β1) indicated a wound-healing profile that promoted substrate–cell and
cell–cell interactions [59]. Further, anodization combined with heat treatment has also been
used to upregulate fibroblast activity. Briefly, the proliferation and adhesion of gingival
epithelial cells were enhanced on heat-treated anodized Ti surfaces, which was attributed
to hydrothermal treatment precipitation of hydroxyapatite crystals [60]. Alternatively,
hydrothermally treated TNTs have been reported to upregulate the integrin α5 and β4
expressions of gingival epithelial cells [61], the adhesion of murine fibroblast-like NIH/3T3
cells and the expression of adhesion kinase [62], as compared to unmodified TNTs.

The biofunctionalization of TNTs has also been explored in order to enhance the
functions of fibroblasts and epithelial cells towards augmenting STI. For instance, Xu et al.
reported that the inhibition of human gingival epithelial cells on TNTs was reversed when
the electrochemical deposition of CaP was performed on TNTs, which was attributed to
the local elution of Ca and P ions [63]. Next, Liu et al. investigated the influence of bovine
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serum albumin (BSA) loading inside TNTs on HGF functions [64]. Unmodified TNTs pro-
moted early HGF adhesion and COL-1 secretion; however, BSA-TNTs enhanced early HGF
adhesion, while suppressing late proliferation and COL-1 secretion. It is interesting that
contradictory behaviors among bioactive coatings on TNTs have been reported and further
in-depth investigation into the influence of these modifications on the STI performance is
needed. Furthermore, the local elution of fibroblast growth factor-2 (FGF-2, immobilized
on Ag nanoparticles) from TNTs effectively enhanced the proliferation, adhesion and extra-
cellular matrix formation in the cultured HGFs [65]. Augmented proliferation, adhesion,
and expression of VEGF and LAMA1 genes in vitro was observed, which were pronounced
after the loading of 500 ng/mL of FGF-2.

2.1.4. Antibacterial Functions

The local release of therapeutics from TNTs has been widely explored towards opti-
mizing the loading and local elution of potent antibacterial agents [30]. It is noteworthy
that within minutes of implantation, saliva proteins adhere to the dental implant, forming
a pellicle, and early colonizers such as Streptococci adhere to these pellicles within 48h [66].
This can be followed by secondary colonizers, including Fusobacterium nucleatum, Aggregat-
ibacter actinomycetemcomitans and Porphyromonas gingivalis [67]. These bacteria can further
lead to peri-implantitis [68]. Once a biofilm is established, the routine administration of
antibiotics is insufficient and, hence, local therapy using dental implants has been proposed.
Further, TNTs can enhance bacterial adhesion due to their nano-scale roughness, increased
number of dead bacteria and amorphous nature. Hence, the synergistic antibacterial func-
tions of TNT-modified dental implants are needed to prevent bacterial colonization and
implant failure. Further, the size and crystal structure of TNTs influences bacterial adhesion
properties. Ercan et al. investigated the influence of the size and the heat treatment of TNTs
on their antibacterial effect and reported that heat-treated and 80 nm diameter TNTs exhibit
strong antibacterial effects [69]. Similarly, when comparing 15, 50 and 100 nm diameter
TNTs, the lowest number of adherent bacteria were reported on the smallest-diameter
TNTs [70]. Further, annealed TNTs show the best bactericidal response, as reported by
Mazare et al. [71] and Podporska-Carroll et al. [72].

Various commonly prescribed antibiotics including Gentamicin [73], Vancomycin [74],
Minocycline, Amoxicillin, Cephalothin [75], Cefuroxime [76] and Cecropin B [77] have
been incorporated inside TNT-modified Ti implants to enable local antibacterial functions.
Further, to target methicillin-resistant Staphylococcus aureus (MRSA), antimicrobial peptides
(AMPs) such as HHC-36 have been loaded inside TNTs to achieve a bactericidal effect of
almost 99.9% against MRSA [78]. Biopolymer coatings have also been applied to antibiotic-
loaded TNTs to: (a) control drug release, (b) promote bioactivity, and (c) harness the
inherent antibacterial property of biopolymers in order to provide long-term antibacterial
functions. As a result, bare/drug-loaded TNTs have been modified with chitosan [79], poly-
dopamine [80], silk fibroin [81] and PLGA (poly(lactic-co-glycolic acid)), which exhibited
synergistic bioactivity and antibacterial enhancements. In addition, various antibacterial
ions and nanoparticles (NPs), such as Ag [82], Au [83], Cu [84,85], B, P, Ca [86], Ga [87],
Mg [88], ZnO [89], etc., have also been immobilized on or incorporated inside TNTs, with
or without the use of hydroxyapatite or biopolymers, using techniques such as micro-arc
oxidation, chemical reduction, photo-irradiation, spin-coating, and sputtering.

Multiple synergistic therapies, including osseointegration, immunomodulation, soft-
tissue integration and antibacterial functions can also be enabled using nano-engineered Ti
with TNTs. For instance, TNTs modified by Ag via plasma immersion ion implantation
(PIII) showed excellent antibacterial effects against P. gingivalis and A. actinomycetemcomi-
tans, while enhancing the bioactivity of epithelial cells and fibroblasts in vitro and reducing
inflammatory responses in vivo [90]. Similarly, hydrothermally doped Mg-TNTs exhibited up-
regulated osteoprogenitor cell adhesion and proliferation (without cytotoxicity) and suppressed
osteoclastogenesis, while showing long-lasting antimicrobial effects against methicillin-
susceptible S. aureus (MSSA), methicillin-resistant S. aureus (MRSA) and E. coli [88].
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2.1.5. Immuno-Modulation

The modulation of the host immuno-inflammatory response is crucial to the timely es-
tablishment of osseointegration. Hence, attempts have been made to obtain immunomodu-
latory functions from modified TNTs [44]. These include the influence of physical/chemical
characteristics and the local elution of anti-inflammatory drugs from TNTs. The influence
of Ti nanotopography on immune cells, including macrophages, monocytes and neu-
trophils, has supported the attenuation of inflammation [91,92]. Clearly, the presence of
nano-scale cues controls macrophage adhesion and inflammatory cytokine production.
Similarly, in vitro cultures of such cells on TNTs have also established the influence TNTs
nanotopography on immuno-inflammatory responses [38].

Smith et al. reported reduced functions (viability, adhesion, proliferation and spreading)
of immune cells on TNTs, as compared with bare Ti [93]. Alternatively, other studies have
shown enhanced nitric oxide and the absence of foreign-body giant cells on TNTs [93,94].
With respect to the nanotube diameters, inconsistent results have been obtained, with some
studies indicating 60–70 nm diameters as the most immuno-compatible [93,95]. Further, Ma
et al. compared the functions of monocytes/macrophages on nanotubes and polished Ti,
and reported post-attachment stretching inhibition (repulsed adhesion), enhanced M2 phe-
notype (wound healing) and suppressed M1 phenotype (pro-inflammatory) polarization
for TNTs anodized at 5V [96]. Furthermore, to understand the mechanism behind selective
immunomodulation due to TNTs, Neacsu et al. reported that this effect is attributed to the
suppression of the phosphorylation of MAPK (mitogen-activated protein kinase) signaling
molecules (p38, ERK1/2, and JNK) on TNTs [97]. More recently, using 50 and 70 nm
diameter anodized anisotropic TiO2 nanopores, we showed that macrophage proliferation
was significantly reduced on the 70 nm nanopores [38]. Further, the spread of macrophage
on nanopores indicated an oval morphology, which was suggestive of an inactivated state.

The local elution of potent drugs, such as non-steroidal anti-inflammatory drugs
(NSAIDs), bypasses the limitations associated with systemic administration (delayed
bone healing and toxicity). These drugs have been loaded inside TNTs for the purpose
of local release. Briefly, Ibuprofen [98], Indomethacin [99], Dexamethasone [100], As-
pirin [101], Sodium naproxen [102], Quercetin [103], Enrofloxacin [104], Propolis [105] and
immunomodulatory cytokines [106] have been successfully loaded and locally eluted from
TNTs in vitro. Further, to achieve substantial loading and the delayed/controlled release
of anti-inflammatory drugs, approaches including biopolymer coating on drug-loaded
TNTs [107,108], polymeric micelle encapsulation of drugs prior to loading [109], the pe-
riodic tailoring of TNTs [110], the chemical intercalation of drugs inside TNTs [111] and
trigger-based release [112,113] have been reported for TNT-based Ti implants. Additionally,
metal ions and nanoparticles (NPs), including Au [83], Ag [114] and Zn [115] have also been
incorporated on/inside TNTs to impart synergistic immunomodulatory functions with
antibacterial or osteogenic activity. More recently, super-hydrophilic TNTs were fabricated
via anodization and hydrogenation, and significantly reduced macrophage proliferation;
upregulated M2 and downregulated M1 surface markers were exhibited on the modified
TNTs, translating into effective immunomodulation and wound healing functionality [116].
It is also noteworthy that various in vivo tests of TNT modifications intended for use in var-
ious therapies, including antibacterial [30], osteogenic [29] or anti-cancer [117] applications,
have established the immuno-compatibility of TNTs.

2.2. Nanoparticles

NPs can enable multiple therapies at the surface of dental implants, including antibio-
fouling, osseo- and soft-tissue integration and immunomodulation [118,119]. While NPs
have been utilized towards controlled therapies for periodontal, orthodontic, endodontic
and restorative treatments, this section will primarily focus on the uses of NP-modified Ti
dental implants in implant-based local therapy [120]. As reported in the previous section,
NP-doped TNTs have also been widely explored in the context of the controlled release of
NPs, which aims to strike a balance between therapy and toxicity.
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2.2.1. Silver

Ag NPs are one of the most widely used dentistry restoration and dental implant
doping choices due to their outstanding antimicrobial properties [121]. Ag adheres to the
bacterial cell wall and the cytoplasmic membrane electrostatically, which causes structural
disruption [120]. This results in extensive damage to bacterial DNA, proteins and lipids,
resulting in the inhibition of bacterial growth/viability and effective bactericidal action. Be-
sides, Ag NPs can also stimulate osteogenesis and soft-tissue integration, making them an
ideal choice for dental implant surface modification [122]. For instance, dental abutments
modified with Ag NP suspension prevented C. albicans contamination, in comparison
with the controls of unmodified abutments [123]. Further, citrate-capped Ag NPs offered
bactericidal effects against S. aureus and P. aeruginosa [124]. Ti implants deposited with Ag
NPs using anodic spark deposition have also been co-doped with Si, Ca, P and Na ions, to
offer synergistic antibacterial (S. epidermidis, S. mutans and E. coli) and osteogenic (human
osteoblast-like cells, SAOS-2) functions [125]. Similarly, to confirm that the used dosage of
Ag NPs is safe, a culture of HGFs on Ag NPs/Ti was performed in vitro and the results con-
firmed no adverse effects [126]. Further, Ag NPs have also been immobilized on Ti implants
pre-modified with hydroxyapatite [127], hydrogen titanate [128], chitosan/hyaluronic acid
multilayer [129], nanoporous silica coatings [130], Pt and Au [131], and sandblasting and
acid-etching [132] in order to achieve superior antibacterial and bioactivity effects. How-
ever, while Ag NPs offer effective antimicrobial action, they may cause cytotoxicity via
the release of free Ag+ ions, ROS production, transport across blood-brain-barrier, and
inflammation [120]. In a manner that is also applicable to other NPs discussed below, the
toxicity of NPs depends on their chemical composition, surface charge, size and shape [133]

2.2.2. Zinc

Like Ag NPs, Zn/ZnO NPs are not only antimicrobial but also osteogenic, hence their
use in the modification of dental implants [118]. Zn is an essential element in all biological
tissues and offers antibacterial effects against a wide range of microbes; however, its aggre-
gation can cause cytotoxicity in mammalian cells [134]. To demonstrate its effectiveness
against oral biofilms, Kulshrestha et al. reported that graphene/zinc oxide nanocomposite
showed a significant reduction in biofilm formation [135]. Further, Hu et al. incorporated
Zn into TiO2 coatings on Ti implants through plasma electrolytic oxidation and observed su-
perior bactericidal and bone-forming effects [136]. In 2017, Li et al. synthesized N-halamine
labeled Silica/ZnO hybrid nanoparticles to functionalize Ti implants to enable antibacterial
functions [137]. The hybrid NP-modified Ti exhibited excellent antibacterial activity against
P. aeruginosa, E. coli and S. aureus, without any cytotoxicity against MC3T3-E1 preosteoblast
in vitro. Recently, selective laser-melted porous Ti was biofunctionalized using Ag and Zn
NPs via plasma electrolytic oxidation and tested against methicillin-resistant Staphylococcus
aureus (MRSA) [138]. The results confirmed that 75% Ag and 25% Zn fully eradicated
both adherent and planktonic bacteria in vitro and ex vivo. Further, Zn-modified Ti (0%
Ag) enhanced the metabolic activity of preosteoblasts, indicating its suitability for dual
osteogenic and antibacterial implant modification. Further, it is worth noting that ZnO
NPs may cause cell apoptosis or necrosis and DNA damage [139]

2.2.3. Copper

CuO NPs offer advantages over Ag NPs, including cost-effectiveness, chemical sta-
bility and ease of combining with polymers, which makes them an attractive choice for
biomaterial applications [140]. Further, Cu NPs have antibacterial, osteogenic and an-
giogenic properties [141], and have been applied towards the enhancement of both the
bioactivity and the antimicrobial properties of Ti dental implants [142]. More recently, van
Hengel et al. incorporated varying amounts of Ag and Cu NPs into TiO2 coating on addi-
tively manufactured Ti–6Al–4V porous implants via plasma electrolytic oxidation [143].
Further, 75% Ag and 25% Cu caused the eradication of all bacteria in a murine femora
model ex vivo, while only Cu NP-modified implants (0% Ag) augmented the metabolic
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activity of pre-osteoblastic MC3T3-E1 cells in vitro. Alternatively, Ti-6Al-7Nb alloy dental
implants were coated with Cu NPs and cultured with P. gingivalis in vitro, and the find-
ings suggested that Cu NPs can aid in local infection control around implants [144]. In
2020, Xia et al. reported the use of plasma immersion ion implantation and deposition
(PIIID) technology to modify Ti implants with C/Cu NPs co-implantation [145]. The
modified implants displayed superior mechanical and corrosion resistance properties
and enhanced the antibacterial performance of Ti implants (against S. aureus and E. coli)
without causing cytotoxicity (to mouse osteoblast cells) in vitro. In a more dental implant
setting, Cu-deposited (micro-/nanoparticles) commercially pure (cp) grade 4 Ti discs (via
spark-assisted anodization) were shown to exhibit dose-dependent antibacterial effects
against peri-implantitis-associated strain P. gingivalis [146]. Similarly, micro-arc oxidation
Cu NP-doped TiO2 coatings showed excellent antibacterial activity, while augmenting the
proliferation and adhesion of osteoblast and endothelial cells in vitro [85]. The interaction
of Cu NPs with microbes and the bioactivity and toxicity evaluations of Cu NPs can be
found elsewhere [147].

2.2.4. Zirconia

Zirconium (Zr) and zirconia (ZrO2) are rising as dental implant material choices due
to their biocompatibility, corrosion resistance and superior mechanical properties [42]. It
is established that Zr4+ ions can interact with negatively charged bacterial membranes
and cause cell damage and death [148]. Furthermore, Zr-based implants have been elec-
trochemically anodized in order to fabricate controlled ZrO2 nanostructures, including
nanotubes and nanopores, which can augment implant bioactivity due to their nanoscale
roughness [42,149,150]. For instance, anodized Zr cylinders were placed in rat femur
osteotomy models in vivo, and accelerated bone formation was obtained, in comparison
with the controls of unmodified Zr [151]. Further, Indira et al. reported the dip coating of
Zr ions into anodized TNTs to form ZrTiO4 over the nanotubes, which exhibited enhanced
bioactivity (HAp formation in Hank’s solution in vitro) and corrosion resistance [152]. Sim-
ilarly, the application of a Zr film on a TiNi alloy via plasma immersion ion implantation
and deposition (PIIID) augmented its corrosion resistance [153]. Nanotube formation has
also been extended to TiZr alloys. For instance, Grigorescu et al. used two-step EA to
fabricate nanotubes of varied diameters and observed an increase in hydrophilicity with
reduction in diameter [154]. Further, the smallest nanotube diameters exhibited the highest
antibacterial effects against E. coli. While ZrO2/Zr is extensively used as a dental implant
material, the leaching of Zr NPs may initiate cytotoxicity. For instance, the application of
both Zr and TiO2 NPs in a dose-dependent fashion could lead to osteoblast morphology
changes and apoptosis, affecting both osteoblast differentiation and osteogenesis at high
dosages [155].

2.2.5. Silica

Si/SiO2 NPs have been utilized in biomedical applications, including biosensing and
drug delivery [156]. In dentistry, Si NPs have been used as dental filler, for tooth polish-
ing and in hypersensitivity treatments [157]. Varied concentrations of SiO2 NPs within
HAp fabricated on Ti hydrothermally were analyzed for bioactivity and cytotoxicity [158].
The results confirmed homogenous distribution of SiO2 NPs on hexagonal HAp crystals
and favourable biocompatibility with human osteoblast-like cells in vitro. Furthermore,
in order to achieve superior bioactivity, a protein-based Si NP coating (via the genetic
fusion of recombinant MAP with the R5 peptide derived from a marine diatom Cylin-
drotheca fusiformis) was performed on Ti implants to explore their osteogenic potential [159].
Briefly, the assembly of Si NPs augmented the in vitro osteogenic cellular behaviors of
preosteoblasts and bone tissue formation in vivo (calvarial defect model). Further, Si
NP coatings were performed on Ti-based implants to enable the local elution of potent
therapeutics in order to achieve antibacterial [160] and osseointegration [161] functions.
For example, the enhancement of osteogenesis via immunomodulation by Si NP-doped
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chitosan-modified TNTs has been reported [162]. Furthermore, 100 nm mesoporous Si
NPs were loaded with dexamethasone (an anti-inflammatory drug) in order to achieve its
local elution, which demonstrated favourable macrophage cytocompatibility. Additionally,
local release of dexamethasone modulated M2 macrophage polarization which supported
osteogenesis. Immuno-toxicity evaluations of Si NPs have been reviewed elsewhere [163].

2.3. Hydroxyapatite

HAp is biocompatible, non-toxic and non-immunogenic, and has been widely used as
a coating material in the modification of dental implants [164]. In the late 1980s, plasma
spray coating of HAp became obsolete due to the delamination of the HAp-coat, which
could cause severe marginal bone resorption and incompatibility with antibiotic incor-
poration [165,166]. Later, some alternative coating techniques, such as electrochemical
deposition [167], electrophoretic deposition and electrospray deposition [168] made it
possible to combine HAp coatings with antibiotics to achieve both enhanced bioactivity
and antibacterial effects. Moreover, due to their special crystalline structure and positive-
charged surface, the ability of substituted HAp to immobilize proteins and growth factors
through noncovalent interactions has offered new possibilities for the preparation of hybrid
coatings that accelerate bone healing [169].

Geuli et al. reported the use of drug-loaded HAp nanoparticles on Ti implants through
single-step electrophoretic deposition. The release profiles of the gentamicin sulfate (Gs)-
HAp and ciprofloxacin (Cip)-HAp coatings demonstrated a prolonged release of up to
10 and 25 days, respectively. In vitro antibacterial tests of the Cip and Gs-HAp coatings
showed the efficient inhibition of P. aeruginosa [170]. Liu et al. applied a nano-silver-loaded
HAp (Ag-HAp) nanocomposite coating to a Ti6Al4V surface by laser melting. They found
that the coating containing 2% Ag showed excellent biocompatibility and antibacterial
ability, which was conducive to the deposition of apatite on the implant’s surface [171].
Further, Zhao et al. compared the application of magnesium (Mg)-substituted and pure
HAp coatings in the osseointegration of dental implants in vitro and in vivo [172]. They
observed increased cell proliferation, higher alkaline phosphatase activity and enhanced
osteocalcin production in the Mg-HAp group in vitro. In vivo testing using a rabbit femur
model revealed a slightly higher bone implant contact for the Mg-Hap-coated implants at 2
weeks post-implantation, whereas no significant differences were seen after 4 and 8 weeks.
Recently, Vu et al. coated Ti and Ti6Al4V implants with a ternary dopant coating, which
used commercial HA powder doping with 0.25 wt% ZnO to induce osteogenesis, 0.5 wt%
SiO2 to induce angiogenesis, and 2 wt% Ag2O to control infection [173]. The Zn/Si/Ag-
HAp coatings resulted in better antibacterial properties in vitro against E. coli and S.
aureus. Meanwhile, the Zn/Si/Ag-HAp implants with higher shear modulus augmented
bone mineralization and total bone formation compared to pure HAp implants in rats by
week 5, while no evidence of angiogenesis or antibacterial properties, as demonstrated
in vivo (Figure 2). Other ionic substitutes, such as Si, F−, Sr2+ have also been utilized in
combination with HAp to accelerate bone healing and improve bioactivity [164].
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Figure 2. Mechanical and biological properties of Zn/Si/Ag-HAp coating implants. (a) Scanning electron microscopy (SEM)
showing roughness and porosity of the implant surface. (b) Shear modulus and pushout test of implants from harvested
femurs. (* p < 0.05). (c) The in-vivo bilateral model rat’s distal femur. (d) Total osteoid formation and bone formation in
% around implant at week 5 and week 10. (* p < 0.05). (e) Modified Masson-Goldner trichrome staining 5 weeks and 10
weeks after implantation. (f) SEM images of implant interface for all compositions at week 5 and week 10. Adapted with
permission from Vu, et al. Coatings are outlined with yellow brackets [173].

2.4. Biopolymers

Polymeric layers are a promising strategy for the enhancement of bioactivity and
controlled release of potent drugs. The use of biopolymers, such as chitosan, cellulose
and silk fibroin-based nanomaterials provide the synthetic implant surface coatings with
superior bioactivity and antibacterial functions. A combination of implant surface treatment
with polymer-incorporated antibiotics, drugs or biomolecular delivery systems has shown
promising results when compared to polymers and drugs alone. Here, we discuss and
detail the application of the two most commonly utilized polymers in dental implants.

Chitosan is an inherently antibacterial and non-toxic polysaccharide that is widely
applied in wound healing, tissue engineering and drug delivery [174]. Moreover, nanofi-
brous chitosan provides a more favorable microenvironment for cellular activity than
bulk chitosan, which can be attributed to the way its unique morphological character-
istics mimic extracellular matrices [175,176]. Benefiting from its positive surface charge,
chitosan is also antibacterial and ruptures negatively charged bacterial cells [177]. Many
studies have been conducted on the use of chitosan for the fabrication of antibacterial
medical implants [178–180]. Furthermore, when chitosan is incorporated in the form of
nanoparticles on the implant surface, it shows a high loading rate and the capacity for
sustained drug release. Chitosan [181], chitosan/gelatin [182], chitosan/alginate [107] and
chitosan/graphene oxide [183] have also been utilized in the coating of implants.
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Song et al. used chitosan to wrap Semaphorin 3A (Sema 3A), a proven osteoprotec-
tion molecule, and to immobilize oxidized Ti surface. A burst release of Sema 3A was
maintained for more than 2 weeks [184] (Figure 3a–e). Further, Mattioli-Belmonte et al.
prepared a ciprofloxacin-loaded chitosan nanoparticle-based coating on Ti substrates for
the in situ release of the antibiotic for post-operative infections. According to the in vitro
results, this coating inhibited the growth of Staphylococci aureus and did not impair the
viability, adhesion or expression of MG63 osteoblast-like cells [185]. Ma et al. applied
chitosan-gelatin (CS/G) coatings to a Ti surface and evaluated its biological performance
in vitro and in vivo [186]. The CS/G coatings supported MC3T3-E1 cell attachment, migra-
tion and proliferation. In addition, Micro-CT and histomorphometrical analysis revealed
new bone formation around CS/G implants at 8 and 12 weeks, while the majority of the
coatings were degraded at 12 weeks (Figure 3f,g).

 
Figure 3. Applications of nano-chitosan in implant surface coatings. (a) SEM images showing surface morphology of
chitosan–semaphorin 3A-microarc oxidation (CS/Sema-MAO) and MAO. (b–e) Osteogenic-related gene and protein
expression of MG63 cells cultured on CS/Sema-MAO surface and control surface at day 3 (b,c), day 7 (d) and day 21.
* p < 0.05 vs CS/Sema–MAO, CS–MAO, and MAO. (e) Alizarin red study. (f) Basic fuchsin and methylene blue staining
showing histological appearance around chitosan–gelatin (CS/G) coatings and sandblasted/acid-etched (SA) implants
at weeks 2, 4, 8, and 12. (g) Histomorphometrical variables evaluating the gap level of CS/G and SA implants within the
region of interest: (A) the percentage of bone volume fraction (BV/TV) around the implant within 300 μm; and (B) the ratio
of BIC. * p < 0.05. Adapted with permission from [184,186].

A recent review focused on the toxicity/safety concerns in zebrafish models, and
described the toxicity of different chitosan nanocomposites [187]. According to Hu et al.,
200 nm chitosan nanoparticles (Ch NPs) were able to cause 100% mortality to the embryos
and severe teratogenic deformities at 40 mg/L, compared to the 340 nm particles [188].
By contrast, both Wang et al. [189] using 200 mg/L Ch NPs, and Abou-Saleh et al. [190],
using 100–150 nm Ch NPs, failed to induce significant mortality or teratogenic phenotypes,
even at 200 mg/L. The contradictory results suggest that more cytotoxicity and toxicity
investigations of Ch NPs are required to advance this field.
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2.5. Carbon Composites

Graphene, obtained through the physicochemical exfoliation of graphite, provides
several advantages, such as its low cost and safe preparation. There are several derivative
forms of graphene, such as graphene oxide (GO), which is highly oxidative, and reduced
GO (rGO), which is prepared via the chemical or thermal reduction of GO. It has been
reported that pure graphene shows a certain degree of cytotoxicity [191]. However, whether
GO causes cytotoxicity remains controversial, as some studies have shown that GO does
not initiate cytotoxicity [192–194]. However, others have revealed that micro-sized GO
(and not nano-sized GO) can induce high levels of cytotoxicity [195]. It is worth noting
that the main difference among all the carbon-based materials is the hybridization type of
their carbon atoms [196,197]. In a study by Wang et al., the hybridization type of carbon
atoms (sp2 or sp3) was the critical point in determining their biological properties. The
larger amount and smaller size of dispersing sp2 domains regulated the behavior of cells
by affecting the amount and properties of the adsorbed proteins [198].

Recently, Gu et al., attempted to improve the adhesion strength of graphene on the
surface of Ti substrate through a thermal treatment and observed enhanced antibacterial
effects (E. coli and S. aureus), cell adhesion, proliferation and osteogenesis in vitro (human
adipose-derived stem cells and human bone marrow mesenchymal stem cells) and in vivo
(dorsal subcutaneous area of eight-week-old male BALB/c nude mice) on graphene-coated
Ti implant surfaces after dry heating treatment [199]. More recently, Wei et al. synthesized
a new Ti biomaterial containing graphene (Ti-0.125G) by using the spark plasma sintering
technique. Bioactivity (human gingival fibroblasts) and antimicrobial (Streptococci mutans,
Fusobacterium nucleatum, and Porphyromonas gingivalis) findings revealed that graphene
modification upregulated both functions [200].

Unlike hydrophobic graphene, GO is a hydrophilic derivative form with the addition
of bounded oxygen atoms. Due to the large number of carboxyl and hydroxyl groups
containing active functional groups on its surface, it is easy to perform biomaterial function-
alization using GO [201,202]. Wang et al. assembled GO coatings on a laser microgroove
Ti alloy [203]. The in vitro bioactivity results showed superior adhesion, proliferation,
differentiation and osteogenic capability compared with bare Ti implant, due to the wetta-
bility and apatite formation induced by the GO coating. Based on the findings of Li et al.,
the FAK/P38 signaling pathways were proven to be involved in the enhanced osteogenic
differentiation of bone marrow mesenchymal stem cells, accompanied by the upregulated
expression of focal adhesion (vinculin) on the GO-coated surface [204]. It is noteworthy
that GO can cause direct damage to bacterial cell membranes through its sharp structure
and its destructive extraction of lipid molecules, together with ROS reactions [205]. Besides,
the extensive two-dimensional (2D) honeycomb structure can be loaded with biomolecules
or drugs in order to enable local therapy [195].

Compared to GO, rGO possesses structural defects that enhance molecular interactions.
For instance, Kang et al. fabricated rGO-coated Ti substrates through meniscus-dragging
deposition and investigated their biological behaviors [206]. They cultured human mes-
enchymal stem cells on the Rgo-Ti substrates and found superior bioactivity and osteogenic
potential via a cell counting kit-8 assay, an alkaline phosphatase activity assay and alizarin
red S staining, suggesting that these graphene derivatives had potent applications in dental
implants. Further, Rahnamaee et al. assembled both chitosan nanofibers (CH) and reduced
graphene oxide (rGO) onto TNTs [183]. This multifunctional coating offered the synergistic
effects of CH and rGO against both long-term and short-term antibacterial activity, pro-
moted osteoblast cell viability, prolonged antibiotic release profile and inhibited bacterial
biofilm formation.

Another 2D carbon-based nanomaterial is graphdiyne (GDY), which has been pre-
dicted to become the most stable carbon derivative form [207]. Compared with graphene,
the particular sp and sp2 hybridized carbon atoms of GDY offer superior electrical con-
ductivity and enhanced catalytic effects, and exhibited enhanced biocompatibility and
stability in some in vivo studies [208,209]. Further, Wang et al. successfully assembled
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GDY onto TiO2 to synthesize a TiO2/GDY composite by using electrostatic force [210].
Its antibacterial effect against Methicillin-resistant Staphylococcus aureus (MRSA) was pro-
longed with sustained ROS release, which prevented the formation of biofilm. A mouse
implant infection model further demonstrated excellent sterilization and bone regeneration
effects in vivo (Figure 4). The reviewed research works on various modifications for dental
implants with their main advantages and drawbacks are summarized in Table 1.

Figure 4. Graphdiyne (GDY)-modified TiO2/Ti implants. (a) Transmission electron microscopy image of TiO2/GDY. (b)
Raman spectra of TiO2/GDY. (c) Osteogenic effects of TiO2/GDY and TiO2 in vitro: alkaline phosphatase activity (upper
labeled ALP) and alizarin red S staining (lower-labeled ARS) on day 14. (d) Live/dead staining for MC3T3-E1 cells cultured
with nanofibers (scale bar = 50 μm). (e) SEM images of MRSA biofilms after exposure to different conditions. yellow arrows
in the magnified inset images show holes on the bacterial surface; scale bar = 5 μm (upper), 10 μm (below). (f) Hematoxylin
and Eosin (HE) staining and immunohistochemical staining of infected tissues after 5 days; Masson staining for bone
formation after 4 weeks. In vivo implant infection model: femur bone defect with MRSA infection in 8-week-old mouse.
Adapted with permission from [210].
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Table 1. Summary of nanoscale dental implant modifications and their key features.

Implant
Modification

Fabrication Advantages Drawbacks Main Reference

TiO2 nanotubes
• Electrochemical

anodization

• Enhanced osseointegration [29,45]

• Soft-tissue integration: enhanced
proliferation and adhesion of
human gingival fibroblasts

[38]

• Local release of therapeutics [30]

• Immunomodulatory functions [94,95]

Ag NPs • Anodic spark
deposition

• Outstanding antimicrobial
properties • Toxicity: via

release of free Ag+
ions

[120–122]
• Stimulation of osteogenesis and

soft-tissue integration

Zn/ZnO NPs
• Plasma electrolytic

oxidation
• Antibacterial properties
• Osteogenic effects

• Cytotoxicity: ZnO
NPs may cause
cell apoptosis or
necrosis and DNA
damage

[118,134,136]

CuO NPs

• Plasma electrolytic
oxidation

• Cost-effectiveness
• Chemical stability
• Ease of mixing with polymers

• Toxicity [140,145,147]• Plasma immersion
ion implantation and
deposition (PIIID)

• Micro-arc oxidation

• Antibacterial effects
• Osteogenic properties
• Angiogenic properties

ZrO2
nanostructures

• Electrochemical
anodization

• Plasma immersion
ion implantation and
deposition (PIIID)

• Enhanced bioactivity
• Corrosion resistance
• Antibacterial effects

• Cytotoxicity:
dose-dependent,
affecting both
osteoblast
differentiation and
osteogenesis at
high dosages

[152,153,155]

Si/SiO2 NPs
• Hydrothermal

method

• Biocompatibility with human
osteoblast-like cells in vitro

• Antibacterial properties
• Immunomodulation

[158,160,162]

Hydroxyapatite

• Electrochemical
deposition

• Electrophoretic
deposition

• Electrospray
deposition

• Biocompatibility
• Non-toxicity
• Non-immunogenicity
• Prolonged drug release

[170,173]

Chitosan

• Microarc oxidized
and silane
glutaraldehyde
coupling

• Antibacterial properties
• High loading rate and sustained

drug release ability
[185,188]

Carbon
composites

• Dry heating
treatment

• Meniscus-dragging
deposition

• Low cost
• Safer preparation
• Enhanced antibacterial effects
• Bioactivity in vitro and in vivo
• Highly efficient drug loading and

therapy

• Cytotoxicity:
remains
controversial

[184,196,200,205,211]
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3. Research Challenges

The use of various nano-engineering strategies to enhance the bioactivity and therapeutic
performance of dental implants shows great promise; however, many research gaps remain
unaddressed with respect to the clinical application of nano-engineered dental implants. Next,
we take a close look at the key challenges that must be investigated in order to bridge the gap
between nano-engineering dental implant research and its clinical translation.

• The key physical, chemical and mechanical characteristics of the implant and its sur-
face modification are crucial towards the understanding and prediction of cell response
and therapeutic efficacy [211]. These also include appropriate corrosion resistance
and electrochemical stability. Hence, testing under masticatory loading conditions,
under varied pH and physiological conditions (matching healthy and compromised
conditions, such as infection and inflammation) for extended durations are essential for
nano-engineered coatings of implants. Any delamination or release of nanoparticles
from implant modifications can initiate a cytotoxic response, and only a few attempts
have been made to ensure the successful fabrication of robust nano-engineered coatings
on commercial implants with appropriate mechanical stability [36,37].

• Nano-engineered implants can enable the local elution of potent drugs, proteins or
therapeutic nanoparticles/ions. While the concept of local drug release has gained
attention, its investigation has largely remained restricted to proof-of-concept in vitro
studies or short-term in vivo investigations without mechanical loading. Further, to
enable the deep loading of drugs and a controlled initial burst release, drugs have
been encapsulated in micelles prior to loading [109], or loaded in TNTs covered
with biopolymers [52,108]; however, the release only lasts for a few weeks or 1–2
months. It is noteworthy that therapeutic action may be needed for prolonged periods
(several months to years) in order to achieve long-term implant success, specially in
compromised conditions.

• When a drug-releasing implant is placed, several cells ‘race to invade’ the site [66], and
often the nanotopography is immediately covered with proteins and cells, which may
block the open pores [117,212]. This can impact drug release, given that the latter is
dependent on a diffusion gradient that is impeded by poor perfusion inside the bone
micro-environment. These conditions, especially considering that surgical placement
causes trauma, even in healthy patients, may be difficult to approximate in vitro and
in silico [213]. Hence, the performance of drug-releasing implants must be tested in
real traumatized tissue in vivo, based on therapeutic needs identified ex vivo [214].

• Ideally, the implant surface modification should cater to the three Is, integration (both
osseo- and soft-tissue integration), inflammation and infection, in order to enable early
acceptance and long-term survival. While multi-therapeutic nano-engineered implants
have been applied, either by combining various drugs or through the inclusion of
biopolymers or metal ions/nanoparticles, their effectiveness in compromised patients
conditions including advanced age, diabetes or osteoporosis, has not been investigated.
It is worth noting that the success of dental implants is further challenged in these pa-
tient conditions. Further, nano-engineering attempts to augment soft-tissue integration
in order to form a barrier to the ingress of oral pathogens is not explored adequately.

• To ensure clinical translation, avoiding the ‘valley of death’, nano-engineered implants
must survive packaging, handling, implantation and operation inside the dental micro-
environment. This also includes optimizations at all stages of product development,
from the fabrication of controlled and reproducible nanostructures to bioactivity and
local therapy. Further, bioactivity and cytotoxicity evaluations specifically consid-
ering initial burst release, the early consumption of drugs and dead bacteria/cells
blocking the open pores of TNTs are vital. Additionally, with the use of metals ions
and nanoparticles to augment the therapeutic effects of implants, it is important to
determine and control their release profile to reduce cytotoxicity.
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4. Future Perspectives

The next generation of dental implants will employ optimized nanotopography to
simultaneously augment antibacterial and osseointegration functions. The following details
the future directions in the domain of nano-engineered dental implants:

• The integration of new materials and technologies is the key factor in the devel-
opment of new hybrid dental implants. However, it remains difficult to fabricate
uniform nanostructures rapidly and on a large scale. Additive manufacturing or
three-dimensional (3D) printing technology may provide customized implants to
match patient needs [215]. In 2014, Dong et al. successfully fabricated a novel 3D
porous scaffold by mixing anti-tuberculosis bacterium drugs, Poly-DL-lactide and
nano-hydroxyapatite via additive manufacturing technology [216]. In the field of
orthopedic surgery, the use of 3D printing is increasing and patient-specific implants
have been produced to meet the surgical requirements [217,218]. By controlling the
shape and porosity using the rapid prototyping method, 3D-printed implants enable
rapid bone in-growth and reduce implant stiffness. However, the use of 3D-printed
implants is limited due to high costs and time demands. Although it is still in devel-
opment, 3D printing technology is the most important direction for fabricating future
dental implants.

• Another direction for future dental implants is triggered drug release, whereby the
therapeutic payloads are released via an internal or external stimulus, which sig-
nificantly reduces the initial burst release, ensuring release ‘on-demand’ [113]. The
triggering mechanisms can be temperature, pH, electric or magnetic fields, or radio or
ultrasonic frequencies. Further, future ‘smart’ dental implants could detect/sense the
type of cellular attachment or tissue formation around the implant, and switch the
release of a drug on or off.

Additive manufacturing, as well as biosensing and triggered drug release techniques
are the future of multi-functional and customizable dental implants [219].

5. Conclusions

The nano-engineering of dental implants has been performed in order to augment
the antibacterial and bioactivity performances of conventional implants, improving long-
term treatment outcomes. This article reviewed the nano-engineering of Ti-based dental
implants and evaluated modifications with titania nanotubes, nanoparticles, biopolymers
and carbon-based coatings in terms of biocompatibility, antimicrobial activity, toxicity and
in vivo evidence. Various nanoscale dental implant modifications and their key features
have been summarized in Table 1. While in vitro and short-term in vivo studies have
shown favorable outcomes, long-term in vivo investigations in compromised models
(including inflammation and infection), under masticatory loading, are needed to en-
sure the clinical translation of nano-engineered dental implants. Clearly, the future of
dental implants will include customized, patient-specific, nano-engineered implants
that enable long-term therapeutic action, while augmenting implant-tissue integration,
without initiating any cytotoxicity.
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Abstract: Peri-implantitis is the major cause of the failure of dental implants. Since dental implants
have become one of the main therapies for teeth loss, the number of patients with peri-implant
diseases has been rising. Like the periodontal diseases that affect the supporting tissues of the teeth,
peri-implant diseases are also associated with the formation of dental plaque biofilm, and resulting
inflammation and destruction of the gingival tissues and bone. Treatments for peri-implantitis are
focused on reducing the bacterial load in the pocket around the implant, and in decontaminating
surfaces once bacteria have been detached. Recently, nanoengineered titanium dental implants have
been introduced to improve osteointegration and provide an osteoconductive surface; however, the
increased surface roughness raises issues of biofilm formation and more challenging decontamination
of the implant surface. This paper reviews treatment modalities that are carried out to eliminate
bacterial biofilms and slow their regrowth in terms of their advantages and disadvantages when used
on titanium dental implant surfaces with nanoscale features. Such decontamination methods include
physical debridement, chemo-mechanical treatments, laser ablation and photodynamic therapy, and
electrochemical processes. There is a consensus that the efficient removal of the biofilm supplemented
by chemical debridement and full access to the pocket is essential for treating peri-implantitis in
clinical settings. Moreover, there is the potential to create ideal nano-modified titanium implants
which exert antimicrobial actions and inhibit biofilm formation. Methods to achieve this include
structural and surface changes via chemical and physical processes that alter the surface morphology
and confer antibacterial properties. These have shown promise in preclinical investigations.

Keywords: decontamination; antibacterial agents; nano-modified dental implant; nanostructured
titanium; dental implant

1. Introduction

Today titanium implants have an essential place in dental procedures involving the
bones of the jaws, ranging from supporting crowns, bridges and dentures to serving as an-
chorage points for various orthodontic devices. Titanium shows excellent biocompatibility
with the surrounding hard and soft tissues. It has high mechanical strength and rigidity,
and its surface can be modified. An increase in surface roughness boosts the anchorage
of titanium dental implants with the surrounding bone, hence surface modification of
implants has become commonplace [1].

In the 1970s and 1980s, implant surface modifications focused on the macro topog-
raphy of the implant, including threads, serrations and hollow internal portions [1]. This
trend then shifted to microtopographic surface modifications, including sandblasting,
etching, abrasion, and laser machining, keeping where the implant form cylindrical with
a tapering lower 1/3 pard, to mimic the root structure of a tooth [2]. Today, implant
companies are moving to nano topographic modifications of the implant surface to gain
superior integration with the bone compared to surfaces that have been sandblasted and
acid-etched [3].
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Current nano-topographic modifications comprise nanotubes, nanofilaments (fibers),
nanodots, and nanocrystalline deposits on the implant surface. All of these can improve
osseointegration through a greater surface area [4]. As the dental implant is placed in the
prepared space in the jawbones, osteogenic (bone-forming) cells in the blood are attracted
to the surface of the implant, and later differentiate into osteoblastic cells that lay down a
layer of osteoid matrix. This matures to form bone on the implant. As surface area increases
with nano modifications, osteoid deposition also increases, followed by the formation of
bone, leading to a stable integration with the surrounding bone [5].

According to Thakral et al., there are four different ways to modify an implant sur-
face at the nanoscale to enhance osseointegration (Table 1) [6]. In physical methods, the
modification is carried out directly on the surface. These methods include self-assembly
monolayers (where functional groups are attached to the surface to initiate bone forma-
tion), compaction of nanoparticles (where functionalized nanoparticles are attached to the
surface), and ion beam deposition (where the beam creates nano irregularities) [7].

Chemical methods that generate nanoscale surface changes include treatments by
chemicals alone or in concert with electrical changes, such as using electrochemistry. Such
methods include etching with multiple acids, peroxidation (by the application of strong
peroxides), treatment with strong alkalis (such as using NaOH to produce a Na-titania gel
that allows deposition of hydroxyapatite particles), and anodization (where electrochemical
techniques create nanotubules). In nanoparticle deposition, the nanoparticles can be bound
to the surface [8], such as by using the sol-gel method or direct crystal deposition [9]. The
current 3-dimensional (3D) printing method can also be used for surface modifications.
Lithography and contact printing method are also used [10]. Anodization of the implant
surface appears to provide the most predictable results, and hence it is the most used
method for nano modification of implant surfaces [11].

Table 1. Summary of the methods for nano modification of the implant surface in order to enhance osteointegration [7].

Methods of Modification Types of Modification Description Reference

Physical method
Self-assembly monolayer Functional group attachment for nano enhancement [12]

Compaction of nanoparticles The attached nanoparticles increase bone integration [13]
Ion beam deposition The laser beam causes nano modification [13]

Chemical method

Acid-etching Sandblasted and acid-etched treatment with acids [14]
Peroxidation Peroxides causing gel for nano modification [13]

Alkaline treatment NaOH forming gel to adhere bio-ceramics [13]
Anodization Electrochemical nanotube formation [15]

Nano deposition Sol-gel Gel formation to enhance nanoparticle adhesion [16]
Direct crystal deposition Nanoparticle superimposed on the altered surface [14]

3D printed modification Lithography Nano printing outside the implant and later adhered
to the surface [13]

Contact printing Nano printing on the implant surface [17]

The nano-modified implant surface gains the advantage of an increased surface area
for cell adhesion, although this same surface also develops complexities, such as allowing
the adhesion and growth of other cells as well as microbial pathogens. If osteogenic cells
dominate the surface, then bone formation will occur and there will be a firm bone to
implant integration. Conversely, if bacterial growth dominates, the implant will fail to
integrate and loss is likely [10].

Nowadays nano modification is directed to the creation of a surface that facilitates the
attachment of osteogenic cells, rather than bacteria, which are repelled. Nanospike-like
structures are one such example of a bioinspired surface [18]. If bacteria adhere to the
surface, these spikes penetrate the cell, and cause rupture of their cell membrane, resulting
in their death. A concern with this concept is that impaled cells on the nano spikes
could allow other bacteria to attach. Hence, various methods of applying antibacterial
medicaments were advocated, to maintain a bacterial-free layer on the nano-modified
surface [19].
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An ideal surface will support osseointegration and prevent bacterial adhesion and
growth. This narrative review outlines treatment modalities that are carried out to elim-
inate bacterial biofilm and suppress its growth over the nano-modified implant surface.
Figure 1 summarizes the current decontamination approaches for nano-modified titanium
dental implants.

Figure 1. Summary of the current bacterial decontamination approaches before and after bacterial
adhesion to the nano-modified titanium dental implants including various debridement techniques
and inherent self-cleaning strategies.

For this narrative review, a comprehensive search of the MEDLINE, Scopus, EMBASE,
Web of Science, and Google Scholar online databases was undertaken, for publications on
microbial decontamination and antibacterial features of nano-modified titanium dental
implants from all available years, to July 2021. All in vitro, in vivo, and clinical studies
which investigated and discussed the topic were included. In addition, conference papers,
systematic reviews, meta-analyses, narrative reviews, letters to the editor, book chapters,
technical notes and theses were included, to retrieve all existing evidence. All record items
had to be in the final published or “in the press” stage to be included in the review.

2. Surface Cleaning Techniques

The surface of a dental implant is much more complex than that of a natural tooth.
As well, the supporting apparatus of the tooth, the periodontal ligament, contains a rich
microvascular bed that allows immune cells to exit at any point around the surface of
the root that sits within its socket. On the other hand, the peri-implant site originates by
drilling the jawbone, so there is microscopic trauma and injury, followed by inflammation,
which must resolve before bone will begin to form around the implant [20]. At any stage,
bacteria from the saliva can adhere to exposed surfaces of the implant and begin to form a
multispecies bacterial biofilm.

Until the late 1970s, peri-implant diseases were considered to be similar to periodontal
diseases around natural teeth and were treated in a similar manner [21]. It is now known
that the microbiota around an implant suite with bone loss (i.e., peri-implantitis) and a
natural tooth with moderate to severe periodontitis is similar, but the former has more
Gram-negative bacteria, with dominating clusters of spirochetes, as well as yeasts [22].
The etiology of peri-implantitis is similar to periodontitis, as both are caused by poor
oral hygiene, with the mature biofilm extending into the gingival crevice and driving an

33



Nanomaterials 2021, 11, 2336

inflammatory response. Likewise, the mild reversible forms of the disease, namely peri-
implant mucositis and gingivitis around teeth, are similar in their etiology and management.
When peri-implant mucositis develops, the circular gingival fibers surrounding the implant
collar are broken down, which allows bacterial contamination to extend apically from the
coronal portion of the implant. Nevertheless, the inflammation is confined to the soft tissue,
and there is no loss of bone [23].

In peri-implantitis, the aggressive form of the disease, bone surrounding the im-
plant is destroyed [24]. If left untreated, peri-implantitis could lead to the movement of
implants or even implants failure. The treatment modalities for an implant affected by
peri-implantitis begin with mechanical debridement methods adapted from the clinical
treatment of periodontitis cases [25] and then extend to more complex methods, including
surgical treatments. The treatment of peri-implantitis, which is focused on microbial de-
contamination of the dental implant surface, can be grouped into the following categories:

2.1. Physical Debridement

The physical removal of bacterial biofilms from titanium implant surfaces is the
simplest and oldest form of treatment. Initially, hand-operated scalers and then powered
(ultrasonic) scalers were used, and more recently particle beams were deployed [26]. A
concern with all physical debridement methods is the extent of surface damage they cause.
To reduce this, tips can be made of softer materials than stainless steel, such as plastic or
carbon fiber. All physical debridement methods are most effective on the smooth parts
of abutments and other components joined to implants and least effective on the aspects
which have a macro or micro-roughness [27].

Deleterious changes to the surface include deposition of fragments of soft instrument
tips over the implant surfaces, scratching and grooving of smooth areas, and flattening of
projections on rough areas, thus disrupting the features of the implant surface. Such prob-
lems were noted with sandblasted and acid-etched (SLA) surfaces where the surface was
modified to create a micro-roughness [28]. Hence, such methods would be contraindicated
for nano-modified implant surfaces, because of the risk of distorting the nanoengineered
surface features.

In particle beams, also known as air abrasion, suspended particles (such as sodium
bicarbonate, calcium carbonate, glycine, erythritol, or hydroxyapatite) in a compressed
airstrike or an air–water stream impact onto the implant surface. This detaches some
parts of the biofilm but is not effective in areas that are protected from or inaccessible to
the particle beam (such as parts of the threads) [29]. Although the particle beam method
is superior to mechanical debridement using hand-operated or powered scalers, it has
several drawbacks. Particles can be embedded into the implant surface, which can change
its physical and chemical characteristics. The abrasive particles also degrade the surface
microscopic features through fracture-based mechanisms. The compressed air also poses a
risk of air emphysema around the implant [30].

With a nano-modified surface on the titanium implant, the particles may impact the
surface, degrading nano projections and potentially leaving residues trapped between
projections that may not be readily removed by the flow of water in the stream. Hence
a particle beam method would be contraindicated for a nano-modified titanium implant
surface [31].

2.2. Chemo-Mechanical Treatment

In chemo-mechanical treatment, chemicals are used combination with physical treat-
ment. For instance, mineralized biofilms (e.g., dental calculus) are first removed with
an ultrasonic scaler, and then the pharmacologically active substance is applied with a
specialized brush made of plastic or titanium bristles. Chemical agents include antibiotics
(such as tetracyclines), biocides (chlorhexidine, hydrogen peroxide), or weak acids (citric
acid, reviewed in [32]). The brush is attached to a low-speed rotary handpiece, and the im-
plant surface is cleaned using a rotary motion [33]. Concerns with this method are surface
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scratching and degradation, and entrapment of fragments. As well, to gain access to the
implant threads, surgical access to the site may be needed [34]. All of these considerations
argue against using a chemo-mechanical approach on a nano-modified implant surface.
There are also concerns that any applied antibiotic agent will readily rinse away from
the implant surface, through the action of saliva or blood, hence if antibiotics are desired,
systemic administration would be preferred [35].

There is potential to incorporate biocompatible materials with low abrasive in this
method. One material of interest is chitosan, a marine biopolymer that is based on chitin
derived from the shells of marine crustaceans. It is approved for use in surgical bandages
as a hemostatic agent, and it is safe when ingested as a dietary supplement. A split-mouth
randomized clinical trial and case series studies using chitosan on an oscillating brush
reported it to be effective in the treatment of mild peri-implantitis, with a rapid reduction
in inflammation [36,37]. A further advantage is that if any residues remain, chitosan is
non-allergenic and may exert anti-inflammatory actions [38].

2.3. Laser Ablation and Photodynamic Therapy

Infrared lasers when used with high peak powers can exert photothermal actions
which will denature the cell walls of bacteria. Commonly used lasers include Er: YAG
(Erbium: Yttrium Aluminum Garnet), Nd: YAG (Neodymium doped Yttrium Aluminum
Garnet), and CO2 lasers, and GaAlAs (Gallium Aluminum Arnside) diode lasers [39]. Due
to reflection, adverse actions on the surface are less for the longer wavelengths, particularly
the Er: YAG laser. Use of the Nd: YAG laser is discouraged, as the wavelength is absorbed
strongly by titanium, and surface melting and hot plasma effects can occur which would
degrade the surface characteristics [40].

Photodynamic therapy is a non-thermal process that is based on the use of a low-
power laser with an appropriate wavelength to absorb by a photosensitizer dye. The
resulting oxygen radicals produced will kill bacteria to which the dye has bound [41]. A
range of photosensitizers was used, including toluidine blue O (tolonium chloride), which
has a strong safety profile [41]. Photodynamic therapy in canine animal models has shown
a reduction in bacterial counts of Prevotella intermedia/nigrescens, Fusobacterium spp.,
and beta-hemolytic Streptococcus species [42]. This destruction of bacteria occurs without
any damage to the underlying titanium surface [43]. The lack of surface effects makes this
method attractive for use on nano-modified implant surfaces. On the other hand, the use
of lasers with high peak powers on nano-modified surfaces could disrupt the integrity of
the implant surface at the nanoscale. Additionally, such a laser system would be expensive
and would require a specially trained and skillful operator, to minimize injury to adjacent
tissues [43].

2.4. Electromechanical Treatment

This method for reducing or eliminating bacterial biofilms on titanium relies on
electrical current flow and the generation of various chemical species that can disrupt
biofilms or kill bacteria. Typically, the titanium implant is the anode, and the current flow
is through an electrolyte that is specially designed to maximize biofilm disruption. A
low voltage and a low current flow are used. High currents are avoided as these would
potentially cause some microscopic surface loss from the implant. Conversely, if the current
is too low, the decontaminant is process is not very effective [44].

The basic principles were laid down in 1992, and supporting evidence began to build
from 2011 in preclinical models [45]. In 2021, the technology was deployed into clinical
practice, moving from the preclinical phase, and animal studies have continued [46–49].
Schlee et al. (2019) documented the application of electrochemical decontamination of
dental implants in the patient for the first time. The Galvo Surge GS-1000 device was used,
with a sodium formate solution as the electrolyte. Effective disinfection was observed on
the titanium implant surface, as hydrogen gas bubbles disrupted the biofilms and lifted
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them away. At 6 months follow up, the treated implants showed re-integration with the
surrounding bone [50].

The electrochemical method of decontamination appears promising, but the current
commercial system of this type requires surgical access to the affected site. Other methods
that do not require surgery are thus attractive. These use lower voltages and currents, are
not very technique sensitive, and cause almost no changes to the surface of the implant [51].
There is a need to explore further what effects the electrochemical method for bacterial
biofilm elimination may have on the integrity of adjacent normal cells and tissues [47].

There is as yet no evidence of the use of electrochemical methods on nano-modified
implant surfaces, as past work has focused on surfaces modified at the micro rather than
at the nanoscale. It is hopeful that using low voltages, effective decontamination can be
achieved. The method could also extend the process of anodization of the titanium surface
whereby nanotubes are fabricated on the implant surface. With controlled parameters,
ideally, biofilm elimination could be accompanied by an optimized nano-modified titanium
implant surface.

3. Structural Enhancements and Experimental Designs

The above-mentioned methods focus on decontaminating the implant surface. Moving
beyond that, it would be desirable to stop bacterial biofilms reforming on the treated surface.
Thus, recent research has explored nano-scale modifications to the implant to functionalize
the surface, endowing it with passive and/or active antibacterial activities [51]. According
to Liu et al. [51], approaches for nano modification of implant surfaces to counter bacterial
growth can be classified as based on the dimensions of the change, i.e., zero-dimensional
(nanoparticles), one-dimensional (nanowires), two-dimensional (nanofilms) and three-
dimensional (nano-blocks). Based on structure, these could be classified as antibacterial
nanoparticles, antibacterial nano solids and antibacterial nano-assembled structures. Alter-
natively, based on the nature of the antibacterial active ingredient, they can be classified as
using metallic ions or oxide photocatalysts [52].

A nano-modified surface with antibacterial features can be inspired by nature, such as
where the nano protrusions on the surface mimic the wings of a dragonfly or cicada [53].
Sharp projections created on the surface of the metal can cause stress and deform the
microbial cell membrane, leading to its rupture, and hence causing bacteriolysis. Such
biomimicry thus not only kills the bacteria on the surface of the implant but also prevents
future bacterial growth. If this was achieved, it would not be necessary to use chemical
agents to eliminate the microorganisms [54]. The argument could be made that nano-scale
surface projections could lower the mechanical strength of the implant by a trivial amount,
while the antimicrobial property will enhance the integration of the implant with adjacent
bone, thus boosting the overall success of the implant system. Table 2 summarizes various
nano-structural modifications that can provide antibacterial properties.

Table 2. Nano-structural modifications of dental implants that enhance antibacterial properties.

Nanostructures Fabrication Wettability
Surface Roughness
(Ra in Nanometers)

Antibacterial
Effect/Rate

(1) Nanoflowers of pure Titanium

 
1000 nm 

Chemical etching �

Hydrothermal
oxidation

Hydrophilic
surface 829

S. aureus: 43.12%/24 h
Methicillin-resistant

S. aureus: 73.15%/24 h
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Table 2. Cont.

Nanostructures Fabrication Wettability
Surface Roughness
(Ra in Nanometers)

Antibacterial
Effect/Rate

(2) Nanowires of grade V
titanium alloy

 
1000 nm 

Hydrothermal
synthesis

Hydrophilic
surface – S. aureus: 74%/18 h

(3) Regular nanotubes of grade V
titanium alloy

Acid etching �

anodic oxidation
Hydrophilic

surface 120 E. coli: 72.6%/2 h
S. aureus: 68.2%/2 h

(4) Irregular nanotubes of grade V
titanium alloy

2000 nm 

Electrochemical
anodization

Super
Hydrophilic

surface
360 E. coli: 48.7%/2 h

S. aureus: 50.8%/2 h

(5) Nanotubes of pure Titanium

Electrochemical
anodization

Hydrophilic
surface

45.60 rms
[Root-mean square] S. aureus: 36.78%/16 h
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Table 2. Cont.

Nanostructures Fabrication Wettability
Surface Roughness
(Ra in Nanometers)

Antibacterial
Effect/Rate

(6) Nanoripples of pure Titanium

5000 nm 

Femtosecond laser
direct writing

Super
hydrophilic

surface
274.6 E. coli: 56%/24 h

(7) Nanoparticles of
Aluminum-Titanium alloy

5000 nm 

Aerosol flame
synthesis

Super
hydrophilic

surface
– S. aureus: 80%

(8) Nanopillars of pure Titanium

 

1000 nm 

Plasma etching Hydrophobic
surface –

P. aeruginosa:
87 ± 2%/24 h

S. aureus:
72.5 ± 13%/24 h

Among the various nanostructures, nanopillars have the strongest bactericidal action.
Importantly, none of the nanostructures reduce the cellular activity of normal human
cells, rather, the surface increases the metabolic activity of the cells that attach to it [55].
Antibacterial nanostructures can exert a modest bactericidal effect, but a limitation is that
patterning the surface to mimic bioinspired features is more difficult for titanium than for
materials such as polymers or silicones [51].

To create nanostructures on titanium surfaces, consideration must be given to the
precise height, width and dimensions that are desired, as these play a key role. Until the
present, there are only two methods by which nanostructures are fabricated on a titanium
dental implant surface, namely two-photon polymerization and electron beam-induced
deposition [56]. In the two-photon polymerization method, the Computer-Aided Design
And Manufacturing (CAD/CAM) method of fabrication plays a vital role, as the accuracy
of the nanostructures can be corrected and controlled to a precision of around 100 nm. This
method has great versatility in terms of the types of nanostructures that can be created on
the titanium surface [57].
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The electron beam-induced deposition method, on the other hand, is more popular
as a method of fabricating nanostructure. It employs vertical deposition of new material
onto the surface, at a rate of approximately 1 nm/s. The rate of deposition can be altered
by varying the deposition method, optimizing the gas injection system and/or changing
the temperature [58,59].

Further work is needed to explain the mechanism of how nanostructure features
cause the lysis of bacteria. There is evidence that the effect involves more than mechanical
interlocking with nano-protrusion of projections into the bacterial cells. There may also
be effects that are mediated by disruption of the extracellular polymeric substances that
anchor bacteria to the surface [24]. As cells move, the projections may tear through
the cell membrane, causing bacteriolysis [60]. A combination of these effects may drive
severe plastic deformation of the bacterial cells, hence making the surface antibacterial in
nature [61].

3.1. Topography and Chemistry of Titanium Nanotube and Their Antibacterial Activity

Nanotechnology holds considerable promise as a method to functionalize surfaces,
endowing them with specific properties such as being “self-cleaning” [62,63]. Various topo-
graphical and chemical characteristics of titanium oxide nanotubes (TNTs) can influence
bacterial attachment to nano-modified titanium implants. Titanium oxide-coated titanium
structures can reduce bacterial adhesion and exert direct antibacterial properties, because
of surface roughness at the nanoscale and higher surface energy [64,65]. TNTs have thus
been introduced as an antibacterial coating candidate for dental implants [66–68].

Other features of TNTs are relevant to dental implants, including their highly ordered
structure, high surface area and roughness, and capability of being loaded with therapeutic
agents. These features make TNTs attractive for enhancing osseointegration and bone
regeneration [63]. TNTs promote the adhesion, proliferation and differentiation of osteo-
progenitor cells, especially for nanotubes with smaller diameters (<30 nm) compared to
larger diameters (70 nm) [69]. Surface topography also influences this effect [69].

Bacteria cultured on surfaces with TNTs (40 to 60 nm diameters) have shown the
greatest level of reduction in number when compared to smoother surfaces [70]. This could
be due to the stress response of bacteria to TNTs which cause rupture of their cellular
membrane [71]. Further work is needed to examine how inhibition of bacterial adhesion
and proliferation may modulate drug resistance in bacteria [72], as this effect is not well
understood [73].

There are contradictory reports regarding how the hydrophilicity of the surface with
TNTs influences bacteria [73–75]. Greater hydrophilicity of the surface may enhance
bacterial proliferation and adhesion. An increase in the diameter of the nanotubes may
enhance bacterial adhesion [74,75]. One report has described how the number of bacteria
first reduces and then rises, depending on the diameter of the nanotubes [73]. Overall, this
process is complex and requires further investigation.

Shi et al. have shown excellent antibacterial properties of TNTs compared to smooth
sheets of titanium [73]. They believed that this performance difference may be due to the
impact of sterilization at the nanoscale. Ultraviolet C irradiation when used for sterilization
creates highly oxidative holes on the surface which can react with oxygen and moisture,
and produce free radicals [76]. These free radicals on the surface of the titanium implant
may then rupture bacterial cell membranes via lipid peroxidation, and cause death [77].

The geometrical characteristics of TNTs influence their antibacterial properties [78,79],
especially their diameter and surface area [78], with the greatest reduction in bacterial
survival rate occurring for nanotubes with a diameter from 40 to 60 nm [73]. TNTs with
a diameter of 60 nm have thin walls and greater photocatalytic actions compared with
smaller diameters. Antibacterial actions fall away at a diameter of 100 nm.
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3.2. Surface Modifications

There has been an interest in the application of antifouling polymers on the surface
of dental implants, to inhibit bacterial attachment. These surface coatings consist of
hydrophilic and zwitterionic polymers that reduce the adhesion of bacteria but do not kill
bacteria outright [80]. The polymers create a hydrated layer on the surface that reduces
protein adsorption. The effect varies according to the length of the polymer chains, and the
uniformity and density of the polymer [81].

Polyethylene glycol (PEG) is a hydrophilic polymer that has known antifouling actions
for dental implants because its hydrophilic chain prevents protein adsorption [82,83]. As
summarized in Figure 2, Skovdal et al. showed that a coating of ultra-dense PEG on
the surface of a titanium implant can reduce the adhesion of Staphylococcus aureus by
89–93%. In this manner, ultra-dense PEG coatings improved the treatment outcome for
implant-associated infections in mice after 5 days [84]. However, this same adhesion
blocking the action of PEG also hampers the adhesion of human cells, which would
compromise osseointegration. Immobilizing specific bioactive molecules, such as integrin-
binding peptide sequences, onto the implant surface may be a means to overcome this
disadvantage [85]. Thus, an ideal therapeutic approach should use a surface modification
approach where the antibacterial activity does not affect the adhesion, proliferation, and
differentiation of the human cells that are needed for successful dental implant treatment.

 

Figure 2. An ultra-dense PEG coating resists the binding of Staphylococcus epidermidis, which remains loosely adherent to
the surface (Reprinted with permission from ref. [84]. Copyright 2018 Acta Biomater).

Polyphenols are another potential coating material of interest for titanium dental im-
plants with nano-scale features. Polyphenols of plant origin have attracted much attention
due to purported benefits for human health [86]. Tannic acid was reported to prevent
surface colonization [87]. Other polyphenolic molecules of interest derived from natural
sources include catechins and pyrogallol [88]. Polyphenol functionalization of titanium
dental implants can give antibacterial effects as well as enhanced osteointegration and
osteoinduction [89,90].

3.3. Loading Nanotubes with Drugs and Antibacterial Nanoparticles

Due to their structure, TNTs can be loaded with substantial amounts of various
materials as cargo, including antibiotics, anti-inflammatory agents, nanoparticles, and
ions [91–93]. Loading with antibiotics could greatly enhance antibacterial actions. TNTs
loaded with vancomycin and antimicrobial peptides have shown enhanced antibacterial ac-
tions against Staphylococcus epidermidis and methicillin-resistant Staphylococcus aureus,
and reduced adhesion of bacteria to the implant surface [92,94,95].

TNTs can also be loaded with nanoparticles and with various ions [Ag, Au, Cu] that
have antibacterial actions, using techniques such as spin coating, sputtering, chemical
reduction and drop-casting [93]. Jia et al. have presented a novel strategy for hierarchical
TiO2/Ag coating which was able to reduce bacterial adhesion and lower their viability [96].
As shown in Figure 3, their proposed “trap-killing” principle involves multiple elements.
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Figure 3. Schematic illustration of the possible antibacterial mechanisms involved during adhesion
of bacteria to nanotubes: (d1) The majority of planktonic bacteria are repulsed from the surface by
releasing Ag+ ions; (d2) Some of the landed bacteria are disrupted via contact with Ag nanoparticles
on the surface; (d3) Surviving bacteria with a negative membrane charge are attracted into micropores
(positively charged by interior silver) and killed (Reprinted with permission from ref. [96]. Copyright
2015 Biomaterials).

The use of ion/nanoparticle functionalization of TNTs holds great promise for ap-
plications on dental implants with nanoscale features. Issues with cytotoxicity from the
released ions or nanoparticles need to be explored further, as these need to be balanced
with their therapeutic efficiency.

3.4. Trigger-Responsive Therapy

A key concept is using a coating that can release the drug(s) only when needed, to
give enhanced antibacterial activity, using trigger responsive release systems [84]. Such
coatings would be responsive to changes in the local microenvironment, such as specific
biomolecules whose concentrations would rise, to initiate the release of the cargo. As an
example, an infection would lower the pH and raise the temperature. Hence, pH-responsive
and temperature-sensitive materials could work as a release trigger for antibacterial agents.
As proof of this concept, Dong et al. utilized a pH-responsive acetal linker and loaded silver
nanoparticles into titanium nanotubes [97]. This coating maintained the silver nanoparticles
at a pH around 7 (physiological pH), but then rapidly released the nanoparticles when the
pH fell to approximately 5.5. In addition, Li et al. described a thermosensitive coating with
a layer of hydrogel, which gave a highly efficient antibacterial action [98]. This was used to
give a heat-triggered release of glycerin in an animal infection model Figure 4.
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Figure 4. (a): Optical images of a chitosan-glycerin-hydroxypropyl methylcellulose hydrogel (CGHH) at 37 and 40 °C;
(b,c): Thermal transition of CGHH between the sol and gel states; (d–g): the release rates for HPMC, CS, Gly, and Sim;
(h): Simvastatin release from Sim@Nanotube (NT), Sim@CGHH and Sim@CGHH ** p < 0.01, *** p < 0.001 (Reprinted with
permission from ref. [98]. Copyright 2021 Materials Sci. Eng. C.).

During bacterial infections, certain enzymes secreted by the bacteria could also act
as a trigger. Vancomycin-loaded TNTs with specific enzyme responsive coatings were
developed as a successful application of this concept [99]. A catechol-functionalized
hyaluronic acid and chitosan coating was utilized as a multilayer coating of the TNTs. This
coating degraded due to exposure to bacterial hyaluronidase in an infection model, which
released the loaded vancomycin and ultimately killed the bacteria.

Another approach for titanium dental implants with nano topography is photo-
catalytical processes linked to bactericidal coatings to give site- and time-specific an-
tibacterial activity. Titanium dioxide has well-documented photocatalytic activity and
antibacterial properties due to the production of reactive oxygen species (ROS), such as
superoxide anions and hydroxyl radicals, following exposure to light [100]. These ROS
degrade the cell membranes of bacteria. The photocatalytic effects of titanium oxide are
mediated by the crystalline form [101], such as rutile and anatase. The latter has superior
photoinduced antibacterial activity than the former [102]. Photo-catalytical antibacterial
activity can be triggered by visible light, and especially by shorter wavelengths of light
in the ultraviolet range. Further work is needed to determine how best to deliver short
wavelengths of light in subgingival sites. The safety issues with ultraviolet (UV) light used
for activation need to be addressed [102,103].

4. Conclusions

Although many studies have evaluated treatments for peri-implantitis, few have
addressed the specific situation of titanium implants with nano-modified surfaces. Efficient
removal of the biofilm remains paramount, supplemented by chemical treatments. Given
the heterogeneity of studies and the combination of various methods, it is not yet possible
to identify a single standard protocol for bacterial decontamination of nano-modified
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titanium dental implants. Despite this, there is a range of promising methods that will not
influence nano-scale surface features. Further randomized clinical trials are required to
establish the most cost-effective approaches such as photodynamic therapy with lasers and
trigger-responsive therapies based on photo-catalytic actions. Such methods seem ideally
suited to use with nano-modified antimicrobial titanium implants. Local delivery of ions
or antibiotics to inhibit bacterial adhesion also appears very promising. Further preclinical
investigations and randomized clinical trials are required to verify the existing preliminary
findings, and to guide translation of these concepts into clinical practice.
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Abstract: Extracellular vesicles (EVs) are membrane-bound lipid particles that are secreted by all
cell types and function as cell-to-cell communicators through their cargos of protein, nucleic acid,
lipids, and metabolites, which are derived from their parent cells. There is limited information
on the isolation and the emerging therapeutic role of periodontal and dental pulp cell-derived
small EVs (sEVs, <200 nm, or exosome). In this review, we discuss the biogenesis of three EV
subtypes (sEVs, microvesicles and apoptotic bodies) and the emerging role of sEVs from periodontal
ligament (stem) cells, gingival fibroblasts (or gingival mesenchymal stem cells) and dental pulp
cells, and their therapeutic potential in vitro and in vivo. A review of the relevant methodology
found that precipitation-based kits and ultracentrifugation are the two most common methods to
isolate periodontal (dental pulp) cell sEVs. Periodontal (and pulp) cell sEVs range in size, from
40 nm to 2 μm, due to a lack of standardized isolation protocols. Nevertheless, our review found
that these EVs possess anti-inflammatory, osteo/odontogenic, angiogenic and immunomodulatory
functions in vitro and in vivo, via reported EV cargos of EV–miRNAs, EV–circRNAs, EV–mRNAs
and EV–lncRNAs. This review highlights the considerable therapeutic potential of periodontal and
dental pulp cell-derived sEVs in various regenerative applications.

Keywords: extracellular vesicles; exosomes; nanomedicine; regeneration; cell-free therapy

1. Introduction

Extracellular vesicles (EVs) are membrane-bound bilayered lipid particles that are
secreted from both prokaryotic and eukaryotic cells, carrying a cargo of biological molecules
(i.e., protein, nucleic acid, lipids and metabolites) from their parent cells [1]. Initially, EVs
were considered ‘cellular dust’, generated by cellular metabolism, until their biological
role in the mineralization of bone was recognized [2,3]. A principal role of EVs is as an
intercellular communicator of biological information into a recipient cell. This interaction
can trigger signaling cascades and modulate cell behavior [4]. The biological function of
EVs is defined by the parent cells from which they originate. EVs are involved in almost all
cellular interactions, especially tumor metastasis, tissue homeostasis, and inflammatory
regulation [4,5]. Due to their constituent biological molecules, EVs hold great promise as a
therapeutic delivery system in regenerative medicine.

The definition, terminology and subtypes of EVs are still being debated. The Inter-
national Society of Extracellular Vesicles (ISEV) recommends a division of EV subtypes
based on their size: medium/large EV (>150 nm) and small EV (<150 nm) [6]. However,
considering the discrepancies in the published literature, for simplification purposes, this
review will define EV subtypes based on both their size and biogenesis (Figure 1a): small
extracellular vesicles (also known as exosomes) (sEVs, <200 nm), microvesicles (MVs,
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50–1000 nm) and apoptotic bodies (ApoBDs, 50–2000 nm). Furthermore, it is notewor-
thy that all EVs have various membrane proteins (e.g., tetraspanin, MHC, and HSP) and
components (e.g., dsDNA, RNA, microRNA, circular RNA [7], and proteins) (Figure 1b).

 
Figure 1. The biogenesis and contents of extracellular vesicles (EVs). (a) Biogenesis and size of three EV subtypes. (b)
Common surface markers and cargos of EVs. sEVs: small extracellular vesicles; MVs: microvesicles; ApoBDs: apoptotic
bodies; MVBs: multi-vesicular bodies; MHC: major histocompatibility complex; HSP: heat-shock protein; dsDNA: double-
stranded DNA; miRNA: microRNA; circRNA: circular RNA.

1.1. Small EV (Exosomes)

Small EVs (sEV), or exosomes, originate from endosomes, and are biological nanopar-
ticles that are smaller than 200 nm [5]. Further, sEVs are produced through an endocytic
pathway, and their particle size is partially overlaid with that of microvesicles and apop-
totic bodies. The biogenesis process for sEV is unique, whereby the endosomal network
is the source of sEV that produce, classify, distribute and define the proper destination
of the secreted sEV [2,8]. Endosome production can be categorized into the following
three subtypes, according to each stage of development: early endosomes, late endosomes,
and recycling endosomes. Early endosomes are formed by inward budding of the cell
membrane, before a second inward budding of the endosomal membrane that results in
the formation of late endosomes—intraluminal vesicles (ILVs). Late endosomes containing
IVLs are named multi-vesicular bodies (MVBs), and the MVBs either fuse with lysosomes
to degrade or follow the endocytic pathway for sEV generation. Once fusion with the
plasma membrane is completed, the small membrane-enclosed vesicles are released into
the extracellular matrix.

The biogenesis of sEV is affected by the following two main pathways that can induce
multi-vesicular bodies (MVBs) generation: the endosomal sorting complex, required for
the transport (ESCRT)-dependent pathway and ESCRT-independent pathway [9]. For
the ESCRT-dependent pathway, ESCRT I and ESCRT II mediate the invagination of the
late endosomal membrane, and ESCRT III will be recruited to the invaginated membrane
sites. The cargo proteins are then deubiquitinated, and this stimulates the departure of
the vesicle and the formation of MVBs. In the ESCRT-independent pathway, the neutral
sphigomylinase2 (nSMase2) takes sphingolipids as substrates and converts sphingolipids
to ceramide at the endosomal membrane. Following this, the microdomain is prepared for
merging into a larger structure, which accelerates the endosomal budding and biogenesis of
MVBs [10]. Moreover, sEVs that are produced by these different pathways possess different
biomarkers, except CD63, which is the most common biomarker for all sEVs [11,12].
With respect to the ESCRT-dependent pathway, if endocytosis is mediated by Ras-related
protein 27A/B (RAB27A/B), TSG101 is a biomarker of sEV. If the endocytosis is mediated
by phospholipase D2 (PLD2) and RAB7, through the ESCRT-independent pathway, the
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biomarkers of sEV are alix, syntenin, and syndecan. As for the RAB11/35-mediated
ESCRT-independent pathway, CD81, Wnt and proteolipid protein (PLP) are the preferred
biomarkers.

The function of sEV in intercellular communication is determined by the interconnec-
tion between sEV surface proteins and receptors on the recipient cells that subsequently
activates a variety of signaling pathways [5]. Further, sEVs arising from different cell
types have different cargos that dictate and direct different biological effects. The sEVs are
highly abundant in biofluids [13–15], and they have been demonstrated to be associated
with immune response, viral pathogenicity, osteogenesis, odontogenesis, neuroprotection,
angiogenesis, and anti-tumor functions [16]. For example, oral cancer cell-derived sEVs
create a mechanism that can promote tumor progression by modifying vesicular contents
and establishing a distant premetastatic niche with molecules that favor cancer cell pro-
liferation, migration, invasion, metastasis, angiogenesis, and even drug resistance [17].
Evidence that sEVs play an important role in cell differentiation suggests that sEVs may
have a potential role in tissue regeneration.

1.2. Microvesicles

Microvesicles (MVs) are membrane vesicles of different sizes, surrounded by a lipid
layer of membrane, and they range in size from 50 nm to 1 μm. Microvesicles are generated
by the outward budding of the plasma membrane, and are abundant in tissues/cells and
biofluids [18]. The contents of MVs are similar to that of sEV. The MV components of note
include CD40, selectins, integrins, cytoskeletal proteins, and cholesterol [19].

The biogenesis of MV involves the contraction of cytoskeletal proteins and phospho-
lipid redistribution, contributing to a dynamic interplay in the plasma membrane and the
resultant formation of microvesicles. Within the plasma membrane, the aminophospho-
lipid translocase regulates phospholipid distribution, transferring phospholipids from one
leaflet to another. Once phosphatidylserine (PS) is translocated to the leaflet of the outer
membrane, the outward blebbing of the membrane and microvesicle formation is initiated.
The interaction between actin and myosin causes the cytoskeletal structure contraction,
which mediates membrane budding [20].

MVs have been reported to maintain tissue homeostasis during tissue regeneration,
angiogenesis, anti-tumor effects, and in pathologies such as tumorigenesis, chronic inflam-
mation, and atherosclerosis [19]. MVs that are produced by blood cells (e.g., neutrophils,
macrophages, and platelets) are involved in the pro-coagulatory response [21]. MVs can
be both pro-inflammatory and anti-inflammatory; this is determined by the induction or
stimulation that is received by their parent cells. MVs that are produced by tumor cells
enhance invasiveness and accelerate cancer progression, as well as strengthen the drug
resistance of tumor cells [22]. This indicates that MVs are potential therapeutic agents
for tissue regeneration; however, the function of MVs in periodontal tissue healing and
regeneration requires further investigation.

1.3. Apoptotic Bodies

Apoptotic bodies (ApoBDs) are produced by cells undergoing apoptosis, and vary
in size from 50 nm to 2 μm [23,24]. ApoBDs result from the formation of subcellular
fragments when an apoptotic cell disassembles. They are comprised of molecular com-
ponents from living cells and provide a rich molecular pool for recipient cells. However,
ApoBDs are engulfed by macrophages and digested by phagolysosomes shortly after they
are released [25]. ApoBDs and apoptosis are not related to an inflammatory reaction, the
constituents in dying cells and ApoBDs are not released automatically to the environ-
ment, and anti-inflammatory cytokines are not generated during engulfing. ApoBDs have
phosphatidylserine (PS) on their surfaces, to attract engulfing cells, and are considered to
be specific biomarkers for ApoBDs [26]. Autoimmune diseases may be associated with
defects in the clearance of ApoBDs. ApoBDs may stimulate the formation of thrombus and
improve anti-cancer immunity.
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Increasing evidence suggests that ApoBDs have important immune regulatory roles,
in autoimmunity, cancer, and infection [24], as well as promoting osteogenesis [27]. For
example, ApoBDs that are derived from mature osteoclasts can induce osteoblast dif-
ferentiation by activating the protein kinase B/phosphoinositide 3-kinases (PI3K/AKT)
pathway [27]. However, knowledge of their function and role is still limited and more
studies are required in this field.

2. The Source and Characteristics of Periodontal (Dental Pulp) Cells

Dental tissue-derived (or stem) cells have remarkable characteristics for therapeutic
application, being easily accessible and a rich source of stem cells with a well-known
regenerative capacity. A great variety of multipotent adult or postnatal stem cells can be
retrieved from dental tissues, especially from periodontal tissue and dental pulp from
extracted permanent teeth (dental pulp stem cells—DPSCs) and exfoliated deciduous teeth
(SHED). A healthy periodontium consists of soft (periodontal ligament-PDL and gingiva)
and hard (alveolar bone and cementum) tissue, and cells residing within the healthy
periodontal tissues include periodontal ligament (stem) cells (PDLSCs), PDL and gingival
fibroblasts (PDLF, GFs), or gingival stem cells (GMSCs), osteoblasts (OBs), osteoclasts
(OCs), and various immune cells (Figure 2) [28,29]. Moreover, stem cells can be obtained
from dental apical papilla tissues (SCAP) and dental follicles (DFSCs, or DFCs) of the
developing tooth [28,29]. Importantly, EV that is derived from these cells can be detected
within periodontal tissues and biofluid (i.e., gingival crevicular fluid) (Figure 2).

 
Figure 2. Schematic showing the main cell population and cell products (EVs) within a healthy
periodontium. Various cells reside in the periodontium, such as periodontal ligament (stem) cells
(PDLSCs), fibroblasts (GFs) and stem cells (GMSCs) from the gingiva, osteoblasts (OBs), osteoclasts
(OCs), and various immune cells. AB: alveolar bone; C: cementum; D: dentin; DP: dental pulp;
PDL: periodontal ligament; SHED: dental pulp cells from human exfoliated deciduous teeth (SHED);
SCAP: cells from periodontal apical papilla tissues (SCAP).

Dental mesenchymal stem cells originate from the neural crest ectomesenchyme and
reside in stromal niches (perivasculature and peripheral nerve-associated glia cells). The
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current consensus holds that both perivascular cells [30] and glia cells [31] are responsible
for dental MSCs origin, as revealed in mouse experiments [31]. Much like bone-marrow-
derived MSCs that originate from mesoderm [32], dental stem cells express MSCs markers
and exhibit multipotent linage regeneration (i.e., osteogenic, chondrogenic, neurogenic)
and immunomodulatory capabilities. These properties make these cells suitable candi-
dates for therapeutic application (reviewed by Chalisserry et al. in [33]) in neurological
disorders, angiogenesis, dentin-pulp regeneration and periodontal regeneration. PDLSCs,
GFs, DPSCs, SHED, and DFSCs have been demonstrated to promote multiple-tissue re-
generation, both in vitro and in vivo [34–40]. However, cell therapy has several challenges,
including high cost, insufficient cell number, and associated regulatory barriers. On the
other hand, a cell-free approach, centered around cell products (i.e., EVs derived from
these cells), has been proposed, and there is an emerging focus on cell-derived EVs as
potential therapeutic agents to promote periodontal regeneration. The utilization of sEVs
for dental tissue regeneration is emerging as a viable cell-free treatment option, with ‘proof
of concept’ studies reported using bone marrow or adipose MSC-derived sEVs (reviewed
in [41–43]); yet, periodontal or dental pulp cell sources are likely to uniquely reflect the
functional complexity of the periodontium and oral cavity.

The following sections will summarize the current methods for cell-derived sEV
isolation and characterization, with particular emphasis on sEVs from periodontal and
dental pulp cells.

3. Cell-Derived sEV Isolation Methods

3.1. General Concepts

Although sEVs have been studied for decades, there is still no standardized protocol
for their isolation. Despite the presence of recommended guidelines for EV isolation and
characterization, such as the Minimal Information for Studies of Extracellular Vesicles 2014
(MISEV2014) and MISEV 2018, these guidelines are not always followed.

Prior to the isolation of sEV, sequential centrifugation is commonly used to remove
cell debris and large EVs, as follows:

i Step 1: the cell conditional media (CM) is harvested and centrifuged at 300–400× g to
remove cells, and the supernatant (SN) is collected;

ii Step 2: the SN collected in step 1 is centrifuged at 2000–3000× g to remove cells debris
and apoptotic bodies. The SN is collected from this step;

iii Step 3: SN from step 2 is centrifuged at 10,000–20,000× g to remove the aggregates of
biopolymers, microvesicles, and the other structures with a buoyant density higher
than sEVs. The SN is collected from this step;

iv Step 4: then, the following isolation methods are used to enrich the sEVs: ultracentrifu-
gation, sucrose gradient centrifugation, size exclusion chromatography, precipitation-
based isolation, immunoaffinity chromatography, and ultrafiltration.

Given the growing interest in EVs, technical standardization is critical, as many
different methodologies have been utilized for isolation and analysis. The influence of
these various techniques on the downstream composition and functionality of EV cargos
remains unclear; accordingly, the ISEV position papers [6,44] have raised the need to define
‘good practices’ and ultimately archive standardization. However, many researchers are
not following these four steps, due to a lack of standardized protocols. Here, our review
briefly introduces each isolation method, and discusses its merits and disadvantages (listed
in Table 1).
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Table 1. Representative advantages and disadvantages of various EV isolation methods.

Method Time Advantages Disadvantage

Ultracentrifuge
(100,000×–200,000× g
for 1–2 h

1.5 h to 10 h

• Well-known ‘gold-standard’
method

• Easy to access
• Straightforward methodology

• Low recovery rate of sEV
• Time consuming (normally will

need 2 steps of UC)
• Impure sEV with non-EV

contamination and aggregates

Floatation-related
methods (sucrose
gradient centrifugation)

250 min to 1 day
• Pure EV population
• No protein contamination

• Fails to separate large vesicles with
similar sedimentation rates

Size exclusion
chromatography (SEC)

~30 min (including
column washing)

• Time-efficient
• Pure EV product

• sEV and microvesicles cannot be
separated

Precipitation based
isolation (sodium
acetate, PEG, protamine)

Overnight
incubation

• Low-speed centrifuge (1500 g)
to retrieve the sEV sample

• Straightforward method
• Many samples can be

processed

• Low EV recovery
• Co-precipitation of protein and

other molecules
• Further purification step is

required

Immunoaffinity
chromatography ~240 min • Very pure EV subpopulation

(i.e., CD9+ EV)
• Low EV yield
• Low scalability

Membrane
filtration/Ultrafiltration ~130 min

• Small sample volume
• Simple procedure
• Higher yield than UC method

• High contamination of non-EV
protein

3.2. Ultracentrifuge

Ultracentrifugation is the gold-standard method for isolating sEV, as the equipment is
relatively easy to access and the methodology is technically straightforward. The method
involves an ultracentrifugation step at 100,000×–200,000× g to pellet sEV [45]. However,
ultracentrifugation has disadvantages, in that it leads to a low recovery rate of sEV, it is
time consuming (1.5–10 h), contains non-vesicular macromolecule contamination, and
results in EV aggregation.

3.3. Floatation-Related Methods (Sucrose Gradient Centrifugation)

Floatation-related methods distribute molecules based on the buoyant density, and the
protein aggregates and sEV can be sufficiently separated. Differential gradient centrifuga-
tion (usually takes 250 min—1 day) takes advantage of buoyant density to fractionate EVs
using sucrose or idoxanol gradients [45]. The sEVs can be separated by the discontinuous
gradient sucrose solution, with each layer containing the desired size of EV. Other chemical
reagents (i.e., iodixanol) can also be utilized instead of sucrose, for continuous EV harvest
with no layers. Non-vesicular protein contaminants are distributed at a reduced level
within this method, resulting in less protein contamination. However, sucrose gradient
centrifugation cannot separate large particles that have a similar sedimentation rate.

3.4. Size Exclusion Chromatography (SEC)

SEC can be used to isolate small sEV, based on the size of the molecules, where large
particles pass through the gel earlier than the small-sized molecules. The small-sized
particles are trapped in the tiny pores on the surface of the gel, while the larger molecules
can bypass the gel or receive less interference from the gel [46]. This technique has been well
established with commercialized SEC columns, including qEV (iZON Science), Exo-spin™
SEC columns (Cell Guidance Systems Ltd.) and Pure-EVs SEC columns (HandaBioMed,
Lonza). SEC has been proposed as an effective alternative method for pure sEV isolation,
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with a key advantage being its time efficiency (~30 min, including 10 mL of column washing
with PBS). However, the similarly sized sEV and microvesicles cannot be separated by SEC.

3.5. Precipitation-Based Isolation (Sodium Acetate, PEG, Protamine)

Precipitation-based isolation has the following two mechanisms: polymeric precipi-
tation and neutralizing charges [47]. In polymeric precipitation, a soluble polymer, usu-
ally polyethylene glycol (PEG), is mixed with EV samples and the mixture is incubated
overnight, and EVs are sedimented by low-speed centrifugation at 1500 g. PEG precipi-
tation enables a simple process for a large number of samples. Commercial kits, such as
ExoQuick (System Biosciences), total exosome isolation reagent (Invitrogen), EXO-Prep
(HansaBioMed), exosome purification kit (Norgen Biotek), and miRCURY exosome iso-
lation kit (Exiqon), are based on this principle. For the other precipitation method, all
EVs possess negative charges, so positively charged molecules (i.e., sodium acetate and
protamine) are chosen for the precipitation. This method is popular due to its straight-
forward protocol; however, these precipitation methods lead to low sEV purity due to
co-precipitation of the components from CM or biofluids, such as protein, DNA and RNA,
and hence further purification is required.

3.6. Immunoaffinity Chromatography

The monoclonal antibodies (mAbs) against specific sEV surface proteins (i.e., CD 9)
are fixed on the column, to capture a specific sEV population [48]. Once the CM passes
through the column, the EVs, which express certain exosomal markers on their membrane,
will be captured by the mAbs. This method leads to a very pure EV population, but low
yield and scalability. This is attributed to the fact that this step needs to be repeated several
times to ensure the mAbs can capture sufficient EVs (~240 min).

3.7. Ultrafiltration

Semi-permeable membranes (ranging from 3 kDa to 100 kDa) are adapted for sEV
fractionation within filtration-based isolation; the membrane function is determined by its
pore size. However, sEVs cannot be fractionated according to their biogenesis or biomark-
ers, but it is normally used to concentrate sEVs. It is still an efficient way to eliminate the
minimal sample volume (~130 min) with a simple procedure, and has been proven to yield
higher recovery of sEVs than ultracentrifugation [49]. However, ultrafiltration might lead
to low EV protein, but a rather higher concentration of non-EV proteins (i.e., albumin).

3.8. Current Isolation Challenge

As mentioned previously, the current challenges of sEV isolation include time-consuming
procedures, impurities, insufficient EV yield, and low scalability [50]. Although many
researchers have investigated combinations of these isolation methods, an urgent demand
has arisen to investigate high-yielding and time-effective isolation protocols. Currently,
there is no optimal sEV isolation method; however, a combination of ultracentrifugation,
SEC, and ultrafiltration has been used for the pure sEV population, which is a critical factor
for downstream therapeutic applications.

4. sEV Isolation and Characterization Methods for Periodontal (and Dental Pulp) Cells

To date, there are no standardized protocols for sEV isolation and characterization.
From the 33 studies that are reported in this review, we have summarized periodontal (den-
tal pulp) cell-derived sEV isolation and characterisation methods [51–83]. Various isolation
methods have been used for periodontal (dental pulp) cells sEVs, including ultracentrifu-
gation (UC), precipitation-based methods, and ultrafiltration (Figure 3a). Regarding EV
characterization, the latest MISEV 2018 guidelines [6] suggest that all EV researchers should
characterize sEV from at least three different aspects, such as EV particle numbers, EV
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morphology, and EV-enriched protein markers. However, most of the current studies did
not follow the MISEV guidelines, and this requires additional attention for all EV research.

 

Figure 3. Various sEV isolation methods (a) and characterization methods (b) are used for periodontal (dental pulp) cells.
UC: ultracentrifugation; NTA: nanoparticle tracking analysis; TEM: transmission electron microscopy; WB: Western blot;
SEM: scanning electron microscopy; AFM: atomic force microscopy; BCA: bicinchoninic acid assay; DLS: dynamic light
scattering; ELISA: enzyme-linked immunosorbent assay; confocal: confocal microscopy.

Different sEV isolation methods have been utilized for various cells (Figure 3a), with
precipitation and ultracentrifugation methods being the two most commonly used tech-
niques. In PDL(S)C-derived sEV isolation (10 studies), the precipitation-based method
(i.e., a commercial ExoQuick kit) is the most commonly used (n = 6, 60%), followed by
ultracentrifugation (n = 4, 40%). Among six studies in GFs/GMSC-derived sEVs, the
precipitation-based method (n = 4, 66.7%) and ultrafiltration (n = 2, 33.3%) were used for
GFs/GMMSCs–sEV isolation. Regarding DPSC-derived sEV, most researchers selected
ultracentrifugation (n = 7, 77.8%), with one study using the precipitation-based method
(n = 2, 22.2%). For SHED–sEVs, all of the studies (n = 4, 100%) used the ultracentrifugation
method to isolate sEVs from SHED.

Concerning EV characterisation [6], NTA and DLS are common methods to quantify
EV particle number, size, and distribution; TEM, SEM, and AFM can be used for EV
morphology and size; BCA is for EV protein quantification; and WB is to determine EV-
enriched protein markers. We have summarized the various EV characterisation methods
for periodontal cell-derived sEVs (Figure 3b). For PDL(S)Cs—sEV (10 studies included
in this review), WB is the most commonly used characterization method (n = 7 studies),
followed by TEM (n = 5), NTA (n = 3), AFM (n = 2), flow cytometry (n = 2), SEM (n = 1),
BCA assay (n = 1), ELISA (n = 1), and confocal microscopy (n = 1). In GFs/GMMSCs–sEVs,
WB (n = 4) was utilized to detect CD9, CD63, and TSG101, as well as TEM (n = 4), NTA
(n = 3), DLS (n = 2), BCA assay (n = 2), AFM (n = 1), and FACS (n = 1). The characterisation
of DPSC–EVs are mostly performed using WB (n = 7), TEM (n = 8), NTA (n = 6), BCA
assay (n = 3), FACS (n = 2), and dot blot (n = 1). For the characterization of SHED–sEVs (4
studies), TEM and WB (n = 4) are most commonly applied; NTA (n = 3) and BCA (n = 2)
were also used for OBs–sEVs.

In summary, ultracentrifugation and precipitation-based methods are the two most
common methods used for periodontal (dental pulp) cells sEV isolation. WB, TEM and
NTA are the most common methods for periodontal (dental pulp) cell-derived sEVs char-
acterisation.
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5. The Function of sEVs Derived from Periodontal (Dental Pulp) Cells

Current studies mainly focus on small EV biogenesis and function in the periodontal
regeneration field; thus, this review summarizes 33 studies [51–83] on periodontal cell-, gin-
gival cell- and dental pulp (DPSCs and SHED) cell-derived sEV isolation, characterization,
and their therapeutic role in tissue regeneration. Most of this research has focused on the
function of sEVs in cell differentiation, and 11 studies investigated the cargos of sEVs (i.e.,
miRNA [52,53,61,63,64,72,75,81], circRNA [51,71], lncRNA [51], and EV-mRNA [67,72])
during this process.

5.1. Periodontal Ligament Fibroblasts or Stem Cells (hPDL(S)Cs)–sEV

A total of 10 studies investigated sEVs derived from human PDL (stem) cells or
fibroblasts [51–60], and are summarized in Table 2. Eight studies isolated sEV from
hPDLSCs [51–53,55,56,58–60], with one study each using sEVs from a human PDL fi-
broblast (hPDLFs) cell line [54] and hPDLCs [57]. Three of these studies investigated
hPDLCs sEV function in vivo, using animal models [56,59,60].

According to the latest MISEV 2018 guidelines [6], it is critical to consider several
factors influencing the collection of EV, including characteristics of primary cell source
(donor health status, age, gender), primary cell passage number, confluence at harvest,
culture volume, media change frequency, CM harvesting conditions, as well as all culture
media composition and preparation details. Thus, our review includes detailed donor
information for primary cells (if mentioned), the cell culture condition prior to CM collec-
tion, and detailed sEV isolation protocols. This will allow future EV researchers to select
appropriate protocols for CM harvesting and sEV isolation.

Donor age was disclosed in only two studies (18–30 [51] and 18–21 years old [55]),
while there is no clear information in the other studies [52–54,56–60]. The cells at passages
2–3 were used in five studies [51–53,56,59], passage 3–7 in one study [54], with no passage
information provided in the remaining studies [55,57,58,60]. Since fetal calf serum (FBS
or FCS) contains a large amount of EV, it is crucial to state how cells are cultured before
CM harvesting. Currently, either EV-depleted FBS or FBS starvation is used before CM
harvest for PDLCs–sEV isolation; from the 10 studies that were reviewed, 5 did not state
how the cells were cultured before CM collection [53,56,58–60], 4 studies used EV-depleted
FBS [52,54,55,57], and one study used FBS starvation [51]. While it is of considerable
importance to clearly articulate the cell source, passage number, and CM harvest condition,
this is something that is currently under-reported in many studies.

The following three aspects of hDPL(S)Cs–sEV analysis were evaluated in the 10
studies that have been included in this review: (1) EV size, (2) EV content (protein, RNA,
etc.), and (3) EV function in cell differentiation in vitro and in vivo. Regarding the size of
hPDL(S)Cs–sEV, three studies did not characterize the sEV size [52,53,60]. There is a large
deviation for the reported EV size: <200 nm in five studies [51,54,55,57,58], two populations
(90 ± 20 nm and 1200 ± 400 nm) in one study [59], and 100–710 nm in one study [56].
It is noted that two studies engineered the hPDLCs–EV using polyethyleneimine (PEI,
yielding PEI–EV) [56,59]. The following two factors may contribute to this deviation:
the EV isolation method (UC or precipitation methods), and the EV size characterization
methods (TEM, or DLS, or NTA). We will define EV size <200 nm as sEV, and unclear EV
size as EV.
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Regarding the EV content, it seems that hPDLCs–EV contain miRNAs [52,53] and circu-
lar RNAs [51] that may alter the recipient cells functions. RNA sequencing of hPDLSCs–EV
(where EV size was unclear) revealed that hPDLSCs–EV contains 955 non-coding tran-
scripts, with five representative miRNAs, including MIR24-2, MIR142, MIR296, MIR335,
and MIR490 [53]. The hDPLSCs–EV–miR-17-5p can regulate the angiogenesis of human
umbilical vein endothelial cells (HUVECs) during inflammatory stimulation by TNF-α [52].
Furthermore, circular RNA and long non-coding RNAs (lncRNAs) were also found in the
sEV from hPDLSCs, after five and seven days of osteogenic differentiation, with 69–557
circRNAs and 2907–11,581 lncRNAs detected by RNA sequencing. Compared with the sEV
from hPDLSCs before osteoinduction, 3 sEV–circRNAs and 2 sEV–lncRNAs were upregu-
lated, while 39 sEV–circRNAs and 5 sEV–lncRNAs were downregulated after 5 and 7 days
of osteoinduction. RT-qPCR validation showed that three sEV–circRNAs (hsa_circ_0087960,
hsa_circ_0000437, and hsa_circ_0000448) were upregulated after osteogenic differentiation,
while one was downregulated (hsa_circ_0000448). However, three selected lncRNAs (small
nucleolar RNA host gene5—SNHG5, LOC100130992, and ATP6VB1-AS1) showed no differ-
ence between the groups [51].

There is increasing evidence demonstrating that hPDL(S)Cs–EV can modulate in vitro
angiogenesis (in HUVECs [52]), osteogenesis (in MG-63 OBs [54] and hPDLSCs [55,56,59]),
anti-inflammation (in LPS-treated hPDLSCs [55,60] and J774.1 macrophages [57]), and
immunoregulation (induced M1 polarization in THP-1 cells [58]) via modulating the
TGF-beta pathway, MAPK pathway, mTOR pathway and FoxO signaling pathways [51],
and PI3K/Akt signaling [55] and NF-kB signaling pathways [57]. The in vivo function of
hPDL(S)Cs–EV was explored, either in rat calvaria defect [56,59] or intravenous adminis-
tration in mouse multiple sclerosis disease [60] models. Pizzicannel-la et al. [56] created
a calvarial defect, with a diameter of 4 mm and a height of 0.25 mm in male Wistar rats
(300–350 g; n = 4 for each group). The hPDLSCs–EV and hPDLSCs–PEI–EV were loaded on
collagen membranes and transplanted into the rat calvaria defect for 6 weeks, leading to
enhanced bone and vascularization compared to the no-EV groups, with the PEI–EV group
inducing better osteogenesis and vascularization compared to the EV group. Diomede
et al. [59] revealed similar results, showing that hPDLSCs–PEI–EV leads to increased blood
vessel formation after 6 weeks of the transplantation of hPDLSCs–EV- and hPDLSCs–PEI–
EV-loaded collagen membranes into a rat calvarial defect. Rajan et al. [60] established a
mouse model of MS disease, and intravenous administration of hPDLSCs–EVs decreased
apoptosis and inflammation in the diseased mice.

In summary, the size of hPDL(S)Cs–EV ranges from 20 nm to 1600 nm when using
different EV isolation methods, with under-reporting of sufficient detail about the cell
source and cell culture conditions before CM collection. The hPDL(S)Cs–EV contains
miRNAs, circRNAs, and lncRNAs, and they modulate the angiogenesis, osteogenesis, and
inflammation of recipient cells, through TGF-β, MAPK, mTOR and FoxO pathways [51],
and PI3K/Akt [55] and NF-kB signaling pathway [57]. However, none of the three in vivo
studies [56,59,60] used either a periodontal defect or a periodontitis animal model.

5.2. Human Gingival Fibroblasts (hGFs)–sEV

Table 3 summarizes seven studies [61–67]) of EV from fibroblasts (hGFs [62,63] or
MSCs (hGMSCs [61,64–67]) from human gingiva tissues. There are two studies that inves-
tigated the in vivo role of hGMSCs–EV using animal models [66,67]. The cells from either
20-to-40-year-old donors [66] or unclear age human donors [62–65,67] were used at passage
2 [64], passage 4–6 [62], <6 passage [66], or unclear [63,65,67]. EV-depleted FBS [61,63,66],
FBS starvation [65], and unclear cell culture conditions [62,64,67] were applied in the
studies before CM collection for EV isolation. The size of hGFs/hGMSCs–EV varied
from different studies, as follows: <200 nm [61–63,66], 50–500 nm [65], unclear size [64],
and a combination of two populations (93 ± 24 nm and 1200 ± 400 nm) [67]. Engineered
hGMSCs–PEI–EV had the following two populations: 250 ± 50 nm and 3600 ± 500 nm [67].
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RNA sequencing data from Silvestro et al. showed that hGMSCs–EV comprises
15,380 genes (for interleukins, TGF-β, BMPs, GDFs, Wnt, VEGF, FGF, and neurotrophins),
and 1155 non-coding RNA (lncRNAs and miRNAs—miR1302, miR451, miR24, miR219
and miR194) [64]. The miRNA microarray data from Nako et al. [61] showed that 655
universal differentially expressed miRNAs were found in Exo-TNF compared to Exo-Ctrl,
particularly miR-1260b (ranked in the top three of the most highly upregulated miRNAs, by
using TNF- α preconditioning). RNA sequencing from Diomede et al. [67] demonstrated
that 31 ossification genes were enhanced in hGMSCs–PEI–EV compared to hGMSCs-EV
through the TGF-β signaling pathway.

The in vitro functional assays showed that hGFs/hGMSCs–sEV facilitates cell prolifer-
ation (in hGFs [62] and Schwann cells line [66]), anti-osteoclastogenic [61] and osteogenic
differentiation (in hBMSCs [63] and hGMSCs [67]), as well as an anti-carcinogenesis effect
(in human pancreatic carcinoma and squamous carcinoma cells [65]). This may be mediated
by an miR-1260b/Wnt 5A/RANKL pathway [61], miR-23a/CXCL12 axis [63], interleukins,
TGF-β, BMPs, GDFs, Wnt, VEGF, FGF, and neurotrophins [64], and TGF-β signaling [67].

In their in vivo investigations, Nakao et al. [61] created a ligature-induced periodontitis
mice model, and locally injected hGMSCs–sEV or TNF-α-preconditioned GMSC-derived
exosomes (hGMSCs–sEV–TNF) into the palatal gingiva of the ligated second maxillary
molar. One week post-injection, both the interventions significantly reduced periodontal
bone loss compared to the PBS control group, while hGMSCs–sEV–TNF further reduced
the distance from the cementoenamel junction to the alveolar bone crest (CEJ–ABC) and
the number of tartrate-resistant acid phosphatase (TRAP)-positive osteoclasts, indicat-
ing an anti-osteoclastic property for hGMSCs–sEV [61]. Moreover, Mao et al. [66] trans-
planted hGMSCs–sEV-loaded gelfoam sheets into the crush-injury sites of sciatic nerves
in C57BL/6J mice, and the EV group had comparable beneficial effects on the functional
recovery of the injured sciatic nerves of mice compared to the hGMSCs group. Further,
hGMSCs–sEV enhanced the expression of neuronal and Schwann cell markers (β-tubulin
III and S100 calcium-binding protein B—S100B) at one-month post-injury, compared with
hGMSCs controls, suggesting that hGMSCs–sEV can promote neuron regeneration in vivo.
Diomede et al. [67] loaded hGMSCs–EV or hGMSCs–PEI–EV into 3D-printed PLA scaffolds
with/without hGMSCs, and transplanted them into rat calvaria defects for 6 weeks. Both
the hGMSCs–EV and hGMSCs–PEI–EV groups enhanced bone and blood vessel formation,
yet hGMSCs–PEI–EV performed better than the EV group.

In summary, the EV diameter from hGFs/hGSMCs is different among studies, ranging
from 50 nm to 1600 nm. EV–mRNAs and EV–miRNAs [61,64,67] may contribute to their
in vitro and in vivo function in cell proliferation [62,66], and reduce bone resorption [61],
osteogenic differentiation [63,67] and nerve regeneration [66]. More in vivo studies are
required in order to explore the function of EV from gingival tissue-derived cells.

5.3. Human Dental Pulp Cells (hDPSCs)–sEV

Table 4 summarizes nine studies investigating EV from human primary DPSCs [68–76],
with three of these including in vivo models [69,72,76]. Cells were isolated from donors
who were 24–41 years old [69], 16–25 years old [70], 20 years old [71], 19–28 years old [73],
22–36 years old [75], or an unclear donor age [68,72,74,76]. The cells at passage 2 [71],
passage 3–6 [70], passage <4 [76], passage 3–7 [75], passage 3–5 [73], or unclear passage
number [68,69,72,74] were used in these studies. Prior to CM collection, the cells were
cultured in EV-depleted FBS [68,70–73] or FBS starvation [69,74–76]. The mode size of
hPDSCs–sEV was smaller than <200 nm in most studies [68–72,75], with one study report-
ing 50–400 nm [72], 80–400 nm [73], and 30–250 nm [74], and unclear EV size [76].
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The hPDSCs–EV modulates angiogenesis in endothelial cells [69], migration/proliferation
(in hBMMSCs [70], Schwann cells (SCs) [73], and CD4+ T cells [74]), osteogenic differ-
entiation in hDPSCs [71], anti-inflammation (in DPSCs [72] and CD4+ T cells [74]), and
odontogenic differentiation of Schwann cells (SCs) [73], hDPSCs [75,76], and hMSCs [76].
This may be regulated through hDPSCs–sEV–circPAR1 binding with hsa-miR-31 [71],
hDPSCs–sEV–miR-1246 [72] and hDPSCs–sEV–miR-27a-5p [75]. RNA sequencing data
from Hu et al. [75] demonstrated that 7 increased sEV–miRNAs and 21 decreased sEV–
miRNAs were found in odontogenic differentiated hDPSCs–sEV, and these miRNAs are
associated with the TGFβ1/smads signaling pathway. The authors concluded that sEV–
miR-27a-5p can modulate odontogenic differentiation via the TGFβ1/smads signaling
pathway, by downregulating latent-transforming growth factor beta-binding protein 1
(LTBP1).

With respect to in vivo studies, Zhou et al. [69] created a full-thickness excisional skin
wound-healing model in male C57BL/6 mice (8 weeks old), and then subcutaneously
injected hDPSCs–sEV (200 μg in 100 μL) from healthy or periodontitis patients derived
hDPSCs–sEV (200 μg in 100 μL PBS) for 4, 9, and 14 days. Both the sEV groups promoted
the wound healing process and vascularization compared to the PBS control group, while
hDPSCs–sEV from the periodontitis patients increased the wound closure rate and the
number of newly formed microvessels, with more CD31- and VEGF-positive cells com-
pared to the sEV from a healthy patient. Shen et al. [72] established a ligation-induced
periodontitis model in 6–8-week-old male C57BL/6J mice, and a chitosan hydrogel (CS)
loaded with 50 μg of hDPSCs–sEV (hPSDCs–sEV–CS group) was locally injected after liga-
ture removal, with a local injection of PBS or hPSDCs–sEV used as the controls. The results
showed that the hDPSCs–sEV–CS group led to increased bone formation, a thick layer of
epithelial layers, less inflammatory cells, and a lower amount of TRAP-positive osteoclasts,
at 10 days post-treatment. Furthermore, hPSDCs–sEV–CS treatment significantly reduced
pro-inflammatory cytokines (IL-23, IL-1α, TNF-α, IL-12, IL-1β, IL-27, and IL-17), and
NF-κB p65 and p38 MAPK signaling, in periodontal tissues compared with other groups.
RNA sequencing analysis of the periodontium showed that 7351 differentially expressed
genes (DEGs) were found between the hDPSCs–sEV–CS and CS groups. GO term enrich-
ment analysis of the top 200 DEGs demonstrated that they are associated with chemotaxis
pathways and the immune response, which were downregulated in the hDPSCs–sEV–
CS group. Most importantly, hDPSCs–sEV–CS induced macrophages converting from a
proinflammatory phenotype to an anti-inflammatory phenotype in the periodontium of
periodontitis mice, with more CD206+ anti-inflammatory macrophages and significantly
decreased CD86+ in pro-inflammatory macrophages [72]. This indicates that hDPSCs–
sEV can promote bone formation, epithelium re-growth, and reduce inflammation in a
periodontitis mice model. Furthermore, Huang et al. [76] loaded hDPSCs–EV into clinical-
grade type I collagen membranes, and then placed them on a human tooth root slice (3–4
mm in thickness), before subcutaneously transplanting into athymic nude mice for 2 weeks.
They resulted in enhanced dental-pulp-like tissues, with increased odontogenic proteins
(dentin matrix acidic phosphoprotein 1—DMP1, and dentin phosphophoryn—DSPP) and
endothelial cell marker protein (von Willebrand factor—vWF).

To summarize, hDPSCs–EV, ranging from 30 nm to 400 nm among nine studies,
and containing circRNA [71], miRNAs [72,75], and mRNAs [72], may modulate an-
giogenesis [69], migration/proliferation [70,73,74], osteogenic differentiation [71], anti-
inflammation [72,74] and odontogenic differentiation [73,75,76] in recipient cells. Among
the three in vivo studies, the skin wound-healing model [69], periodontitis disease model [72],
and subcutaneous transplantation [76] were employed, and the results showed that
hPDSCs–EV can promote angiogenesis, osteogenesis, dentin-pulp regeneration, and reduce
inflammation and osteoclastic activity. Further in vivo studies are required to validate the
function of hDPSCs–EV.
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5.4. SHED/SCAP/DFCs–sEVs

Table 5 summarizes seven investigations (five in vivo studies) examining sEVs from
dental cells, including SCAP [77,78], SHED [79–82], and DFCs [83]. Cells were isolated
from 5–8-year-old donors [81], 12–15 years old [77,78], 13–19 years old [83], or unknown
age [79,80,82], at passage 3–4 [79], 4–7 [80], 4 [81], 3–6 [82], 5 [83], or unknown [77,78].
EV-depleted FBS [77,79,81,82] and FBS-starvation [78,80,83] were applied for CM collection.

The size of SHED/SCAP/DFCs–sEVs was smaller than 200 nm in all the studies;
these sEVs promote angiogenesis in HUVECs [77,82], anti-inflammation in mBMSCs [80]
and chondrocytes [81], osteogenesis in PDLCs [79], mBMSCs [80] and rBMSCs [82], and
dentinogenesis in BMMSCs [78,83] in vitro, by the Cdc42 pathway [77], Wnt/β-catenin
and BMP/Smad signaling pathways [79], miR-100–5p/mTOR pathway [81], and AMPK
pathway [82].

The function of SCAP–sEVs was investigated in vivo on gingival soft tissue [77] and
dentin-pulp regeneration [78]. Liu et al. [77] created full-thickness circular gingival wounds
in C57BL/6J mice, using a biopsy punch (soft tissue defects with a diameter of 2.0 mm).
Following this, 40 μg of SCAP–sEVs, SCAP–siCdc42–sEVs, or PBS, was injected submucos-
ally into the palates of the wounds sites. Seven days post-injection, SCAP–sEVs promoted
palatal gingival tissue regeneration by enhancing vascularization in the early phase [77].
Zhuang et al. [78] loaded 50 μg/mL SCAP–sEVs and 4 × 105 BMMSCs with gelatin sponge
onto a dentin slice, before subcutaneously transplanting them into immunodeficient mice.
Significant dentin-pulp regeneration was observed 12 weeks post-transplantation in the
SCAP–sEVs group compared to the PBS control group.

The action of SHED–sEVs on periodontitis disease and periodontal defect in vivo has
been investigated in a mouse [80] and rat model [82], respectively. Wei et al. [80] locally
injected 20 μg of SHED–sEVs into buccal and lingual sides of the first molar once per week,
over 2 weeks, in ligature-induced periodontitis mice. After 2 weeks, SHED–sEVs reduced
bone loss, with a decreased CEJ–ABC distance compared to the controls. Moreover, Wu
et al. [82] generated a periodontal defect (4 × 2 × 1.5 mm3) in their rat model, at the buccal
alveolar bone of the first-to-third mandibular molars. SHED–sEVs were loaded into a
β-TCP scaffold before placing them into the periodontal defect for four weeks, resulting
in enhanced neovascularization and new bone formation compared to the β-TCP/PBS
scaffold.

In their study, Shi et al. [83] injected gelatin hydrogels (100 μL), loaded with LPS–
DFCs–sEVs (sEVs derived from LPS-treated DFCs) or DFCs–sEVs, into the periodontal
pocket of the right maxillary second molar in a ligature-induced periodontitis rat model.
The intervention was once a week for up to 8 weeks, and resulted in significantly reduced
alveolar bone loss and TRAP-positive osteoclasts, as well as enhanced well-oriented PDL
fibers in the LPS–DFCs–sEVs group.

In summary, SHED/SCAP/DFCs–sEVs are smaller than 200 nm, and those containing
miR-100–5p [81] may modulate angiogenesis [77,82], inflammation [80,81], osteogene-
sis [79,80,82], and dentinogenesis [78,83] in vitro. More importantly, five in vivo studies
showed that SHED/SCAP/DFCs–sEVs can promote angiogenesis [77,82], dentin-pulp
complex [78], alveolar bone [82], and well-organized PDL fiber formation [82]. It is noted
that two studies utilized a ligature-induced periodontitis disease model [80,83] and one
study used a periodontal defect model [82]. More studies are needed to further validate
the in vivo functional role of SHED/SCAP/DFCs–sEVs.
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6. Summary and Discussion

Periodontal cells (PDLCs/SCAP and GFs/GMSCs) and dental pulp (DPSCs/SHED)-
derived EVs can play an important role in augmenting the function of recipient cells,
such as proliferation and osteo/odontogenic differentiation, as well as anti-inflammation
and anti-cancer properties [51–83]. In particular, one study of GMSCs–sEVs [61] and
DPSCs–sEVs [72], two studies of SHED–sEVs [80,82], and one study of DFCs–sEVs [83]
can promote alveolar bone, vasculature and well-organized PDL fibers regeneration, and
reduced inflammation in a periodontitis animal model or a periodontal defect model. As
such, these EVs may serve as potential ‘cell-free’ therapeutics to facilitate periodontal
regeneration; however, more in vivo studies are required to confirm this concept.

As stated in the latest MISEV 2018 guidelines [6], it is critical to clearly describe the
primary cell source (i.e., donor age, health status, gender), primary cell passage number, cell
culture conditions (using either EV-depleted FBS or FBS starvation before CM collection),
and detailed EV isolation and characterization protocols. Among 33 studies in our review,
only two studies used human or mouse cell lines [54,57], and 31 studies isolated EV from
primary cells, with only 12 out of 31 studies stating a clear age range for the human or
mouse donors [51,55,66,69–71,73,75,77,78,81,83], and 13 out of 31 studies were unclear
about cell passage numbers [55,57,58,60,63,65,67–69,72,74,77,78]. Since FBS is largely EV
contaminated, EV-depleted FBS or FBS starvation should be used for cell culture before
CM collection. EV-depleted FBS was used in 12 studies [61,63,66,68,70–73,77,79,81,82],
FBS starvation in 8 studies [65,69,74–76,78,80,83], and unclear cell culture conditions in 11
studies. Although all the studies used the two most common sEV (or exosome) isolation
methods (precipitation and ultracentrifugation), the EV size in these studies (excluding
studies with no EV characterization) is not consistent, with 22 studies generating <200 nm
sEVs [51,54,55,57,58,61–63,66,68–72,75,77–83]. This may be attributed to the different CM
collection, EV isolation and characterization methods among the studies. Thus, appropriate
methods should be chosen to prepare CM, and isolate and characterize cell-derived EV
according to the MISEV guidelines. Our review has defined <200nm EV as sEV (small EV)
and unclear size or >200 nm as simply EV.

Among 33 studies, 12 studies performed in vivo research to investigate the EV function
of hPDLCs–sEV [56,59,60], hGMSCs–EV [66,67], hDPSCs–EV [69,72,76], SCAP–sEVs [77,78],
SHED–sEVs [80,82] and DFCs–sEVs [83]. Furthermore, three studies engineered the EV
using polyethyleneimine (PEI), yielding PEI–EV [56,59,67], and all three studies reported
that the PEI–EV group enhanced in vivo osteo/odontogenic and angiogenic properties
compared to the EV group. Animal studies employed either defect or disease models, such
as calvaria defects [56,59,67], nerve injury model [66,67], skin wound-healing model [69],
subcutaneous transplantation [76], and multiple sclerosis [60], ligation-induced periodonti-
tis [69,72,80,83] and a periodontal defect [82].

EVs were administrated either by loading into biomaterials, such as collagen mem-
brane [56,59,76], gelfoam sheets [66], gelatin sponge [78] and 3D-printed PLA scaffold [67],
or via intravenous administration [60], subcutaneous injection [69], local injection [61,72,80,83],
or submucosal injection [77]. More pre-clinical models (i.e., periodontal defects or peri-
odontitis disease models) and EV delivery systems need to be investigated to explore
the potential of periodontal cell-derived EV in the regeneration of anatomically complex
tissues, such as the periodontium.

All of the above factors are critical for a successful therapeutic outcome; thus, it is
of great importance to follow the relevant guidelines and consider the above-discussed
variables with more comparisons between different parameters.

7. Conclusions and Future Perspectives

This review demonstrates that sEV can be isolated from periodontal and pulp cells,
with 11 studies investigated the EV cargos, including sEV–miRNA [52,53,61,63,64,72,75,81],
EV–circRNA [51,71], EV–lncRNA [51] and EV–mRNA [67,72]. We summarize the com-
mon EV–miRNA and EV–circRNA within periodontal (or dental pulp) cells (Figure 4a,b).
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From the included studies, except for one common EV–miRNA (miR-1260b) between
DPSCs/SHED and GFs/GMSCs, there appears to be no common EV–miRNA detected
between these cell types (shown in Venn diagram, Figure 4a). We also listed reported EV–
miRNAs and EV–circRNAs from PDL(S)Cs–EV and hDPSCs—EV (Figure 4b). However,
this needs further confirmation with more studies. Furthermore, 38 EV–miRNAs, 69–557
EV–circRNAs, 254–15,380 EV–mRNAs and 2907–11,581 EV–lncRNAs were reported for
EV from periodontal (dental pulp) cells by RNA sequencing analysis. We have outlined
that these EVs possess anti-inflammation, osteo/odontogenesis, anti-osteoclastogenesis,
angiogenesis and immunomodulatory functions in vitro and in vivo. Thus, we propose
that periodontal cell-derived EVs can modulate the cell function via EV cargos (Figure 4c).
However, more studies for periodontal cell-derived EVs are required to further confirm
this concept.

Given that cell source, CM collection, and EV isolation and characterization are critical
in obtaining pure EV populations, future studies should take these factors into account
and follow the latest MISEV guidelines. Researchers should consider adding EV purity
(EV particles per μg protein), DNase/RNase/proteinase treatment and EV engineering
before in vivo therapeutic research. Although current research has not yet standardized
these factors, data from all 33 studies in this review suggest that periodontal (dental pulp)
cell-derived EVs can function as potential therapeutics to promote periodontal regeneration
and impart anti-inflammatory properties. However, investigating the effect of periodontal
cell-derived EV on in vivo periodontal regeneration models is required to understand their
potential therapeutic role in periodontal regeneration.

 
Figure 4. Summary of EV–miRNAs, circular RNAs (a,b) and proposed (c) function of periodontal cell-derived EV on
recipient cells function. (a) Venn diagram showing no common EV–miRNAs found from PDL(S)Cs, GFs/GMSCs and
DPSCs. (b) Listed EV–miRNAs and EV–circRNAs. (c) Proposed mechanism of how periodontal cell-derived EVs modulate
inflammation, angiogenesis, osteo/odontogenesis via EV cargos, such as miRNA, mRNAs, lncRNAs, and circRNAs.
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Abstract: Soft tissue integration (STI) at the transmucosal level around dental implants is crucial for
the long-term success of dental implants. Surface modification of titanium dental implants could
be an effective way to enhance peri-implant STI. The present study aimed to investigate the effect
of bioinspired lithium (Li)-doped Ti surface on the behaviour of human gingival fibroblasts (HGFs)
and oral biofilm in vitro. HGFs were cultured on various Ti surfaces—Li-doped Ti (Li_Ti), NaOH_Ti
and micro-rough Ti (Control_Ti)—and were evaluated for viability, adhesion, extracellular matrix
protein expression and cytokine secretion. Furthermore, single species bacteria (Staphylococcus aureus)
and multi-species oral biofilms from saliva were cultured on each surface and assessed for viability
and metabolic activity. The results show that both Li_Ti and NaOH_Ti significantly increased the
proliferation of HGFs compared to the control. Fibroblast growth factor-2 (FGF-2) mRNA levels were
significantly increased on Li_Ti and NaOH_Ti at day 7. Moreover, Li_Ti upregulated COL-I and
fibronectin gene expression compared to the NaOH_Ti. A significant decrease in bacterial metabolic
activity was detected for both the Li_Ti and NaOH_Ti surfaces. Together, these results suggest that
bioinspired Li-doped Ti promotes HGF bioactivity while suppressing bacterial adhesion and growth.
This is of clinical importance regarding STI improvement during the maintenance phase of the dental
implant treatment.

Keywords: titanium; implants; nanostructure; gingival fibroblasts; biofilm; soft-tissue integration;
surface modification

1. Introduction

Peri-implant diseases of endo-osseous oral implants are mainly initiated by biofilm
accumulation and subsequent host immuno-inflammatory responses at the transmucosal
(implant abutment-mucosa) interface [1,2]. Peri-implant soft tissues exist as a physical
barrier between the oral environment and the implant. However, the peri-implant mucosal
seal could be considered fragile in disease, as it lacks the complex supra-crestal connective
tissue structures usually found in the natural dentition [3], which may be responsible for
the rapid rate of disease progression [4–6]. Hence, various attempts have been made to
alter the surface of dental implants and abutments to augment soft tissue integration (STI),
as reviewed elsewhere [7].

Surface characteristics of the implant, such as topography and chemistry, play a key
role in determining tissue responses [8]. Most of the proposed Ti surface topographical
modifications aim to improve osseointegration quantity and quality by altering the surface
roughness at microscale levels [9–12], while others focus on creating implant devices with
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antimicrobial properties by mimicking self-cleansing surfaces found in nature [13–15].
Furthermore, effective bactericidal functions have been achieved by incorporating nano-
structures onto implant substrates, such as nanopillars [16,17] or local antibiotic releasing
nanotubes fabricated via anodisation [18,19]. With regard to the peri-implant soft tissue’s
response, previous in vitro studies using gingival human fibroblasts demonstrated an
increase in the proliferation [20], mechanical stimulation [21], collagen production [22] and
attachment [23] to the substrates, indicating the potential for nanostructures to promote
connective tissue formation around an implant.

Nature-inspired nano-topographies are commonly reported in the literature, and
reproduction of the shape and arrangement of natural nanoscale patterns have been at-
tempted to improve the characteristics of biomaterials, notably in implants research [24–26].
The extracellular matrix (ECM) of biological tissues has been a source of inspiration for
several studies [24,26], mainly targeting the arrangement of laminin and collagen nano-
fibres [27]. Scaffolds with ECM-like features exhibit an increase in the cellular deposition
of hydroxyapatite, which aids in promoting the mineralisation required for osseointegra-
tion [28]. Moreover, these features influence initial filopodia-surface interactions [29].

Studies have revealed that chemical surface treatments [30], such as hydrothermal
alkalinisation [31], electrochemical anodisation [23], and electrochemical oxidization [32],
are cost-effective strategies to nano-engineer surfaces on Ti-based implants [31]. Chemi-
cally induced nanostructures have been shown to increase gingival fibroblast attachment
while inhibiting bacterial adhesion in vitro [33]. The incorporation of metal ions, such as
zinc [34], magnesium [35] and Li [36], into Ti surfaces enhances various cellular activities
in osteoblasts and fibroblasts [37,38]. Our group recently reported the utilisation of hy-
drothermal transformation to fabricate Li-doped Ti with sustainable Li+ ions release [39].
Lithium belongs to the alkali metal group and is considered a biologically functional ion.
It has been shown that Li ions can stimulate bone growth and periodontal ligament cell
differentiation through the Wnt/β-catenin signalling pathway [40,41]. Abdal-hay et al. [39]
investigated the influence of different LiCl concentrations on surface properties of doped
Li-Ti. Their results show that a Li-Ti porous layer with nanostructure characteristics was
nucleated and formed on the Ti surface. Furthermore, Li-incorporated Ti exhibits improved
wettability and mechanical stability compared to untreated Ti surfaces, with an improved
effect on osteoblast activity [36,39]. The impacts of Li-incorporated surface modification on
gingival fibroblasts, however, have yet to be extensively explored.

An ideal implant surface should modulate cellular responses, leading to the timely
establishment and maintenance of osseointegration, soft-tissue integration and prevention
of bacterial adhesion. The current study explores the STI and antibacterial functions of ECM-
mimicking nanoscale Li-Ti surfaces as the next generation of modified Ti dental implants.

2. Materials and Methods

2.1. Titanium Surface Modification

A 99.5% Ti flat foil (0.3 mm thickness) was purchased from Nilaco Corporation
(Tokyo, Japan). Ti foil was mechanically treated using a gradient of sandpapers to form a micro-
machining-like surface topography (Control_Ti) [42]. Ti foil was cut into 10 mm × 10 mm
squares using diamond EXAKT’s saw machine. Next, Ti was etched in an acid mixture (equal
volumes of concentrated acids and water H2SO4: HCl: H2O) at 80 ◦C for 1 h to remove
the natural oxide layer and increase surface roughness, followed by immersion in 200 mL
of 5.0 M NaOH aqueous solution at 60 ◦C for 24 h, and then rinsed with distilled water.
To introduce Li ions, the alkali-treated Ti samples were first immersed in lithium chloride
(LiCl: 0.025 M), then hydrothermally treated in a Teflon container at 90 ◦C for 24 h. After
Li-containing compound precipitation, the Ti substrates were rinsed in distilled water and
dried at 45 ◦C for 24 h [39]. The substrates were then grouped according to the treatment:
(1) lithium-incorporated alkaline-treated Ti (Li_Ti) as a test group, (2) alkaline-treated Ti
(NaOH_Ti) as a test group, and (3) mechanically prepared micro-rough Ti (Control_Ti). All
surfaces to be tested were sterilised by immersion in 70% ethanol for 8 h followed by air
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drying for 24 h, and ultraviolet irradiation for 30 min each side. To observe the topography,
titanium substrates were mounted on a holder with double-sided conductive tape, coated
with 10 nm platinum, and at least 5 substrates of each group were viewed under SEM (SEM,
JSM- 7001F, Joel, Tokyo, Japan).

2.2. Culture of Human Gingival Fibroblasts

Primary human gingival fibroblast cells cultured at passages 4–6 were used for all
experiments. All subjects gave their informed consent for inclusion before they participated
in the study. The study was conducted in accordance with the Declaration of Helsinki, and
the protocol was approved by the University of Queensland Institutional Human Ethics
Research Committee (No. 2019000134). The cells were cultured at 37 ◦C and 5% CO2 in
Dulbecco’s modified Eagle’s medium (DMEM, Life Technologies, Scoresby, VIC, Australia)
supplemented with 10% foetal bovine serum (FBS from Gibco®, Clayton, VIC, Australia)
and 1% Penicillin-Streptomycin-Glutamine (Gibco®, Clayton, VIC, Australia). Cells were
grown in Corning® T75 Flasks (Thermo Fisher Scientific, Madrid, Spain), and upon 80%
confluency, detached using 0.04% trypsin, and then seeded at a density of 5000 cells
per Ti substrate in 12-well plates. The LIVE/DEAD assay® (Life Technologies, Scoresby,
VIC, Australia) was performed according to the manufacturer’s instructions to assess
cell viability. At predetermined timepoints, cultured samples were washed twice with
phosphate-buffered saline (PBS), then incubated with fluorescein diacetate (FDA/live;
1:200) and propidium iodide (PI/dead) diluted in PBS, for 20 min at 37 ◦C and 5% CO2.
Images of the stained cultures were obtained using confocal microscopy (Nikon Eclipse
Ti-E. Nikon Instruments Inc., Melville, NY, USA).

2.3. Cell Attachment and Spread Morphology

After 4, 24 h and 7 days incubation, cells on the different Ti substrates were fixed
for 20 min with 4% paraformaldehyde in PBS (PFA). After washing twice with PBS, cells
were permeabilised with Triton X-100 (0.5%) in PBS for 10 min, followed by incubation
in blocking buffer (10% Bovine Serum Albumin, Glycine, tween, and PBS) for 1 h. The
primary antibody for collagen I (1:250) was then added for one hour at room temper-
ature. After three PBS washes, secondary antibodies (Goat An-ti-Mouse/Rabbit Alexa
fluor 488,568), DAPI Staining Solution (ab228549) (1:500), and Phalloidin-California Red
Conjugate (1:1000) were added, and samples were incubated in the dark for 30 min. After
a final three PBS washes, images of each sample were obtained using confocal microscopy
(Nikon Eclipse Ti-E. Nikon Instruments Inc. USA), and image analysis was performed
using Image J (Fiji V1.53 g, National Institutes of Health, Bethesda, MD, USA).

For surface morphology and spreading observation, cultured samples were fixed
with 4% PFA for 20 min, washed twice in sodium cacodylate buffer and immersed in
glutaraldehyde for 30 min, rinsed twice in sodium cacodylate buffer, dehydrated in multiple
concentrations of ethanol (20–100%), then immersed in hexamethyldisilazane (HDMS) for
30 min. Finally, samples were left to fully dry before coating with 10 nm platinum for SEM
imaging (JSM-7001F, Jeol, Tokyo, Japan).

2.4. Cell Count

Ti substrates were placed in 24 wells containing 350 μL of proteinase K (Invitrogen,
Waltham, MA, USA; proteinase K/phosphate buffered EDTA (PBE) 0.5 mg/mL) for DNA
content analysis, and were incubated overnight at 56 ◦C. Following this, 100 μL from each
well was aliquoted in triplicate into a black 96-well plate, and 100 μL of the PicoGreen
(P11496, Invitrogen, Waltham, MA, USA) working solution was added. Plates were incu-
bated in the dark for 5 min before reading in a fluorescence plate reader (excitation 485 nm,
emission 520 nm).
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2.5. Gene Expression by Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Real-time qPCR was performed to determine changes in expression of selected genes
by HGFs on the Ti samples. Briefly, RNA was extracted from HGFs (5 pooled samples,
each sample 5000 cell/cm2) using TRIzol following the manufacturer’s instructions. Phase
separation was performed to generate the aqueous phase, followed by RNA precipitates.
cDNA synthesis was completed using a RevertAid First Strand cDNA Synthesis Kit (Ther-
moFisher Scientific, Scoresby, Australia). mRNA for collagen I, collagen III, CXCL8, IL_1β
and FN was measured according to comparative CT values using the StepOnePlusTM Real-
Time PCR system (Applied BiosystemsTM, ThermoFisher Scientific, Scoresby, Australia),
and normalised against two reference genes, hGAPDH and h18 s. Forward and reverse
primer sequences corresponding to each tested gene are listed in Table 1. Fold change
analysis was standardised relative to control.

Table 1. The experimented genes’ symbols and primer sequences in forward 5′-3′ and reverse 3′-5′, and length in base
pair (bp).

Gene Symbol Direction Primer Sequence Length (bp)

hCOL1A1 Forward CCTGCGTGTACCCCACTCA 115
Reverse ACCAGACATGCCTCTTGTCCTT 115

hCOL3A1 Fwd CCGTTCTCTGCGATGACATAA 142
Rev CCTTGAGGTCCTTGACCATTAG 142

hGAPDH Fwd TCAGCAATGCATCCTGCAC 117
Rev TCTGGGTGGCAGTGATGGC 117

h18S Fwd CAGACATTGACCTCACCAAGAG 99
Rev GAATCTTCTTCAGTCGCTCCAG 99

hIL_1B Fwd GGTGTTCTCCATGTCCTTTGTA 125
Rev GCTGTAGAGTGGGCTTATCATC 125

hCXCL8 Fwd GAGAGTGATTGAGAGTGGACCAC 112
Rev CACAACCCTCTGCACCCAGTTT 112

hFN1 Fwd CACAGTCAGTGTGGTTGCCT 68
Rev CTGTGGACTGGGTTCCAATCA 68

2.6. Extracellular Matrix Expression by Luminex

A Magnetic Luminex Screening Assay with a Human Premixed Multi-Analyte Kit
(LXSAHM, R&D Systems Luminex®, Minneapolis, MN, USA) was utilised to assay con-
ditioned media from human gingival fibroblast cultures for proteins of interest. The
customised 5-plex panel included primary growth and inflammatory analytes: fibroblast
growth factor (FGF)-2, matrix metalloproteinase (MMP)1, MMP8, vascular endothelial
growth factor (VEGF)-A, and platelet-derived growth factor (PDGF)-BB, and Multiplex-
ELISA was performed according to the manufacturer’s instructions. Triplicate supernatant
samples were assayed in duplicate. Culture media were used as a negative control for all
the samples.

2.7. Ethics Approval and Saliva Collection

Methicillin-sensitive Staphylococcus aureus (MSSA) was obtained from the American
Type Culture Collection (ATCC; 25923, Manassas, VA, USA) for growing mono-species
biofilms. Saliva from healthy volunteers was used for growing polymicrobial salivary
biofilms. It was conducted in accordance with the Declaration of Helsinki, and the proto-
col was approved by the University of Queensland Institutional Human Ethics Research
Committee (No. 2019001113). Informed consent was obtained from all subjects before
sample collection. Unstimulated saliva from six healthy individuals was collected us-
ing a protocol previously reported [43]. In brief, volunteers were requested to provide
approximately 2.0 mL of unstimulated saliva by spitting it into a 50 mL centrifuge tube.
The volunteers had good gingival health, as evidenced by oral examination, and had not
consumed antimicrobials and were not regularly using antimicrobial mouth rinses. The
collected saliva was pooled, mixed with equal amounts of 70% glycerol stock solution
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and vortexed. The resultant mix was aliquoted into 1.5 mL Eppendorf tubes and stored at
−80 ◦C until further processing.

2.8. Biofilm Development
2.8.1. Single Species Biofilms

S. aureus was inoculated into 10 mL of brain heart infusion broth (BHI) in a cen-
trifuge tube using Culti-Loops™, cultured overnight, then the tubes were centrifuged,
and the supernatant was discarded. The sedimented bacteria were resuspended in sterile
phosphate-buffered saline. The turbidity of the suspension was measured spectrophoto-
metrically (Thermo Scientific™ GENESYS 10S UV-Vis spectrophotometer). The turbidity
of the suspension was adjusted to approximately 1 × 107 CFU/mL of S. aureus, which was
subsequently used for culturing purposes.

2.8.2. Multispecies Biofilms

Similarly, 1.0 mL of unstimulated saliva was mixed with 9 mL of BHI broth for
overnight culturing. The inoculum was adjusted to 1 × 107 CFU/mL as above.

2.8.3. Biofilm Culture and Development

One millilitre of the bacteria was mixed with 8.0 mL BHI and 1.0 mL defibrinated
sheep’s blood, and kept in an anaerobic gas box inside a shaker (80 rpm) at 37 Celsius
overnight to allow bacterial growth. The following day, concentrations of bacteria were
determined spectrophotometrically. Approximately 1 × 107 CFU/mL of S. aureus or sali-
vary biofilm were cultured separately over sterile Li_Ti, NaOH_Ti, and control substrates
(n = 3) placed in a sterile 24-well tissue culture (Corning CLS3524, Thermo Fisher Scientific,
Scoresby, Australia). At the predetermined time points, samples were washed twice with
phosphate-buffered saline (pH 7.2) prior to further experiments.

2.9. Bacterial Metabolic Activity

An XTT (2,3-Bis-(2-methoxy-4-nitro-5-sulfophenyl)-2H-tetrazolium-5-carboxanilide)
kit (Sigma-Aldrich, Castle-Hill, NSW, Australia) was used to test bacterial metabolic activity.
In this process, 200 μg/mL of XTT was mixed with 25 μM of menadione. Ti substrates
(n = 4) were washed with PBS, immersed in 300 μL of the working solution, and then
incubated at 37 ◦C for 4 h. Three technical replicates of 100 μL were transferred to a 6-well
plate and read at 492 nm absorbance using a Tecan infinite 200 pro spectrophotometer
described previously [44,45].

2.10. Biofilm Viability Staining

Triplicate Ti samples were washed twice with phosphate-buffered saline (pH 7.2) at
24 and 72 h of culture before assessment of biofilm viability using a Filmtracer™ LIVE/DEAD™
Biofilm Viability Kit (Invitrogen, ThermoFisher Scientific, Scoresby, VIC, Australia) as previ-
ously described [46]. Following a 20 min incubation at room temperature (25 ◦C), the biofilms
were washed once for removal of unbound stain and two-dimensional images of the biofilms
captured using the confocal microscopy. Subsequently, 3D images were reconstructed with a
step size of 2.0 μm.

2.11. Statistical Analysis

GraphPad Prism version 9.0.0 (Windows, GraphPad Software, San Diego, CA, USA)
was used for all data analysis. All data are presented as mean and SD. The difference
between the control, NaOH_Ti, and Li_Ti groups was analysed using two-way ANOVA
with Tukey’s multiple comparisons test. The fold change for qPCR values was analysed
using the 2−ΔΔCt method. A p-value of <0.05 was considered statistically significant.
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3. Results

3.1. Surface Characterisation of Ti Substrates

The surface topography of Ti substrates was characterised using SEM and the images
are presented in Figure 1.

Figure 1. Top view SEM images showing the surface of Ti substrates. (a) Lithium-incorporated Ti (Li_Ti), (b) alkaline-treated
Ti (without Li) (NaOH_Ti) and (c) mechanically micro-machined Ti (Control_Ti). All scale bars represent 1 um.

3.2. HGF Viability and Early Proliferation

Live/dead staining of HGFs over the sample groups showed no cytotoxicity signs
after 1 and until 5 days of culture. DNA content was quantified after 4 and 24 h of culture
to assess HGFs proliferation. More cells were present for both the Li_Ti and NaOH_Ti
surfaces at 4 h compared to the control (untreated Ti) (Figure 2).

Figure 2. Viability and proliferation of human gingival fibroblasts. (a) Confocal microscopy images of
Live-Dead staining over Li_Ti, NaOH_Ti and Control_Ti substrates at day 1, (b) analysis of PicoGreen
assay for DNA content. * p < 0.05.

3.3. HGF Attachment and Morphology

Three-dimensional confocal microscopy images were used to view and analyse the
HGF nuclei and actin filaments (Figure 3a–f) at 4 and 24 h post-seeding. Most cells were
attached at 24 h in all groups, with no significant differences in nuclei count (Figure 4a).
The measurements for the length and the aspect ratio (major axis of a cell/minor axis)
were performed using ImageJ software (1.53f51, Wayne Rasband, Bethesda, MD, USA)
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(Figure 4b,c). Scanning electron microscopy images (Figure 3g–i) taken at 24 h confirmed an
elongated and narrow cellular arrangement in the control group (spindle shape), compared
to a wider, more branched appearance (stellate cells) of the HGFs in the treated Ti groups:
Li_Ti and NaOH_Ti.

 

Figure 3. Human gingival fibroblasts’ attachment. (a–f) Nuclei (blue) and actin F (red) staining using confocal microscopy
images of HGFs at 4 and 24 h, (g–i) SEM images of the HGF over Ti groups, ×1000 magnification.

3.4. HGF Proliferation and Gene Expression of after 7 Days of Culture

After a longer incubation period (7 days), cells produced a denser and more irregular
filament network on Li_Ti samples than other groups (Figure 5a). Both Li_Ti and NaOH_Ti
surfaces induced significantly higher HGF proliferation than the control group (Figure 5b).
Real-time PCR analysis (Figure 5c) demonstrated significantly increased expression of
collagen I in both treated Ti groups compared to the control, and approximately an 8-fold
increase in collagen I expression by HGFs on the Li_Ti surface compared to NaOH_Ti.
Similarly, fibronectin was significantly increased in both treated Ti groups, with a six-fold
increase in the Li_Ti compared to the NaOH_Ti group. The expression of collagen III,
CXCL8 (interleukin 8) and IL1β (interleukin-1-beta) was higher in the Li_Ti and NaOH_Ti
than in control, although not reaching statistical significance.
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Figure 4. Cell morphology analysis at 4 and 24 h culture. (a) Nuclei counts, (b) cell length, and (c) length-to-width ratio
(Aspect Ratio). Three-dimensional confocal microscopy images in Figure 3 were used for the analysis, * p < 0.05.

Figure 5. Human gingival fibroblasts characterisation 7 days after culture. (a–c) Confocal microscopy images of HGF at
day 7 showing nuclei (blue) and Actin F (red) staining, (d) PicoGreen assay for DNA content, (e–i) HGF gene expression
showing the fold change of COL-I, COL-III, CXCL8, fibronectin and IL1β. Dotted lines refers to the reference value * p < 0.05;
# p < 0.01.

3.5. Analysis of Selected HGF-Secreted Proteins

Multiplex ELISA of conditioned culture media at 7 days (Figure 6) showed a significant
increase in the concentration of FGF-2 in HGF cultures with Li_Ti and NaOH_Ti substrates,
compared to the untreated control Ti (Figure 6a). Moreover, a significant decrease in MMP8
(Figure 6b) and VEGF (Figure 6e) was shown on days 3 and 7 compared to the control. No
significant change was detected in MMP1 (Figure 6c) or PDGF-BB (Figure 6d). A summary
of the in vitro assessments on HGFs bioactivity is illustrated in Table 2.
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Figure 6. Multiplex ELISA quantification of conditioned media concentrations of FGF-2 (a), MMP-8 (b), MMP-1 (c),
PDGF-BB (d) and VEGF (e) from HGF cultures with Ti substrates. * p < 0.05.

Table 2. Summary of the bioactivity assessments of varied Ti implants.

Figure Test/Assay Time Points Description Inference

Figure 2a Livedead staining D1 Viability of cells Live cells were observed in all
groups ( no signs of cytotoxicity)

Figure 2b Picogreen D1 Early cell proliferation
measured by DNA content

Some significance in DNA content
was observed

Figure 3a–f Immunofluorescence
staining (DAPI, phalloidin) 4 h, D1 Early visualization of

nuclei and actin filaments

Generated images (at least
3 samples per group) were used
for the analysis showed in Figure 4

Figure 3g–i Scanning
electron microscopy D1 Detailed information of the

surface and attached cells
Closer visualization of
cellular morphology

Figure 5a–c Immunofluorescence
staining (DAPI, Phalloidin) D7 1 week old visualization of

nuclei and actin filaments
Some difference of the filaments
density was observed

Figure 5d Picogreen D7
1 week old cell
proliferation measured by
DNA content

Significance of DNA content
between groups

Figure 5e–i Real time PCR D7 Quantification of mRNA
levels of selected primers

Significant increase in the
expression of COL 1 and
Fibronectin between Li_Ti
and NaOH_Ti

Figure 6 Multiplex-ELISA D7
Quantification of protein
concentrations in the
culture media

Significant difference in protein
concentration between treated
titanium groups vs.
control titanium
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3.6. Analysis of Bacterial Metabolic Activity

For single-species biofilms, the metabolic activity of S. aureus in the Li_Ti group was
the lowest after 1 and 3 days of culture and exhibited a significant difference to the alkaline
group on the first-day post-culture. NaOH_Ti demonstrated slightly more bacterial activity
than the control group on the first day. (Figure 7a). Metabolic activity of the salivary
biofilms was significantly lower in Li_Ti than the control on days 1 and 3, and also showed
remarkably fewer active bacteria than NaOH_Ti on day 3. (Figure 7c).

 

Figure 7. Metabolic activity (a,c), and live (green)/dead (red) staining (b,d) of single species (S. aureus)
and multispecies (saliva) biofilm on three Ti substrates (Li_Ti, NaOH_Ti and Control_Ti) after
1 and 3 days of culture. * p < 0.05 by two-way ANOVA with Tukey’s multiple comparison test.

3.7. Biofilm Viability

Three-dimensional sections from stained samples were imaged under confocal mi-
croscopy to view live and dead single species and salivary biofilms over 1- and 3-days
post-culture. Live/dead staining of single species (S. aureus) biofilms showed very few
living bacterial cells in Li_Ti compared to the other groups on day 3 (Figure 7b). Similarly,
salivary biofilms exhibited fewer viable bacteria for both Li_Ti and NaOH_Ti than the con-
trol surface, with the Li_Ti surface being the least favourable for viable bacteria, as shown
by the red-stained areas 3 days post-culture compared to the control surface (Figure 7d).

4. Discussion

This study aimed to explore the effects of ECM-mimicking lithium-doped Ti nanos-
tructure [39], on human gingival fibroblasts and oral biofilms. Previous studies have
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focused on the interaction between nanostructures of Ti surface and osteogenic cells in
the context of osseous healing and osseointegration [9–12]. The current study focused
on biocompatibility and anti-microbial properties of the Li-doped Ti surface from the
peri-implant STI perspective.

4.1. Gingival Fibroblasts Response to the Surface

We hypothesized that the ECM-mimicking surface, doped with lithium ions [39],
could positively influence the interaction of oral soft connective tissue cells. HGFs were
chosen for the study, as they are the primary constituent cells in peri-implant connective
tissue, responsible for forming the soft tissue seal against the oral environment [6]. HGFs
produce adhesion proteins and ECM molecules essential in the soft tissue healing process,
tissue attachment and formation at the transmucosal level [47].

Previous studies have shown that HGFs display enhanced proliferation on nanomodi-
fied substrates compared to micro-textured or smooth Ti groups [12,20,23]. The current
results of increased viability actively formed an actin cytoskeleton, and the DNA produc-
tion at a higher rate in HGFs cultured with nano-textured Ti substrates (NaOH_Ti and
Li_Ti) (Figures 2 and 3) corroborate these studies. The biocompatibility of the Li_Ti surface
has been demonstrated previously by it promoting adhesion and growth of other cell types
such as osteoblasts [39]. The nanowire-like mesh on the Ti surface with high resemblance
to the collagen fibril arrangement in the ECM of native bone tissues considerably increased
osteoblast viability, metabolism, adhesion, and proliferation. Isoshima et al. [48] used Li
ions to create positive charges on the Ti surface for increased hydrophilicity, resulting in
increased osteoblast attachment to the lithium charged surface, further supporting the
potential benefit of these approaches for future clinical applications.

ECM formation is an important biological event for cellular attachment during the
early phase of healing. After adhesion to the ECM surface, fibroblasts produce adhesion
proteins such as collagen and fibronectin to ensure its structural support [49–51]. Collagen
I is the main collagen type constituting the periodontal and peri-implant connective tissue
structure [52]. In previous studies, Ti surfaces tuned with nanopores influenced the gene
expression of collagen I [20,53]. Here, COL-I gene expression was shown to be significantly
upregulated on the Li_Ti surface compared to both the NaOH_Ti and control-Ti surfaces
(Figure 5c). A significant increase in the expression of fibronectin for the Li_Ti surface
was also observed. Elevated fibronectin levels as an indicator of effective adhesion are
well-established in the literature [54–57]. Indeed, it is the one glycoprotein produced by
fibroblasts that regulates the adhesion process [58], acting as a “glue” for cell attachment.
Together, these findings strongly support promotion of fibroblast metabolic activity by
Li-induced surface nano-topography.

In our secretome analysis, the levels of VEGF and MMP-8 produced by HGFs cultured
with both Li_Ti and NaOH_Ti substrates were significantly reduced compared to control
(Figure 6). In previous tissue degradation models, VEGF inhibition was related to the
reduction in collagen degradation [59], suggesting that the modified surfaces in the current
study could potentially reduce collagenase activities [60]. Moreover, the level of FGF-2
secretion was significantly increased in the Li_Ti and NaOH_Ti cultures. FGF-2 is well
known for its function in soft tissue healing and regeneration [61–63]. It is thus plausible
that both the nano-scale topographies used in the present study could positively influence
collagen production while reducing the expression of metalloproteinases.

4.2. Bacterial Activity over the Surface

The biofilm is considered the primary aetiological factor in the development and
progression of peri-implant disease [4]. Complete eradication of pathogenic microbes
in the oral environment is neither feasible nor realistic; however, considerable effort has
been placed into developing surfaces that can restrain bacterial adhesion and growth,
hence disturbing biofilm formation [64,65]. This is of clinical importance as the implant-
transmucosal interface is where biofilm initially forms.
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Our bacterial study was conducted using a single strain of bacteria (S. aureus) and
multi-species bacteria collected from saliva. S. aureus is a commonly found bacterium on the
skin and plays an essential role in the causation of medical device/implant-related biofilm
infections [66,67]. The behaviour of mono-species biofilms in the lab is more predictable
and controlled compared to polymicrobial biofilms. Hence, we initially chose to grow
mono-species biofilms. However, most biofilm infections are polymicrobial, especially
oral infections. So, the antimicrobial properties of the surfaces were evaluated against
polymicrobial biofilms by using pooled saliva [68,69]. Quantitative data from our XTT
experiment indicated that the bioinspired Li_Ti surface significantly reduced the early
bacterial activity of both single and multi-species biofilm. Similarly, viability data for both
microbial environments were consistent, showing a significant reduction in the bacterial
growth in the Li_Ti group. Our results are in line with previous studies [17,18,33], in
which nanoscale modifications on Ti substrates showed either bacteriostatic or bactericidal
ability. Moghanian [70] reported that increased Li concentration in bioactive glass led
to a prominent decrease in Staphylococcus aureus activity. This was compatible with our
bacterial activity study, where the Li-containing substrate exhibited increased suppression
of S. aureus activity compared to the alkaline group (Figure 7a). Moreover, the metabolic
activity of the multi-species salivary biofilm was significantly reduced on the Li_Ti surface
compared to NaOH_Ti (Figure 7c). Importantly, the present study is the first to investigate
the antibacterial effect of Li on a multi-species biofilm model.

In addition to HGFs, peri-implant soft tissue is composed of other cell types including
epithelial cells and innate immune cells, and hence the current work’s sole focus on HGF
response to the modified Ti substrates may be considered a study limitation. It would be of
importance to investigate all cell responses to the Li_Ti modified surface from a clinical
perspective. Our bacterial culture study being conducted under a static condition is a
second limitation. The flow of saliva in the oral cavity, as simulated in a dynamic model,
may influence bacterial activity and survival on Ti surfaces not accounted for in our current
static model. Nevertheless, the current work is the first to demonstrate the antibacterial
characteristics of the nano-modified Ti surface by using multi-species biofilm, rather than
single species bacteria alone.

Biocompatibility and antibacterial effects of the nano-modified Li_Ti surface should
be further investigated in an in vivo environment, preferably in an oral environment, to
provide a better understanding of the biological and microbiological mechanisms of the
surface, therefore allowing the exploitation of its potential for clinical application.

5. Conclusions

A dental implant surface capable of augmenting the function of gingival fibroblasts
and reducing the adhesion of bacteria may enable the early establishment of STI and
increase long-term survival. Remarkably, the Li-doped Ti (Li_Ti) surface resulted in up-
regulated expression of COL-I and fibronectin compared to the Ti nanostructure without
lithium (NaOH_Ti). In addition, the Li_Ti surface promoted an increase in the concen-
tration of growth factors (FGF2), while significantly reducing collagenase (MMP8) and
VEGF secretion compared to the control Ti surface. Concerning its effects on bioactivity,
the bioinspired Li_Ti surface can augment HGF cellular attachment, proliferation, collagen
formation, and extracellular matrix deposition. As for antibacterial activity, both treated Ti
(nanoscale modified topographies) surfaces significantly reduced bacterial adhesion and
growth compared to the untreated smooth machine polished (control) Ti surface. These
antibacterial effects were more evident at day 3 for the Li_Ti surface compared to the
control group. As such, it may be concluded that the bioinspired Li-doped Ti surface can
promote HGF bioactivity while suppressing bacterial adhesion and growth. This is of
clinical importance in terms of improved STI during the maintenance phase of implant
treatment. Further in vivo studies are warranted to investigate Li-doped surfaces’ effects
on the host immune responses and tissue formation quality.
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Abstract: Implant surfaces with a nanoscaled pattern can dominate the blood coagulation process
resulting in a defined clot structure and its degradation behavior, which in turn influence cellular
response and the early phase of osseointegration. Long non-coding (Lnc) RNAs are known to
regulate many biological processes in the skeletal system; however, the link between the LncRNA
derived from the cells within the clot and osseointegration has not been investigated to date. Hence,
the sequence analysis of LncRNAs expressed within the clot formed on titania nanotube arrays
(TNAs) with distinct nano-scaled diameters (TNA 15 of 15 nm, TNA 60 of 60 nm, TNA 120 of 120
nm) on titanium surfaces was profiled for the first time. LncRNA LOC103346307, LOC103352121,
LOC108175175, LOC103348180, LOC108176660, and LOC108176465 were identified as the pivotal
players in the early formed clot on the nano-scaled surfaces. Further bioinformatic prediction results
were used to generate co-expression networks of LncRNAs and mRNAs. Gene Ontology and Kyoto
Encyclopedia of Genes and Genomes pathway analyses revealed that distinct nano-scaled surfaces
could regulate the biological functions of target mRNAs in the clot. LOC103346307, LOC108175175,
and LOC108176660 upregulated mRNAs related to cell metabolism and Wnt, TGF-beta, and VEGF
signaling pathways in TNA 15 compared with P-Ti, TNA 60, and TNA 120, respectively, whereas
LOC103352121, LOC103348180, and LOC108176465 downregulated mRNAs related to bone resorp-
tion and inflammation through negatively regulating osteoclast differentiation, TNF, and NF-kappa
signaling pathways. The results indicated that surface nano-scaled characteristics can significantly
influence the clot-derived LncRNAs expression profile, which affects osseointegration through multi-
ple signaling pathways of the targeted mRNAs, thus paving a way for better interpreting the link
between the properties of a blood clot formed on the nano-surface and de novo bone formation.

Keywords: implant; nano-scaled surface; blood clot; LncRNA; osseointegration; bone regeneration

1. Introduction

Osseointegration indicates a direct anchorage of a biomedical metal implant onto the
host bone, allowing the newly formed bone to be attached directly to the surface of the
implant [1]. Osseointegrated implants show promise to replace damaged joint tissues,
alleviate pain, and restore bone function. However, implant loosening contributes to
more than half of replacement failures due to the poor osseointegration between host
bone and implant [2]. Fulfilled osseointegration requires rapid bone formation with
a qualified volume, ensuring the incorporation and longevity of the implant [3]. The
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commercial pure titanium-based implant failed to satisfy this requirement due to its
bioinert lacking bioactivity [4]. Surface modification in nano-scale on titanium-based
implant has been verified to promote osseointegration [5,6]. However, the underlying
mechanism pertaining to the nano-scaled surface-mediated osseointegration is not well-
understood. Osseointegration is a sophisticated process that initiates immediately with
clot formation on the implant surface. The blood clot has been recognized as a natural
healing scaffold consisting of fibrin fiber structure and myriad immune cells including
T cells, B cells, macrophages, and neutrophils [7,8]. The clot exerts a pivotal role in
the manipulation of osseointegration, as it can modulate the early immune response
and osteogenesis/angiogenesis through osteoimmunomodulation [8]. Efforts have been
conducted to demonstrate the role of mRNAs within the clot on osseointegration in our
recent study [8]. However, more is to be explored based on the recent advances in the
potential role of the Long non-coding RNAs (LncRNAs) on cell differentiation, especially
these within the clot on the osseointegration.

LncRNAs, whose length of the transcripts ranges from 200 nt to 100 kb, are emerging
pivotal factors in the regulation of gene transcription and thus affect various aspects of
cellular homeostasis, including proliferation, survival, migration, and genomic stability [9].
Numerous studies have demonstrated that the expression profile of LncRNAs is related
to tissue regeneration and disease development, thus the LncRNAs profiling study will
help to unravel their underlying functions [10]. However, the role of LncRNAs in the
skeletal system and the regulation of osseointegration remain largely unclear to date.
Specifically, no report was made on the expression profiles of LncRNAs in the early bone
healing clot. LncRNA is multifaceted and varies differently from its locations, binding
sites, and acting modes when exerting its biological function [11]. The regulating role of
LncRNAs is not solitary but instead occurs through a large complex network that involves
mRNAs, miRNAs, and proteins [12]. Based on our previous study [8], we demonstrated
the nano-scaled surfaces could significantly influence the osteoimmunological reaction,
angiogenesis, and osseointegration. In this study, we further investigated the expression of
LncRNAs in blood clot formed on different nano-scaled surfaces and their potential impact
on the osseointegration.

The nanostructured titania nanotube array (TNA) was chosen as the nano-scaled
surfaces on the titanium implant due to the advantageous features of proven biocompati-
bility, thermal stability, and corrosion resistance [13]. Previous studies have demonstrated
that surface modification of TNAs conferred the pristine titanium implant with enhanced
osteogenesis, angiogenesis, and potentially induced favorable osseointegration [13,14].
However, osseointegration is a sophisticated process that involved multiple cells as afore-
mentioned and the inconsistency of relevant in vitro/vivo studies requires a deeper in-
vestigation and clarification. Herein, TNAs with three distinct diameters (15, 60, and 120
nm) were fabricated aiming to unravel whether the distinct nano-surfaces can influence
the LncRNAs profiles within the clot. Moreover, we specifically focused on the potential
effect of the LncRNAs expression on the early phases of osseointegration, that is, whether
the different LncRNAs profiles can a distinct osteoimmunomodulation effect on confer
the nano-surfaces.

2. Materials and Methods

2.1. Surface Modification and Characterization of the Ti Implant

Ti implants shaped in rod (99.6% purity, the length of 5.0 mm, the diameter of 3.0 mm)
were introduced for the in vivo study. The implants were ultrasonically cleaned in acetone,
ethanol, and ultrapure water sequentially before the anodization. The titania nanotube
arrays with different diameters on the surfaces were fabricated via an electrochemical
cell (IT6120, ITECH, Shanghai, China) with a two-electrode configuration. The implants
were used as the anode electrode while the platinum foil was set as the counter electrode.
Electrochemical treatments were carried out in ethylene glycol solution containing 0.5 wt%
ammonium fluoride (NH4F), 5 vol% methanol, and 5 vol% distilled water. The applied
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potentials were 5 V for 2 h, 30 V for 1 h, and 60 V for 10 min separately at room temperature.
Afterwards, the as-prepared implants with distinct nano-scaled surfaces were ultrasonic-
cleaned in ethanol for 10 min and air-dried. The surface morphology of the implants
was characterized by a field-emission scanning electron microscope (SEM, JSM-7001F,
Tokyo, Japan).

2.2. In Vitro Observation of the Platelet Activation on the Nano-Scaled Surfaces

Blood was collected in 3.8% sodium citrate (9:1, v/v) from healthy aspirin-free donors
following informed consent at the Australian Red Cross Blood Bank. All procedures were
carried out under approval by the University Human Research Ethics Committee at the
Queensland University of Technology (1500000918). Citrated blood was centrifuged at
1200 rpm for 10 min and the platelet-rich plasma (PRP) was collected using the 1.5 mL EP
tubes. To investigate the platelet activation, the implants were placed in a 96-well plate
(Corning, St. Louis, MO, USA) and 50 μL PRP was dropped on each specimen. The plate
was incubated at 37 ◦C for 30 min. Then the activation of the platelets on the implants was
observed by SEM after gradient elution via ethanol.

2.3. In Vivo Clot Observation on the Nano-Scaled Surfaces

The animal surgery was done consistent with protocols approved by the Animal
Research Committee of Taiyuan University of Technology (TYUT202001003). A total of
8 New Zealand rabbits (male, 9 to 10 months) were used. The animals were sedated
with 2 mg/kg intramuscular midazolam, and general anesthesia was conducted with an
intramuscular injection of 50 mg/kg ketamine and 15 mg/kg xylazine. With animals under
local anesthesia with oxybuprocaine 0.4%, four cylindrical titanium implants covered with
nanotubes were placed on each distal surface of the bilateral femoral condyles of an animal.
After 24 h of implantation, the animals were euthanized, and the implants were harvested
immediately and then fixed in 4% PFA. The clot morphology was observed by SEM after
the process with the standard procedures.

2.4. Histological Analysis

After 8 weeks of implantation, the implants were dehydrated and embedded in the
resin. EXAKT saw was introduced to process the specimens into several sections with
200 μm in thickness. Afterwards, 50 μm sections were grinded then polished through the
EXAKT grinder (EXAKT 400 CS, Norderstedt, Germany). The sections were then stained
with Toluidine blue. Three histological sections were evaluated via the Leica microscope
and quantified by Image J.

2.5. LncRNAs Profile of the Clot on the Nano-Scaled Surfaces

Three days after implantation, the other 4 animals were euthanized, and the clot
was collected from the surface of the specimens for total RNA extraction using Trizol
(Invitrogen). Subsequently, total RNA was qualified and quantified using a NanoDrop
and Agilent 2100 bioanalyzer (Thermo Fisher Scientific, MA, USA). For the Lnc-RNA
profile detection, ribosomal RNA (rRNA) was removed using target-specific oligos and
RNase H reagents were used to deplete both cytoplasmic (5S rRNA, 5.8S rRNA, 18S
rRNA, and 28S rRNA) and mitochondrial ribosomal RNA (12S rRNA and 16S rRNA) from
total RNA preparations. Following SPRI beads purification, the RNA was fragmented
into small pieces using divalent cations under elevated temperature. The cleaved RNA
fragments were copied into the first-strand cDNA using reverse transcriptase and random
primers, followed by second-strand cDNA synthesis using DNA Polymerase I and RNase
H. This process would remove the RNA template and synthesizes a replacement strand,
incorporating dUTP in place of dTTP to generate ds cDNA. These cDNA fragments then
had the addition of a single ‘A’ base and subsequent ligation of the adapter. After UDG
treatment, the incorporation of dUTP quenched the second strand during amplification.
The products were enriched with PCR to create the final cDNA library. The libraries were
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assessed quality and quantity using two methods: check the distribution of the size of
the fragments using the Agilent 2100 bioanalyzer, and quantify the library using real-time
quantitative PCR (QPCR) (TaqMan Probe, St. Louis, MO, USA). The qualified libraries were
sequenced pair end on the BGISEQ-500 System. The sequencing platform of BGI-500 (BGI,
Shenzhen, China) was used to obtain the LncRNA gene expression profiles. Quality control
checks were performed to confirm sequencing saturation and gene mapping distribution.
Fragments per Kilobase of transcript per Million mapped reads (FPKM) value were used
to express relative gene abundance. Different LncRNAs in comparison with the nanotubes
with a diameter of 15 nm were analyzed. RNAplex was used to reveal the potential targeted
mRNAs of the LncRNAs. The target mRNAs were then subjected to enrichment analysis
of GO functions and KEGG pathways.

2.6. Statistical Analysis

The quantitative data were displayed as means ± standard deviation (SD). The data
were statistically analyzed using the software SPSS. Statistical analysis was performed
using one-way ANOVA methodology. Significance and high significance were indicated at
p values < 0.05 and 0.01, respectively.

3. Results and Discussion

The surface morphology of P-Ti and TNAs is shown in Figure 1a. Highly ordered TNAs
with distinct diameters are obtained after one-step anodization. The average diameter of
TNAs is 15, 60, and 120 nm, thus are denoted as TNA 15, TNA 60, and TNA 120 respectively.

 
Figure 1. (a) Scanning electron microscope (SEM) images of the surface of P-Ti and TNAs. (b) Platelet activation (yellow
arrows) on the surfaces. (c,d) Clot and fiber structures on the surfaces.
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Figure 1b displays the platelet morphology adhered to the surfaces of the implants
after 30 min of incubation. TNA 15 attracts more platelet adhesion and enables a significant
activation morphology manifested by a huge extension area with abundant lamellipodia
and filopodia in comparison with that on other groups.

After implanted for 3 days, the clot morphology on the surfaces of the implants is
shown in Figure 1c and detailed information is displayed in Figure 1d. Clots with a much
more compact and thinner fiber network formed on TNA 15, while a structure with larger
pores with thicker fibers was observed on other groups, especially on TNA 120.

Figure 2 discloses the detailed information of the in vivo clot features on TNA 15
after 24 h of implantation. Abundant activated immune cells can be observed within
the clot (Figure 2a); meanwhile, numerous platelets with a huge degree of activation
are also seen near the immune cells (Figure 2b). These results are consistent with the
aforementioned in vitro outcome that TNA 15 enables a significant activation of immune
cells and platelet activity [8].

 
Figure 2. (a) SEM images of the immune cell (yellow arrows) morphology within the clot on the specimens. (b) SEM images
of the platelet activations (red arrows) within the clot on the specimens. The right image is magnified from the left one.

In vivo osseointegration results of the modified implant are shown in Figure 3.
Figure 3a displays the representative images of the bone-to-implant interface and peri-
implant bone tissue stained with the toluidine blue. Similarly, significantly elevated BIC
can be observed near the surface of TNA 15 from the images and further verified via the
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quantitative results in Figure 3b while compared with that of other groups [8]. Accordingly,
TNA 15 was chosen as a reference group in the following study to investigate the regulation
effect of the LncRNA profile within the clot.

Figure 3. (a) Representative histological images of peri-implant bone tissue. (b) Quantitative results of BIC. * p < 0.05
compared to P-Ti, & p < 0.05 compared to TNA 60, ** p < 0.01 compared to P-Ti, ## p < 0.01 compared to TNA 15.

Figure 4 depicts the different LncRNAs expression profiles among groups. A total of
508 LncRNAs are significantly upregulated and 61 LncRNAs are downregulated of TNA
15 when compared with P-Ti (Figure 4a,b). 250 LncRNAs are significantly upregulated and
28 LncRNAs are downregulated of TNA 60 when compared with TNA 15 (Figure 4c,d).
Similarly, 92 LncRNAs are significantly upregulated and 205 LncRNAs are downregulated
of TNA 120 when compared with TNA 15 (Figure 4e,f).

Figure 4. Visualization of different LncRNA expression profiles with heatmap. (a) P-Ti vs. TNA 15. (b) TNA 60 vs. TNA 15.
(c) TNA 120 vs. TNA 15. Quantitative results of the LncRNA expression profiles. (d) P-Ti vs. TNA 15. (e) TNA 60 vs.
TNA 15. (f) TNA 120 vs. TNA 15.
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Figure 5 indicates key LncRNAs involved in the regulation of LncRNA-mRNA among
groups. LOC103346307, LOC108175175, and LOC108176660 targeted most of the up-
regulated mRNAs in TNA 15 compared with P-Ti, TNA 60, and TNA 120, respectively,
whereas LOC103352121, LOC103348180, and LOC108176465 targeted most of the downreg-
ulated mRNAs.

 

Figure 5. (a) Key LncRNA identified within the upregulated profile in TNA 15 vs. P-Ti. (b) Key LncRNA identified within
the downregulated profile in TNA 15 vs. P-Ti. (c) Key LncRNA identified within the upregulated profile in TNA 15 vs.
TNA 60. (d) Key LncRNA identified within the downregulated profile in TNA 15 vs. TNA 60. (e) Key LncRNA identified
within the upregulated profile in TNA 15 vs. TNA 120. (f) Key LncRNA identified within the downregulated profile in
TNA 15 vs. TNA 120.

LncRNAs targeted mRNAs were introduced to KEGG pathway enrichment anal-
ysis (Figure 6) and the detailed gene expression in the pathways is shown in Figure 7.
Figure 6a,b indicate that upregulated mRNAs in group TNA 15 vs. P-Ti were significantly
enriched in growth metabolism-related signaling pathways such as the Focal adhesion,
PI3K-Akt signaling pathway, Regulation of actin cytoskeleton, cAMP signaling pathway,
Jak-STAT signaling pathway, and platelet activation, while the downregulated mRNAs are
significantly enriched in inflammation-related signaling pathways such as the Chemokine
signaling pathway, TNF signaling pathway, Toll-like receptor signaling pathway, C-type
lectin receptor signaling pathway, T cell receptor signaling pathway, and IL-17 signal-
ing pathway. Figure 6c,d indicate that upregulated mRNAs in group TNA 15 vs. TNA
60 were significantly enriched in growth metabolism-related signaling pathways such
as the Wnt signaling pathway, Hippo signaling pathway, PI3K-Akt signaling pathway,
Signaling pathways regulating pluripotency of stem cells, cAMP signaling pathway, and
Jak-STAT signaling pathway, while the downregulated mRNAs were significantly enriched
in inflammation-related signaling pathways such as the mTOR signaling pathway, p53
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signaling pathway, Apoptosis, Fc gamma R-mediated phagocytosis, Toll-like receptor
signaling pathway, and B cell receptor signaling pathway. Figure 6e,f indicate that up-
regulated mRNAs in group TNA 15 vs. TNA 60 were significantly enriched in growth
metabolism-related signaling pathways such as the Wnt signaling pathway, Adherens
junction, TGF-beta signaling pathway, Signaling pathways regulating pluripotency of stem
cells, Hippo signaling pathway, and MAPK signaling pathway, while the downregulated
mRNAs were significantly enriched in inflammation-related signaling pathways such as
the Chemokine signaling pathway, Fc gamma R-mediated phagocytosis, T cell receptor
signaling pathway, Cellular senescence, and Inflammatory mediator regulation of TRP.

Figure 6. (a) KEGG pathway enrichment analysis of the upregulated LncRNAs targeted mRNAs within the comparison
TNA 15 vs. P-Ti. (b) KEGG pathway enrichment analysis of the downregulated LncRNAs targeted mRNAs within the
comparison TNA 15 vs. P-Ti. (c) KEGG pathway enrichment analysis of the upregulated LncRNAs targeted mRNAs within
the comparison TNA 60 vs. P-Ti. (d) KEGG pathway enrichment analysis of the downregulated LncRNAs targeted mRNAs
within the comparison TNA 60 vs. P-Ti. (e) KEGG pathway enrichment analysis of the upregulated LncRNAs targeted
mRNAs within the comparison TNA 120 vs. P-Ti. (f) KEGG pathway enrichment analysis of the downregulated LncRNAs
targeted mRNAs within the comparison TNA 120 vs. P-Ti.

Notably, WNT, TGF-beta, and VEGF signaling pathways had more synchronized
appearances in TNA groups when compared with others. During osseointegration, Wnt
signaling, which plays a pivotal role in MSC lineage commitment and progression, was
implicated in proximal-distal outgrowth and dorsoventral limb patterning and, later,
in osteogenesis mostly through the canonical pathway but also involving noncanonical
elements [15]. Inhibition of WNT signaling resulted in low bone mass in osteoporosis-
pseudoglioma syndrome [15]. Additionally, a total of 23 genes were significantly enhanced
when compared with P-Ti. TGF-beta signaling is another crucial pathway evidenced to
regulate bone mass and quality and loss of TGF-beta signaling also reduce bone matrix
mineralization [16]. Besides the enhancement of de novo bone formation, angiogenesis at
the bone-implant interface is recognized as a prerequisite for a fulfilled osseointegration [17].
VEGF signaling is capable of activating eNOS that is responsible for the production of
vascular nitric oxide (NO), which consequently contributes to neovascularization [18].
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Similarly, downregulation of osteoclast differentiation, TNF, and NF-kappa signaling
pathways was identified in TNA groups when compared with others.

10,000

Figure 7. (a) Upregulated genes in the Wnt, TGF-beta, and VEGF signaling pathways within the comparison TNA 15 vs.
P-Ti. (b) Downregulated genes in the osteoclast differentiation, TNF, NF-kappa signaling pathways within the comparison
TNA 15 vs. P-Ti. (c) Upregulated genes in the WNT, TGF-beta, and VEGF signaling pathways within the comparison TNA
15 vs. TNA 60. (d) Downregulated genes in the osteoclast differentiation, TNF, NF-kappa signaling pathways within the
comparison TNA 15 vs. TNA 60. (e) Upregulated genes in the Wnt, TGF-beta, and VEGF signaling pathways within the
comparison TNA 15 vs. TNA 120. (f) Downregulated genes in the osteoclast differentiation, TNF, and NF-kappa signaling
pathways within the comparison TNA 15 vs. TNA 120.
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Osteoclasts are bone-resorbing multinucleated cells derived from hematopoietic
precursors that are formed in the bone marrow through osteoclast differentiation of
macrophages [19]. Osteoclasts break down de novo bone formation by secreting pro-
teases, a process is known as bone resorption via degrading type I collagen and promote
osteoclastogenesis [20]. The TNF signaling pathway functions in vivo to increase osteoclast
precursors, as well as indirectly increasing osteoclastogenesis through augmentation of
RANK expression on osteoclast precursors, plays a major role in promoting osteoclastogen-
esis and bone resorption [21]. The NF kappa signaling pathway is a family of transcription
factors that have been comprehensively studied in the promotion of osteoclasts func-
tion [22]. Increasing evidence suggested that the pathway activation decreases osteogenic
differentiation and suppresses de novo bone formation [23]. Additionally, the NF kappa
signaling pathway plays an important regulatory role in the developmental process of
inflammation in combination with its downstream inflammatory cytokines interleukin-6
(IL-6), interleukin-1β (IL-1β), and TNF-α, while suppression of inflammation is benefi-
cial to osseointegration [24]. Accordingly, the LncRNAs identified herein contribute to
the fulfilled osseointegration of TNA 15 through activation of Wnt, TGF-beta, and VEGF
signaling pathways and the suppression of osteoclast differentiation, TNF, and NF-kappa
signaling pathways.

In our previous study, TNA 15 was shown to be highly promising for enhancing os-
seointegration through manipulating a fulfilled osteoimmune microenvironment by using
the specialized thinner, porous blood clot fibrous network and the releasing of growth fac-
tors (PDGF-AB, TGF-beta) [8]. Herein, we depicted the results from a different viewpoint
and deepened the current understanding of the osseointegration (Figure 8). Firstly, the
study unprecedently indicated that TNA 15 can manipulate the expressions of LncRNAs
within the clot, and thus highlighted that single nano-surfaces can significantly regulate
LncRNAs profiles. Then, it was found that among hundreds of identified LncRNAs in each
group, there are always several key LncRNAs that play a pivotal role in osteoimmunomod-
ulation through regulation of multiple signaling pathways with their targeting mRNAs.
Moreover, the study advanced the current comprehension of LncRNAs which have a pow-
erful function in regulating de novo bone formation, and thus, provided a new paradigm
for surface modification of the implantable materials to enhance osseointegration. The
further study shall pay attention to deepen the understanding of the LncRNA modulated
osteoimmune response during bone formation. Additionally, an in vitro study using larger
size specimens is of interest to verify the in vivo effect of the blood clot-derived LncRNAs.

 

Figure 8. Illustration of the correlation between LncRNAs in the Blood Clot formed on Nano-Scaled
Implant Surfaces and Osseointegration.
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4. Conclusions

We demonstrated that distinct nano-surfaces are capable of regulating LncRNAs ex-
pression within the clot, and 6 key LncRNAs were identified in each comparison exerting a
pivotal role in manipulating the expression of the targeted mRNA. In the TNA15 group,
the LncRNAs targeted mRNAs subsequently manipulate a favorable osteogenesis microen-
vironment through upregulation of Wnt, TGF-beta, and VEGF signaling pathways and
suppression of osteoclast differentiation, TNF, and NF-kappa signaling pathways, which
resulted in promoted osseointegration. The findings firstly indicated the link of nano-
surfaces on the LncRNAs expression in the blood clot and demonstrated that LncRNAs
may strongly impact the osseointegration through the targeted mRNAs.
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Abstract: Anodization enables fabrication of controlled nanotopographies on Ti implants to offer
tailorable bioactivity and local therapy. However, anodization of Zr implants to fabricate ZrO2

nanostructures remains underexplored and are limited to the modification of easy-to-manage flat Zr
foils, which do not represent the shape of clinically used implants. In this pioneering study, we report
extensive optimization of various nanostructures on implant-relevant micro-rough Zr curved surfaces,
bringing this technology closer to clinical translation. Further, we explore the use of sonication to
remove the top nanoporous layer to reveal the underlying nanotubes. Nano-engineered Zr surfaces
can be applied towards enhancing the bioactivity and therapeutic potential of conventional Zr-based
implants.

Keywords: zirconium; zirconia; dental implants; nanopores; electrochemical anodization

1. Introduction

Zirconium (Zr) is a valve metal that is very stable with a high dielectric constant, and
hence it is a suitable material choice for the nuclear and microelectronic industries [1].
Further, Zr and its alloys are extensively used in the field of optics, magnetics, chemical
sensors, and biomedical implants [2]. Due to their favourable characteristics (physical,
chemical, and biological), Zr-based implants are gaining popularity in the dental and
orthopaedic markets [3,4]. For this application, the favourable biocompatibility of Zr is
mainly attributed to its surface oxide film (ZrO2). Further, Zr (metal, grey colour) with
a ZrO2 (ceramic, white colour) surface has a toughness comparable to metals, and hence
is suitable for a variety of biomedical applications [5]. Clinically, ceramic structures have
shown a higher risk of fracture due to the nature of the material. However, oxidized Zr
surfaces offer the potential to decrease wear and tear as the bulk of the material is metal,
and not a monolithic ceramic [6]. It is noteworthy that oxidized Zr is not a ceramic but
the transition of metal to ceramic. Studies have established that ZrO2 not only promotes
osseointegration but also demonstrates reduced cytotoxicity as compared to Ti-based
implants [2]. Moreover, ZrO2/Zr presents greater mechanical strength and low ion release
when compared to Ti [7]. Overall, as compared to Ti, ZrO2 based implants offers many
advantages including superior aesthetics, with favourable biological, mechanical, and
optical properties [8].

In the last few decades, the potential of Zr and its alloys in the field of dental implants
has gained increasing attention [9–11]. Although there are some in vivo studies that
demonstrate the biocompatibility of Zr, the surface modification and related bioactivity
assessment of Zr-based implants needs in-depth investigation [2]. It is noteworthy that in
compromised patient conditions (e.g., diabetic and osteoporotic), ‘normal’ bioactivity may
not be sufficient to encourage bone-implant integration, and hence enhanced bioactivity is
needed. In that light, surface modifications of Zr-based implants to form an oxide layer
have been performed via various physical, chemical, and electrochemical means [12–14].
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Further, electrochemical anodization (EA) has been regarded as an effective strategy to
fabricate ZrO2 with nanoscale surface roughness and the ability to incorporate bioactive
ions (Ca or P) [15].

It is well established that the bioactivity of modified implant surfaces follows the trend
nano- > micro- > macro-scale [16]. As a result, research has shifted towards the fabrication of
controlled nanotopographies on Zr-based implants (including Zr, Ti–Zr alloys etc.). Various
strategies have been employed for nano-engineering Zr implants, such as electrochemical
anodization (EA) [17], plasma treatment [18], micro-arc oxidation [19], hydrothermal
treatment [20], chemical co-precipitation, and sol–gel method [21]. Among these, EA
stands out due to its cost-effectiveness, scalability, and control over the characteristics of the
fabricated nanostructures [22]. Briefly, EA involves immersion of a target substrate (Zr) as
an anode and a counter electrode (cathode) in a suitable electrolyte (containing water and
fluoride ions), and a supply of constant voltage/current. Upon attainment of optimized
conditions, self-ordering of ZrO2 nanotubes occurs on the surface of the anode. Relevant to
biomedical applications, EA to fabricate self-ordered ZrO2 nanotubes has gained attention,
with various attempts made to optimize the EA fabrication [23–25]. Further, the augmented
bioactivity and osteogenic ability of ZrO2 nanotubes has also been demonstrated [26–28].

With respect to anodized nano-engineered zirconium implants, key fabrication chal-
lenges remain unaddressed:

1. Fabrication optimization has only been restricted to planar Zr flat foil that is easy
to manage. However, clinically used orthopaedic and dental implants are based on
curved surfaces and edges, thereby limiting the clinical translation of conventional
anodized Zr flat foil.

2. Dental implants generally use microscale roughness which, to date, is regarded as a
‘gold standard’ for ensuring osseointegration. Thus, preserving rather than removal of
this micro-roughness (which is routinely performed to fabricate nanotubes) is needed
along with superimposition of nanostructures (dual micro–nano).

To further optimize the fabrication of anodic nanostructures on Zr-based implants, in
this study, we explore EA optimization of Zr wires as models for curved clinically relevant
implant architectures. Briefly, EA parameters, including voltage and time, were varied to
fabricate oxide nanocrystals, nanopores, and nanotubes on the Zr wires (Figure 1). This
study bridges the gap between the fabrication of controlled nanostructures on clinically
relevant Zr surfaces, with the objective of facilitating future clinical translation. We also
report on the use of sonication to reveal the underlying nanostructures by removing the
superficial nanoporous oxide film. Optimized fabrication of controlled nanotopographies
on implant substrates that preserves the underlying micro-roughness can be paradigm
shifting in the domain of Zr-based biomedical applications.

 
Figure 1. Schematic representation of various nanostructures fabricated on clinical implant relevant
zirconium wire.
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2. Experimental Section

2.1. Materials and Chemicals

Zirconium wire with 0.5 mm diameter [annealed, 99.2% purity (metal basis excluding
Hf), 4.5% Hf max] was obtained from Alfa Aesar (Lancashire, UK) and used as received.
High-purity (NH4)2SO4, NH4F, and methanol were purchased from Sigma Aldrich (North
Ryde, Australia).

2.2. Electrochemical Anodization (EA)

Prior to EA, as-received Zr wires were cut into 10 cm lengths and sonicated in ethanol
to remove any surface contaminants. EA was carried out in a custom-designed two-
electrode electrochemical cell at room temperature using a DC power source (Keithley,
Cleveland, OH, USA) with the current precisely monitored [29,30]. EA was performed
using as-received Zr wire as the anode (5 mm exposed in the electrolyte) and non-targeted
Zr wire as a cathode in an electrolyte with 1 M (NH4)2SO4 + 0.5 wt% NH4F. Anodization
was performed at 20–100 V for 10–120 min, with current vs. time precisely recorded (Power
Supply App, Keithley KickStart Software, Solon, OH, USA). Anodization voltage and time
was decided based on current literature and prior optimizations studies using Ti wires [29].
Briefly, current density was calculated (current/area of anode) and plotted against time
to visualize key features identifying anodization [29]. To remove the anodic oxide layer,
anodized samples were sonicated in methanol for various time intervals to reveal the
underlying features.

2.3. Surface Characterization

Surface topography characterization of the nanostructures was performed using
scanning electron microscopy (JSM 7001F, JEOL, Tokyo, Japan). Before imaging, samples
were mounted on an SEM holder using double-sided conductive tape and coated with a
5 nm thick layer of platinum. Images with a range of scan sizes at normal incidence and a
30◦ angle were acquired from the top surfaces.

3. Results and Discussion

Figure S1 (Supplementary Information) shows the SEM image of as-received Zr wire
with clearly visible micro-machined features (micro-rough). There is an obvious resem-
blance to conventional dental implants/abutments with respect to the micro-scale features,
which for dental implants, ensures osseointegration. This micro-roughness is regarded
as the ‘gold-standard’ in dentistry and, hence, its removal to fabricate nanostructures
could prove detrimental [31]. We have previously demonstrated that dual micro–nano
features with nanopores superimposed on micro-machined Ti can be fabricated using an
optimized EA procedure [32]. Fabrication of controlled nanostructures with preserved
underlying micro-features on Zr implants can result in a paradigm shift in achieving en-
hanced bioactivity from nano-engineering, without compromising the benefits obtained
from micro-roughness. In that light, we optimized the anodization of Zr implants us-
ing Zr wire as a model for Zr dental/orthopaedic implants with curved surfaces and
micro-machined lines.

Figure 2 shows low-magnification SEM images of the anodized wire, demonstrating
an even coverage of the anodic ZrO2 film, with clearly visible cracks. We have previously
reported similar cracks on TiO2 films formed on anodized Ti wire [32]. Briefly, these
instabilities of the anodic layer could be attributed to the electric field concentrations at
the topographical peaks of the substrate—which, in this case, is an irregular micro-rough
curved surface [29,30]. The surface heterogeneity (micro-roughness) upon EA can also
result in thicker oxide at the convex part and thinner oxide at the concave part [33]. It is
noteworthy that these surface inconsistencies do not compromise the mechanical stability
of the nano-engineered surface and can be used to accommodate drugs or enhance cellular
adhesion [34]. Further, we have also explored strategies, including electrolyte ageing and
surface polishing, to reduce anodic layer cracks [30].
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In summary, these cracks or pits are unavoidable on the anodized curved substrates
and are attributed to (Figure 3):

(1) Curved substrate: radial/perpendicular growth of nanotubes outwards [29].
(2) Internal stresses: due to uneven electric field distribution.
(3) Mechanical stress: due to volume expansion and limited space for growth.
(4) Weak spots: electrolyte penetration resulting in unstable/fragile anodic layers [35].
(5) Substrate: micro-roughness further exacerbates the stresses/weak spots [36].
(6) Nanotube collapse (or bundling): especially for longer tubes.

 

Figure 2. Top-view SEM images of anodized Zr wires at various voltages and times. (A–C) 20 V;
(D–F) 40 V; (G–I) 60 V; (J–L) 80 V and (M–O) 100 V. Scale bars represent 20 μm.

Various strategies can be employed to reduce such cracks or instabilities on anodized
metal surfaces (however, these remain poorly explored for Zr anodization) [37]:

(1) Use of appropriately aged electrolyte—mostly applicable to anodization with organic
electrolytes (like ethylene glycol) [38,39].

(2) Polishing the substrate prior to anodization using mechanical, chemical or electropol-
ishing treatments (will reduce/remove micro-roughness) [37].

(3) Reducing water content, voltage/current, or anodization time (may reduce diame-
ter/length of anodized nanostructures due to reduced growth rates).
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Figure 3. Representation of the formation of cracks or pits on the surface of anodized curved surfaces.

There have been attempts at exploring electrolyte ageing for Zr EA, with confirmation
of the transition of nanoporous to nanotubular topography for EA performed in glycerol-
based electrolyte [38,40]. It is noteworthy that such surface defects can also be reduced or
minimized by electropolishing of the substrate, as shown elsewhere [29,41]. However, any
polishing will ‘consume’ the underlying micro-roughness, removing this desirable feature
of the implant and potentially compromising the positive osseointegrating property of
the micro-roughness. Further, the cracks on the anodic film have been shown to survive
drug loading and release in in vitro, ex vivo, and in vivo settings [34,42,43]. Indeed, cracks
allow for higher drug loading amounts and enhance the overall surface roughness (at the
microscale), allowing for higher cellular adhesion and anchoring points. Figure 2 also
shows clear evidence of the anodic film with preserved micro-machined lines, with the
anodic film aligned parallel to the lines on the underlying substrate. Cracks corresponding
to voltage and time are also evident from Figure 2. Similar to Ti wire EA, cracks and
instabilities increase with voltage and time of EA.

High-magnification images of the anodized Zr wires are presented in Figure 4. At
20 V, a bare oxide layer with no distinguishable features is visible for 10–60 min of EA.
For 120 min EA at 20 V, delamination of the oxide film reveals the presence of under-
lying nanocrystal-like features (Figure 4C). Using 40 V 60 min yielded alignment of the
nanoporous layer onto the underlying micro-roughness (Figure 4E). However, for 40 V at
120 m, some evidence of the underlying nanotubular structures is visible, covered by the
oxide film (Figure 4F). Further, clear evidence of nanopore formation is visible for 60 V at
10 m (diameter ~46 nm) and 60 m (diameter ~52 nm) (Figure 4G–I). In summary, for all of
the 60 V anodized samples, we observed nanopore formation throughout the surface of
the wire, with the irregular sponge-like patches of the ZrO2 layer (which was prominent
for 60 V 10 m samples). It is worth noting that the nanopores on the Zr wire are aligned in
the direction of the underlying microfeatures of the substrate. Our group has shown that
aligned TiO2 nanopores on Ti can be used to mechanically stimulate cells [44,45]. Briefly,
the activity of primary gingival fibroblasts and osteoblasts on aligned TiO2 nanopores was
enhanced and the cells aligned parallel to the nanopores, indicating a strong mechanotrans-
duction effect [45]. Additionally, as clear nanopores are visible, loading and release of
various therapies may be enabled, which has never been demonstrated for ZrO2 nanopores
and, hence, warrants further investigation. We have previously shown that that TiO2
nanopores are mechanically superior to conventional as well as mechanically enhanced
(via various physical/chemical techniques) nanotubes (shown for TiO2 nanotubes) [37].
Additionally, for EA at 80–100 V for 10–60 m (Figure 4J–O), nanopore-like surface fea-
tures were observed, which were aligned in the direction of the underlying substrate
micro-roughness.
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Figure 4. High-magnification SEM images showing various ZrO2 nanostructures formed on Zr wires
at different voltage and times. (A–C) 20 V; (D–F) 40 V; (G–I) 60 V; (J–L) 80 V and (M–O) 100 V.
Unmarked scale bars represent 1 μm.

To elucidate the mechanism of formation of the various ZrO2 nanostructures, we
undertook a detailed analysis of the current density (J) vs. time (t) plots, as presented in
Figure S2 (Supplementary Information). The first 15 s of J vs. t plots provide information
with respect to the first two phases of Zr EA: (1) formation of compact barrier layer (BL)
and (2) pit formation [46]. There are significant differences between the J values at different
voltages, and the presented data provide information about the time to reach equilibrium
(teq) and barrier oxide layer (BL) thickness. The delay in reaching equilibrium equates
to a thicker BL, strong adherence to the underlying substrate, and a stable anodic film,
attributed to reduced compressive stress at the ZrO2–Zr interface [47]. teq and J are highest
for the 60 V EA, which corresponds to a previous study showing that improved ordering is
obtained for higher growth rates (or higher J values) [48]. This explains the findings from
Figure 4G–I, which shows that the most nanoporous structures were obtained for 60 V
EA. Based on J values corresponding to 60 V, an increased ‘outward expansion pressure’
for fast growth also explains the abovementioned. For EA performed at higher voltages
(80 and 100 V), it can be assumed that the BL will be severely etched (higher field results
in increased inward O2− migration) and the electric field polarises the Zr–O bond and
damages the tubular structures [46]. As previously reported, besides the internal growth-
induced stresses, electric field-induced stresses can also result in compromised stability of
the anodized ZrO2 film [29,32].

116



Nanomaterials 2021, 11, 868

Next, in order to expose the nanostructures covered by the ZrO2 film or nanopores, we
sonicated the anodized wires at various times from 5–60 min. The resultant nanostructures
are presented in Figure 5. It was found that dependent on the overall anodized film stability,
higher sonication times disrupted the nanostructures. Five-minute sonication for the 20 V
120 min samples exposed the underlying nanocrystal-like topography, which was found to
cover the underlying substrate (Figure 5B,C). For 60 V 10 m, 15 min sonication partially
removed the nanoporous layer, while 30 m completely removed the nanopores, revealing
the ZrO2 nanotubes (Figure 5E,F). The survival of the nanotubes even at 30 m sonication
confirms the mechanical stability and robustness of the dual micro–nanostructures onto the
underlying wire substrate. This correlates with previous studies whereby the microfeatures
of the underlying substrates allowed for increased interfacial contact area between the
anodic film and the substrate [35,40–42]. This increased area reduces the mechanical stress
and volume expansion during anodic film growth and hence improves overall mechanical
stability. Next, 10 min sonication of the aligned nanopores on 100 V 10 min wire revealed
the ZrO2 nanotubes (Figure 5H,I) underneath. A similar effect was also observed for
80 V 10 m anodized wires, as shown in Figure S3 (Supplementary Information). It is
noteworthy that for 60 V 10 m, the anodic structures survived the extended sonication time
(15–30 m, Figure 5F), though for higher voltages (80 and 100 V, Figure 5I and Figure S3C),
a small duration (5–10 min) exposed the underlying structures. We have previously shown
that increased EA voltage is associated with higher growth rates on curved substrates,
and hence reduced structural integrity of the anodized nanostructures (as compared to
low-voltage-anodized structures) [29].

 
Figure 5. Top-view SEM images showing the influence of sonication of anodized Zr wire for various
durations to remove superficial nanoporous oxide layer and expose underlying nanostructures. (A–C)
20 V 120 min anodized wire for 5 min sonication reveals nanocrystal-like features; (D–F) 15–30 min
sonication of 60 V 10 min Zr wire reveals nanotubes; and (G–I) 5–10 min sonication removes oxide
film and exposes underlying nanotubes on 100 V 10 min anodized wire. Survival of nanotubes on Zr
wire post-sonication confirms mechanical stability and strong adherence to the underlying substrate.

In summary, this study highlights the fabrication of stable nanotopographies on clini-
cally relevant Zr surfaces—ensuring clinical translatability of electrochemically anodized
Zr implants. The innovation of the study is the fact that it is a pioneering attempt at the
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fabrication of complex ZrO2 nanostructures on Zr curved surfaces via EA, while preserv-
ing the ‘gold standard’ micro-roughness to fabricate dual micro–nanostructures. Further,
such controlled dual micro–nanostructures on Zr implants have the potential to augment
cell activity and local therapy. Previous studies suggest that such aligned dual micro–
nanostructures can mechanically stimulate cells [44]. Therefore, future studies will focus
on the evaluation of soft- and hard-tissue integration on the surface of nano-engineered Zr
implants, with the current study providing important data that bridges the gap to clinical
translation by evaluating clinically relevant implant surfaces. It is noteworthy that bioactiv-
ity and therapeutic evaluations of such curved 3D implant substrates (Zr wires) is difficult
to achieve in conventional 2D cell culture in vitro, which is more suitable for flat/planar
substrates. We have previously undertaken extensive bioactivity evaluations of nano-
engineered Ti wires in a 3D cell culture system in vitro [42], animal tissues ex vivo [43],
and animal implantation in vivo [34]. However, inclusion of such detailed assessments is
outside the scope of the current paper that is focussed on fabrication optimization.

4. Conclusions

With the objective of bridging the gap between nano-engineered zirconia and the
dental implant industry, this study showcases the fabrication of various controlled nan-
otopographies on Zr wire substrates (as a model for dental implants) via electrochemical
anodization (EA). In a pioneering approach, by tuning EA voltage and time, EA of micro-
machined Zr wire enabled the fabrication of aligned nanopores, nanotubes, and nanocrys-
tals. We also showed the impact of removing the top layer of oxide/nanopores to reveal the
underlying nanotubes. Preserving the underlying micro-roughness and superimposition
of controlled ZrO2 nanostructures holds great promise towards improving the bioactivity
and therapeutic potential of conventional Zr-based dental and orthopaedic implants.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11040868/s1, Figure S1: SEM images of as-received Zr wires, Figure S2: current density vs.
time plots for anodization of Zr wire, Figure S3: SEM images confirming the influence of sonication
on 80 V 10 min anodized Zr wire.
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Abstract: The aim of our study was to obtain similar surface properties and elemental composition
to virgin implants after debridement of contaminated titanium implant surfaces covered with debris.
Erbium-doped:yttrium, aluminum, and garnet (Er:YAG) laser, erbium, chromium-doped:yttrium,
scandium, gallium, and garnet (Er,Cr:YSGG) laser, curette, and ultrasonic device were applied
to contaminated implant surfaces. Scanning electron microscopy (SEM) images were taken, the
elemental profile of the surfaces was evaluated with energy dispersive X-ray spectroscopy (EDX), and
the surface roughness was analyzed with profilometry. Twenty-eight failed implants and two virgin
implants as control were included in the study. The groups were designed accordingly; titanium
curette group, ultrasonic scaler with polyetheretherketone (PEEK) tip, Er: YAG very short pulse laser
group (100 μs, 120 mJ/pulse 10 Hz), Er: YAG short-pulse laser group (300 μs, 120 mJ/pulse, 10 Hz),
Er: YAG long-pulse laser group (600 μs, 120 mJ/pulse, 10 Hz), Er, Cr: YSGG1 laser group (1 W 10 Hz),
Er, Cr: YSGG2 laser group (1.5 W, 30 Hz). In each group, four failed implants were debrided for 120 s.
When SEM images and EDX findings and profilometry results were evaluated together, Er: YAG
long pulse and ultrasonic groups were found to be the most effective for debridement. Furthermore,
the two interventions have shown the closest topography of the sandblasted, large grit, acid-etched
implant surface (SLA) as seen on virgin implants.

Keywords: dental implants; titanium; laser therapy; peri-implantitis; debridement

1. Introduction

Peri-implantitis is a pathological condition characterized by inflammation of the peri-
implant mucosa and progressive destruction of the supporting bone as a result of biofilm
formation on the implant surface [1–3]. Peri-implantitis is diagnosed by increased peri-
implant probing depth, bleeding on probing in the peri-implant pocket, and detecting bone
loss around implant with radiography [4]. Etiology of peri-implant infection comprises
various factors such as the macro design of the implant, the level of surface roughness,
and the condition of the hard/ soft tissue surrounding the implant [5]. However, bacterial
plaque formation on the implant surface is the most important factor in the etiology of
peri-implantitis [6].

There are multiple risk factors affecting the formation of peri-implanter disease, such
as a history of periodontitis, poor oral hygiene habits, and smoking [7]. One or more of
these risk factors may cause the degradation of the biocompatibility between the host and
the implant surface [8]. The development of an adherent layer of plaque (biofilm) on the
implant can result in the formation of calcified deposits similar to calculus and appears
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to be critical for the development of peri-implant diseases [9–11]. Therefore, the primary
goal of treatment is to eliminate all microbial and calcified deposits from the surface of the
implant and to supply appropriate conditions for re-osseointegration [8,10].

Despite the fact that periodontitis and peri-implantitis have similar features, they differ
in some directions. These variations cause the treatment of the two diseases to own different
ideas from every other [12,13]. Treatment methods such as tooth and root surface cleaning,
which are effectively used in the treatment of teeth with periodontitis, cannot be used in
the same way on rough and grooved implant surfaces [14]. In periodontal inflammation, it
is possible to treat the infected cementum surface by cleaning it with various mechanical or
chemical methods, whereas, in peri-implantitis treatment, successful surface debridement
may not be fully achieved due to the complex implant surface topography. This creates an
extraordinary shelter for bacterial attachment and colonization.

Increasing the amount of bone-implant contact and re-osseointegration of implants
are vital for successful peri-implantitis treatment [15]. Numerous in vitro studies have
analyzed the effects of debridement instruments used in peri-implantitis treatment which
showed serious impairment on the titanium topography. Firstly, the traces that may
occur on the implant surface impair cell adhesion to the titanium surface and damage
proper wound healing. Furthermore, surface defects lead to changes in the implant surface
characteristics, which may alter the bone integration of the implant [16–18].

Many in vitro studies evaluated the effects of decontamination and debridement
instruments on implants by electron spectroscopy. According to the results of these studies,
the most prominent pollutant was carbon. Carbon indicates the presence of any non-
biocompatible substance (calcified and organic) that could change the re-osseointegration
of implants. In particular, studies on failed implant surfaces have shown varying degrees of
carbon [19,20]. Titanium-bone connection is altered by the deposition of organic molecules
on implant surfaces, and it was concluded that the removal of hydrocarbon gradient is a
crucial step in achieving the bioactivation and osseointegration of titanium [21,22]. It was
also suggested that the implant surface must be treated to intensify the surface wettability
and energy [23].

The high prevalence of peri-implantitis, ranging from 16 to 47.1%, has also prompted
scientists to explore a range of therapeutic applications for implant surface decontami-
nation [24,25]. These include mechanical debridement methods such as curettes, rubber
cups, ultrasonic devices and powder spray systems, chemical disinfection methods such as
chlorhexidine, tetracycline, metronidazole, citric acid application, and various surgical and
non-surgical treatment methods including antibiotics, photodynamic therapy, lasers, and
combinations of all these treatments [26,27]. However, the optimal procedure or procedures
are still not fully specified [28,29].

Different laser systems have been tested for potential use in implant surfaces in-
cluding erbium-doped:yttrium, aluminum, and garnet (Er:YAG), and erbium, chromium-
doped:yttrium, scandium, gallium, and garnet (Er,Cr:YSGG) lasers [30]. Due to the high
absorption by water, the 2.940 nm wavelength of Er:YAG lasers seemed to be capable of
effectively removing bacterial deposits from either smooth or rough titanium implants
without damaging their surfaces [31,32]. Although both Erbium lasers have high absorp-
tion by water, the Er,Cr:YSGG laser operating at a wavelength of 2.780 nm has a lower
absorption coefficient in water than the Er:YAG laser [33].

Although the use of lasers is currently on the agenda, there is no standard recom-
mendation regarding laser type, irradiation, or settings protocol for the treatment of
peri-implantitis [34]. Before implementing a patient-level irradiation protocol, in vitro
studies are required to establish ideal settings.

Our aim is to obtain similar surface properties and elemental composition to virgin
implants using erbium lasers (Er:YAG and Er,Cr:YSGG) and mechanical methods (curette,
ultrasonic device) in the debridement of implants lost due to peri-implantitis by evaluat-
ing the surface change of the implants treated with these methods by scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), and profilometry.
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2. Materials and Methods

2.1. Sample Collection

Twenty-eight implants (DE2™, SLA G4) explanted because of advanced peri-implantitis,
with debris on their micro-structured surface, and two virgin titanium dental implants
(DE2™, SLA G4) representing the positive control group were included in this present
study. Implants were autoclaved and immersed in acrylic blocs from a 3 mm apical part to
facilitate the precise application of the instruments and standardization. SEM images, EDX,
and profilometry measurements were done before and after debridement. Twenty-eight
failed implants were allocated into seven test groups, and two virgin implants represented
the control group. Test groups were divided based on treatment methods of implant
surfaces and each test group had 4 failed implants. All assessments were done in two-time
points, before and after the debridement. All implant surface debridement procedures were
performed by the same investigator. This study was approved by the Ethics Commission
of Istanbul University Faculty of Dentistry (Approved number 2020/22).

2.2. Interventions

Treatment procedures of contaminated titanium implant surfaces for each group are
shown in Table 1.

Table 1. Treatment procedures.

Groups Instruments Parameters

Ti-Cur (n = 4) Titanium curette 1 120 s
US-PEEK (n = 4) Ultrasonic scaler 2 with PEEK 3 tip 120 s
ErL-VSP (n = 4) ER:YAG laser 4 with R02-C VSP (100 μs); 120 mJ/pulse; 10 Hz; Air 6 Water 4; 120 s; 19.04 J/cm2

ErL-SP (n = 4) ER:YAG laser 4 with R02-C SP (300 μs); 120 mJ/pulse; 10 Hz; Air 6 Water 4; 120 s; 19.04 J/cm2

ErL-LP (n = 4) ER:YAG laser 4 with R02-C LP (600 μs); 120 mJ/pulse; 10 Hz; Air 6 Water 4; 120 s; 19.04 J/cm2

ErCrL-1 (n = 4) Er,Cr:YSGG laser 5 with RFPT5 14 mm fiber tip 1 W, 10 Hz (100 mJ/pulse); Air 40 Water 50; 120 s; 38.46 J/cm2

ErCrL-2 (n = 4) Er,Cr:YSGG laser 5 with RFPT5 14 mm fiber tip 1.5 W, 30 Hz (50 mJ/pulse); Air 40 Water 50; 120 s; 19.23 J/cm2

Control (n = 2) No intervention was made on the implants
1 LM ErgoMixTM, Pargas, Finland. 2 Woodpecker®, Guilin, China. 3 ScorpionTM İnsert CLiP Fine Ultrasonic Implant Scaler KitTM,
Romagnat, France. 4 Fotona® Fidelis Plus II, Ljubljana, Slovenia. 5 WaterLase iPlus®, Foothill Ranch, CA, USA.

In the titanium curette (Ti-Cur) group, the instrumentation was performed for 120 s
by scaling in one direction at an angle of 30 degrees on the implants.

In the ultrasonic scaler with a PEEK tip (US-PEEK) group, debridement was performed
by keeping the device tip in contact with the implant surface at a 30 degree angle for 120 s.
The ultrasonic scaler was used at the recommended speed for routine periodontal treatment
under maximum water cooling.

In laser groups, the laser energy delivery was directed by a computer interface that
dictated the selected laser tip, modes, energy, and associated water and air for each laser
group. Each used laser parameter was described in Table 1.

Er:YAG laser (ErL) (2.940 nm) was used with a 90 degree-irradiation angle to the tita-
nium surfaces according to the recommendation of the manufacturer. An R02-C handpiece
was used with a 0.9 mm diameter. The spot area was calculated as 0.63 mm2. To simulate
clinical use, sweeping irradiation was performed in non-contact mode at approximately
1 mm [35–37].

Er: YAG very short pulse laser (ErL-VSP) parameters were: Pulse energy: 120 mJ;
Pulse duration: 100 μs; Frequency: 10 Hz; resulting in an energy density per pulse of
19.04 J/cm2; Air/Water output: 4/6.

Er: YAG short-pulse laser (ErL-SP) parameters were: Pulse energy: 120 mJ; Pulse
duration: 300 μs; Frequency: 10 Hz; resulting in an energy density per pulse of 19.04 J/cm2;
Air/Water output: 4/6.

Er: YAG long-pulse laser (ErL-LP) parameters were: Pulse energy: 120 mJ; Pulse
duration: 600 μs; Frequency: 10 Hz; resulting in an energy density per pulse of 19.04 J/cm2;
Air/Water output: 4/6.
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Er, Cr:YSGG laser (ErCrL) (2.780 nm) tip was used with a 15 degree-irradiation angle
to the titanium surfaces according to the recommendation of the manufacturer. To simulate
clinical use, sweeping irradiation was performed in non-contact mode at approximately
1 mm. An RFPT5 radial firing fiber tip with beam divergence > 40 degrees and 0.5 mm in
diameter was used in the study. The spot area was calculated as 2.5 mm2 (0.025 cm2) at
1 mm from the implant surfaces [38].

Er, Cr: YSGG1 laser (ErCrL-1) parameters were: Power: 1 W; Pulse energy: 100 mJ;
Pulse duration: 60 μs; Frequency: 10 Hz; resulting in an energy density per pulse of 4 J/cm2;
Air/Water percentage output (%): 40/50.

Er, Cr: YSGG2 laser (ErCrL-2) parameters were: Power: 1.5 W; Pulse energy: 50 mJ;
Pulse duration: 60 μs; Frequency: 30 Hz; resulting in an energy density per pulse of
1.8 J/cm2; Air/Water percentage output (%): 40/50.

2.3. Analyses
2.3.1. SEM

Topographic surface alterations were assessed with SEM. The SEM observation was
conducted with a FEI™ VERSA 3DLOVAC microscope (FEI, Hillsboro, OR, ABD). Analyses
were performed at baseline for the control group, and before and after the interventions for
the contaminated implants. Each sample was marked from the neck area to be observed
from the same surface after the treatment. Each implant was scanned and photographed at
five set magnifications (76×–150×–500×–1000×–2000×).

Implant Debridement Visual Index
This current index was created for the visual evaluation of SEM images. The index

aims to compare the surface features of treated-contaminated implants with virgin implants
by grading:

1: Image without any contamination and resembling a positive control,
2: Spot contamination of observed image,
3: Image of contamination beyond spot contamination.

SEM images of the implants after debridement were assessed at (150×) magnification.
The debris on the implant surface were evaluated by three blind observers. The images
were randomly shown to each observer twice without specifying the sample numbers
and groups.

While analyzing by statistics, 1 and 2 grades were considered as clean, and 3 as
contaminated.

2.3.2. EDX

EDX analysis is utilized for quantitative evaluation and the local determination of
the chemical composition. In the present study, EDX was used to measure the presence of
carbon (C), titanium (Ti), oxygen (O), and nitrogen (N) elements on the implant surfaces.
The spectroscopy of the emitted X-ray photons was performed by a Bruker detector with
an energy resolution of about 123 eV at a working distance. The measurement was made
from the 1 mm2 area on the same thread determined in each implant surface.

2.3.3. Profilometry

The roughness evaluation and analysis were performed using a profilometry (Veeco
Instruments Inc., Plainview, NY, USA, ABD), (Radius: 5 μm, Stylus force: 3 mg/29.4 μN,
Resolution: 0.167 μm/sample, Length: 1000 μm, Duration: 20 s). Measurements were made
at the same area where the identified threads in the middle third of each implant were
marked. In the selected thread distance, the diamond tip of the profilometry performed
measurement 20 times in the horizontal direction along the 1000 μm length and resulted in
the average of the roughness.
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2.3.4. Statistical Analysis

A power analysis demonstrated a sample size of 4 implants for each intervention
group would ensure 80% power to detect the difference between the treatment methods
in the morphologic features of implant surfaces with a significance level of 0.05. The data
analysis was performed using SPSS v.23 software (IBM Corp., New York, NY, USA). The
descriptive statistics were presented by the mean values with minimum and maximum
and their standard deviations (SD). When the data were parametric, paired sampled t-test
was used in comparing the differences of the groups. For the evaluation of the before and
after treatment differences between the groups, the statistical analysis used was one-way
analysis of variance (ANOVA) and Tukey HSD multiple comparison tests followed by
Bonferroni post hoc testing. The data are represented as mean ± standard deviation. A
value of p < 0.05 was considered to be statistically significant.

3. Results

3.1. SEM Analysis

Implant Debridement Visual Index (IDVI) scores of the three trained observers are
given at Table 2. According to the index results, the most effective groups were ErL groups.
This was followed by the US-PEEK. The debris not removed (DnR) score was higher for
ErCrL groups and Ti-Cur. All three pulse settings of the ErL were found to be effective in
removing hard deposits from the implant surface.

Table 2. Implant debridement visual index scores.

Group O1: DR/DnR O2: DR/DnR O3: DR/DnR

Ti-Cur 0/4 1/3 1/3
US-PEEK 3/1 3/1 3/1
ErL VSP 4/0 4/0 4/0
ErL SP 4/0 4/0 3/1
ErL LP 4/0 4/0 4/0
ErCrL-1 1/3 2/2 1/3
ErCrL-2 2/2 2/2 2/2

O1: observer 1, O2: observer 2, O3: observer 3, DR: debris removed, DnR: debris not removed.

All groups were contaminated at baseline compared to the control group. The con-
tamination was confirmed by the presence of a layer of the debris, the titanium surface
features, and by the EDX lower C and Ti values.

3.1.1. Ti-Cur Group

Large and flat scratched areas were observed on the titanium surface after the treat-
ment, in the Ti-Cur group. Although the honeycomb appearance [39] of the SLA implant
surface was achieved in some surfaces, it was observed that the curette did not provide an
effective debridement and left a residue (Figure 1a–d).

3.1.2. US-PEEK Group

In the ultrasonic group, clean surfaces were observed similar to the positive control
group. A small amount of debris and some materials considered to be remnants of the
PEEK material were observed (Figure 2a–d).

3.1.3. ErL-VSP Group

Although the debridement was achieved in the ErL-VSP group, delamination and
deformation were also observed on the surfaces. In particular, porosity due to melting,
loss of honeycomb appearance, and a relatively smooth surface with microcracks were
observed (Figure 3a–d).
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Figure 1. (a,b) SEM images showing the topography of untreated failed implant surfaces in Ti-Cur group (150× and
1000×) (c,d) after intervention (150× and 1000×). The blue arrows point to scratched areas. Red arrows show the further
magnification area.
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Figure 2. Cont.
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Figure 2. (a,b) SEM images showing the topography untreated failed implant surfaces in US-PEEK group (150× and 1000×).
The image in (b) represents the contamination layer on the implant surface in all SEM images; (c,d) after intervention (150×
and 1000×). The blue arrows point to PEEK material remnants. Red arrows show the further magnification area.

  
(a) (b) 

  
(c) (d) 

 

 

Figure 3. (a,b) SEM images showing the topography of untreated failed implant surfaces in ErL-VSP group (150× and
1000×) (c,d) after intervention (150× and 1000×). The blue arrows point to microcracks. Red arrows show the further
magnification area.
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3.1.4. ErL-SP Group

Although the cleaning process was completed, delamination, deformation, and melt-
ing were observed as seen in the ErL-VSP group. However, there were less undesired
effects, and no microcracks were observed (Figure 4a–d).

  
(a) (b) 

  
(c) (d) 

 

 

Figure 4. (a,b) SEM images showing the topography of untreated failed implant surfaces in ErL-SP group (150× and 1000×)
(c,d) after intervention (150× and 1000×). The blue arrows indicate delamination and the green arrows indicate melting.
Red arrows show the further magnification area.

3.1.5. ErL-LP Group

In the ErL-LP group, debridement was achieved by the typical surface appearance of
virgin implants at large magnifications (Figure 5a–d). The surface topography is compara-
ble to virgin implant surface properties. No damage was seen on the implant surfaces.

3.1.6. ErCrL-1 Group

In the ErCrL-1 group, it was observed that debridement was not totally achieved
after laser application (Figure 6c). However, the microscopic appearance of some debrided
threads was similar to the original nanomaterial surface, and no damage was observed on
the surface (Figure 6d).

3.1.7. ErCrL-2 Group

In the ErCrL-2 group, debris was remaining as a layer as in the ErCrL-1 (Figure 7c).
The areas where debris remains are observed more clearly at 1000× magnification in the
debrided threads (Figure 7d).
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Figure 5. (a,b) SEM images showing the topography of untreated failed implant surfaces in ErL-LP group (150× and 1000×)
(c,d) after intervention (150× and 1000×). Red arrows show the further magnification area.
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Figure 6. Cont.
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Figure 6. (a,b) SEM images showing the topography of untreated failed implant surfaces in ErCrL-1 group (150× and
1000×); (c,d) after intervention (150× and 1000×). Red arrows show the further magnification area.
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Figure 7. (a,b) SEM images showing the topography of untreated failed implant surfaces in ErCrL-2 group (150× and 1000×
magnification); (c,d) after intervention (150× and 1000× magnification). Red arrows show the further magnification area.
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3.1.8. Control Group

A nano-porous structure on the surface of the control titanium implants was observed.
This nano-topography shows the typical micro-roughness of SLA implants (Figure 8a–d).

  
(a) (b) 

  
(c) (d) 

Figure 8. SEM images showing the topography original surface of virgin implant (a) 76×; (b) 150×; (c) 1000×; (d) 2000×
magnification.

3.2. EDX Analysis

Higher C and lower Ti values were measured in the intervention groups at baseline
[(Figure 9a,b) (p < 0.05, p < 0.05 respectively)]. All of the intervention groups were contami-
nated compared to the control group. The contamination was confirmed by the presence
of a layer of the debris, and the titanium surface features of SEM analysis. C decreased
(Figure 9a) and Ti increased (Figure 9b) as a result of debridement. While the highest
percentage of C was found before the debridement of contaminated implants, the lowest
C percentage was detected in virgin implants and in ErL groups after the debridement
(Figure 9a). C contamination was significantly reduced after debridement procedures in all
groups except ErCrL groups (p < 0.05).

131



Nanomaterials 2021, 11, 2602
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(b) 

Figure 9. Cont.
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(c) 

(d) 

Figure 9. (a) EDX % C intragroup and intergroup comparisons; (b) EDX % Ti intragroup and intergroup comparisons;
(c) EDX % O intragroup and intergroup comparisons; (d) EDX % N intragroup and intergroup comparisons. §: Paired
Sample t Test †: One-Way ANOVA #: POST HOC Tukey HSD p-value * < 0.05 ** < 0.01 *** < 0.001.
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O increased in the groups when achieving efficient debridement without surface
damage (Figure 9c). According to our results, it is considered that the N also represents the
contamination and decreased by debridement (Figure 9d).

3.3. Profilometry Analysis

Profilometry analysis results are shown in Figure 10a–p. A flattened three-dimensional
topography was seen in the ErL-VSP group after intervention (Figure 10f). ErL-LP (Figure 10j)
showed a surface topography similar to virgin implants (Figure 10p).
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(c) (d) 

  
(e) (f) 

Figure 10. Cont.
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Figure 10. Cont.
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Figure 10. Profilometry graphic sample of the Ti-Cur group (a) Ra score baseline 724.45 nm; (b) after intervention 1.57 μm;
(c) The US-PEEK group Ra score baseline 5.63 μm; (d) after intervention 1.76 μm, In the baseline measurement, a large
debris (30.3 μm) in a relatively small area was observed to increase the mean roughness (Ra 5.63 μm). Although an increase
in roughness was observed in the graph after intervention, the average roughness value decreased (Ra 1.76 μm); (e) the
ErL-VSP group Ra score baseline 1.54 μm; (f) after intervention 2.61 μm, Although the yellow color scale in the initial
measurement graph of this sample turned into a dark color scale due to the reduction of the debris layer in the thread,
debris at one point peaked in the graph; (g) the ErL-SP group Ra scores baseline 1.82 μm; (h) after intervention 1.44 μm;
(i) The ErL-LP group Ra score baseline 3.30 μm; (j) after intervention 1.22 μm, in all implant samples from ErL-SP and
ErL-LP groups, the roughness graph of after debridement measurement shows a closer look to the image of control implants
than the initial measurement; (k) the ErCrL-1 group Ra score baseline 1.39 μm; (l) after intervention 1.30 μm; (m) the
ErCrL-2 group Ra score baseline 868.14 nm; (n) after intervention 1.64 μm, in ErCrL-2 group implants, a homogeneous
peak-to-valley distribution cannot be observed in the roughness graph after debridement; (o) the control group Ra scores
731.12 nm; (p) 1.37 μm.

4. Discussion

Our aim was to ensure that the debris-covered dirty implants salvage the surface
properties and elemental composition of virgin implants without changing the surface
morphology after using different debridement methods. When SEM and EDX findings
were evaluated together, the groups that were more efficient in re-achieving the typical
nano-surface topography by removing the debris without damaging the surface of the SLA
surface were ErL-LP and US-PEEK. Although ErL-VSP debrided contaminated implant
surfaces more efficiently, undesirable outcomes were seen. The ErL-SP group caused some
surface changes as well, and ErCrL groups, Ti-Cur could not remove the debris.

There are several in vitro studies evaluating implant surface properties after different
interventions for debridement. However, these studies have some shortcomings. Firstly,
most of the studies have been done with short-term biofilm formation on discs [40,41].
Studies that removed hard tissue residue from implant surfaces are limited. Removing a
layer of biofilm or hard debris involves completely different interventions. There are few
studies that removed the debris layer from the surfaces of implants that were extracted due
to peri-implantitis [37,42–44]. As a result, definitive protocols for laser parameters do not
exist. In this study, very short pulse, short pulse, and long pulse modes of ErL groups were
used for debridement. The effects of different pulses on laser energy levels transmitted to
a shorter pulse can have a stronger effect on the targeted area. Therefore, in vitro studies
that evaluate the settings of lasers in terms of variant pulse modes along with mJ/pulse
and time are vital for clinical application.

IDVI evaluate more objectively by comparing the virgin implant surfaces with dirty
implants after debridement. The nanoscale honeycomb appearance of the SLA implant
surface was assessed on SEM images (greater than 150× magnifications) of the cleaned
implant surfaces. Scratching, melting, and carbonization on the implant surface due to
debridement methods were ignored during IDVI scoring. Observers scored only debride-
ment effectiveness (cleanliness) for the implant surface. However, the above-mentioned
undesirable effects that occurred during the intervention were noted (Figures 1d and 3d).
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In our study, C, Ti, O, and, N elements were evaluated by EDX analysis. While C
and N decreased after debridement, an increase was observed in Ti and O. EDX analysis
around dirty implants showed that the lower percentages of C and higher Ti when the
surface was cleaned [37,44]. In the studies of Scarano et al., increased surface oxide levels,
decreased in porosity, and nano-roughness represented a positive change that could protect
titanium against bacterial adhesion [43,45]. The study of Takagi et al. reported that C and
Ca percentages on dirty surfaces decreased, while Ti percentages increased significantly
after debridement with ErL and ErCrL on artificially created calcified areas. Substantial
reductions in the percentage of O have also been reported. On the contrary, where there
were natural calcifications on the lost implant surface, there was no substantial decrease
in the O ratio in all groups [44]. In our study, the lowest O levels were seen in the ErL-
VSP group, in which debridement was done thoroughly but some loss of nanostructure
occurred. The absence of surface damage on SEM in the ErL-SP and ErL-LP groups made
for interesting results of the study. The O ratio increased and reached levels similar to
virgin implants in the two interventions. The element of O detected on implant surfaces
can be attributed to the titanium dioxide (TiO2) layer, which prevents corrosion of Ti and
increases biocompatibility. It was also reported that the thickness of the oxide layer on
the implant surface could increase three to four times after implantation compared to
pre-implantation [46]. Taken together, these findings suggest that the TiO2 layer remaining
on the implant after ErL treatment may be important for healing in the later stages. In
the SEM images of the ErL-VSP group, lower O percentages were observed in the areas
where surface damage was seen. These results suggest that the measurement of elemental
composition in addition to SEM images provides a quantitative assessment of titanium
implant surface properties.

Hakki et al. reported that titanium curette was more effective than plastic, carbon,
and titanium curettes [42]. However, when they compared the titanium curette with lasers,
they reported that the curette left residue. According to the results of our study, similar to
the results of Hakki and Takagi, scratches were detected in SEM images of the debridement
areas (Figure 1d) [42,44]. Furthermore, the effectiveness of debridement was less than the
laser’s application. The scratches that occurred by using curettes or ultrasonic devices
on the implant alter cell adhesion on the titanium surface and thus effect proper wound
healing. Harrel et al. compared titanium, stainless steel curettes, and PEEK ultrasonic
tips in terms of metal particle release during debriding titanium implant surfaces. They
reported that the PEEK tip had the least amount of titanium particles removed from the
surface [47]. In this present study, more scratches and debris layers were observed on the
surface of the Ti-Cur compared to the US-PEEK in SEM images (Figures 1c,d and 2c,d).
US-PEEK has been the most effective intervention group after the ErL in removing the hard
debris layer according to the SEM and EDX analyses.

In the literature, few studies have performed debridement on failed implant surfaces
that have been removed due to peri-implantitis [37,42–44]. In addition, the difficulty
in comparing these research studies could be due to methodological differences as well
as poorly reported laser parameters. When comparing laser devices made by different
manufacturers, the optimum energy output differs between lasers. Therefore, it is very
important for the clinician to fully understand the differences in the characteristics of
different laser devices and to apply erbium lasers effectively and safely for the treatment of
peri-implantitis.

When compared to debridement results in laser groups, ErL groups were found
superior to ErCrL groups. Although the energy density of the pulse (19.04 J/cm2) in three
ErL groups was the same, the applied pulse durations were different. All the ErL groups
achieved debridement in the surfaces but two groups had some surface damage. ErL-LP
debrided most effectively by achieving the typical surface appearance of virgin implants.
It was considered that, because the ErL-LP group had the longest pulse duration (600 μs),
the minor surface damages were in this group. On the other hand, although no damage
was observed on the debrided threads, all the ErCrL groups failed to complete effective
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debridement. When the described parameters by the manufacturer were applied, it was
calculated that the energy density of ErCrL-1and ErCrL-2 were 4 J/cm2 and 1.8 J/cm2,
respectively. When comparing to ErL with ErCrL groups, the energy density parameters
were lower in ErCrL groups. The inadequate energy density within the same duration
of the application resulted in differing outcomes in terms of effectiveness among the
interventions. Application duration is also critical for debridement. The clinical use of all
debridement methods within 120 s was selected according to previously reported studies
of Er:YAG lasers. Since the Er,Cr:YSGG laser is less efficient when compared to the Er:YAG
laser, the Er,Cr:YSGG could give different results in a study design where the application
time is not limited or longer. Another reason why Er,Cr:YSGG is less effective may be that
the 2.940 μm wavelength of the Er:YAG laser matches the water absorption peak, while the
Er,Cr:YSGG laser has an approximately three times lower absorption coefficient in water
due to its 2.780 μm wavelength [33].

We evaluated the three-dimensional roughness data together with the SEM images by
profilometry, and the Ra values were measured. There were fewer peaks and valleys before
debridement procedures when a thicker debris layer masked the typical SLA surface of
the implant. It was observed that Ra values measured from these areas increased after
debridement procedures. On the contrary, the surface roughness decreased in implants
where a relatively clean thread was selected at baseline. Since the hard attachments on
the extracted implant surface due to peri-implantitis were not distributed homogeneously,
the limited area examined does not represent the whole implant surface. It may be more
reliable to measure with techniques that can display the entire implant surface area instead
of linear values (Ra values) of a chosen spot.

5. Conclusions

The topographic and elemental evaluation of the surface change with SEM, EDX,
and profilometry methods as a result of debridement with erbium lasers (Er:YAG and
Er,Cr: YSGG) and mechanical debridement methods (titanium curette, ultrasonic device)
in implants that have been removed due to peri-implantitis resulted in the following:

ErL-LP was the most efficient in debriding the implant without damaging the surface.
Besides a few particles left on the implant surface, US-PEEK was effective as well. ErL-SP
and ErL-VSP interventions were also efficient in terms of cleanness, but some surface dam-
age was seen. Ti-Cur could not achieve a thorough cleaning and resulted in some surface
scratching. ErCrL was ineffective in this specific application duration and energy density.
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Abstract: The incorporation and effects of hollow mesoporous nanospheres in the system
SiO2–CaO (nanoMBGs) containing ipriflavone (IP), a synthetic isoflavone that prevents osteoporosis,
were evaluated. Due to their superior porosity and capability to host drugs, these nanoparticles are
designed as a potential alternative to conventional bioactive glasses for the treatment of periodontal
defects. To identify the endocytic mechanisms by which these nanospheres are incorporated within
the MC3T3-E1 cells, five inhibitors (cytochalasin B, cytochalasin D, chlorpromazine, genistein
and wortmannin) were used before the addition of these nanoparticles labeled with fluorescein
isothiocyanate (FITC–nanoMBGs). The results indicate that nanoMBGs enter the pre-osteoblasts
mainly through clathrin-dependent mechanisms and in a lower proportion by macropinocytosis.
The present study evidences the active incorporation of nanoMBG–IPs by MC3T3-E1 osteoprogenitor
cells that stimulate their differentiation into mature osteoblast phenotype with increased alkaline
phosphatase activity. The final aim of this study is to demonstrate the biocompatibility and osteogenic
behavior of IP-loaded bioactive nanoparticles to be used for periodontal augmentation purposes and
to shed light on internalization mechanisms that determine the incorporation of these nanoparticles
into the cells.

Keywords: endocytosis; ipriflavone; mesoporous nanospheres; nanoparticles; oxidative stress;
pre-osteoblasts

1. Introduction

Bioactive glasses are a group of bioceramics that exhibit bone regeneration properties. Since their
discovery in 1971, over 1.5 million patients have been treated with Bioglass 45S5, the original
four-component Bioglass composition (45 wt % SiO2, 24.5 wt % CaO, 24.5 wt % Na2O, 6 wt % P2O5).
In addition to orthopedic surgery as bone graft substitutes, bioactive glasses applications in dentistry
involve their use as dental restorative materials, mineralizing agents, coating material for dental
implants, pulp capping and root canal treatment [1]. The first particulate form of Bioglass, trademark
PerioGlass®, in 1993, is still sold for the treatment of periodontal defects and has become a standard
for the treatment of these types of clinical defects [2].

The research developed during the subsequent decades has resulted in new materials that
significantly differs from the original melt-derived Bioglass 45S5. The use of the sol–gel process in the
1990s [3,4], the preparation of bioactive star gels [5] and the development of mesoporous bioactive
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glasses (MBG) revealed new potential applications in the field of bone tissue regeneration and drug
delivery platforms [6–8]. Compared to conventional bioactive glasses, MBGs exhibit higher surface area
and porosity, which give them excellent drug-loading ability and superior bone-forming capacity [9–11].
These characteristics make MBGs very attractive as bone-graft material to be used in the regeneration
of periodontal bone defects since they can augment the height and bone volume of the alveolar ridge
for the insertion of dental implants, whereas they can deliver antibiotic or antiosteoporotic drugs
to prevent infection or promote bone healing in the case of patients with diminished bone-forming
capability, respectively.

The advances in nanomedicine have opened new research lines involving the synthesis and
development of nanoparticles, including carbon-based nanomaterials, hydroxyapatite, iron oxide,
zirconia, silica, silver or titania, among others [12]. Thus, nanodentistry is a consequence of the
progress in nanomaterials, tissue engineering and nanomedicine, being very beneficial for diagnostic
procedures, treatment and prevention of oral and dental diseases. Currently, the use of nanoparticles
in dentistry comprises dental filling, reinforcement of dental implants, polishing of enamel surface,
prevention of caries, teeth whitening and anti-sensitivity agents [13]. In this sense, recent advances
have been made with gold nanoparticles as a biomaterial in dentistry due to their antifungal and
antibacterial activity, mechanical properties and availability of different sizes and concentrations [14].
However, the studies focused on the use of bioactive nanoparticles for periodontal bone augmentation
are very scarce, and most of them have been carried out with hydroxyapatite nanoparticles [15,16].
In this context, the recent developments in the preparation of mesoporous bioactive glass nanoparticles
could provide a very interesting alternative for this purpose [17–20]. On the other hand, the coupling
of osteogenesis and angiogenesis is crucial in periodontal tissue regeneration and biomaterials loaded
with different agents that act synergistically on both processes are very recently being designed to
achieve periodontal regeneration [21].

One of the most interesting strategies to promote bone regeneration under osteoporotic conditions
consists of loading bioactive materials with different drugs to treat osteoporotic bone by either
promoting the osteogenesis process or inhibiting the activity of osteoclasts, or both [22,23]. Among the
drugs used for this purpose, it has been shown that ipriflavone (IP) prevents osteoporosis by inhibiting
bone resorption [24]. On the other side, oral administration of IP (1200 mg daily) to subjects diagnosed
of primary hyperparathyroidism indicated that this drug has great potential in the therapy of metabolic
bone pathologies in which there is high bone turnover [25]. As a nanotherapeutic strategy, different
inorganic nanoparticles have been designed for drug incorporation and intraosseous administration
in osteoporosis and regenerative therapies for bone diseases [26,27]. This type of administration,
with nanoparticles loaded with drugs that will be released inside the bone cells, allows significantly
reducing the quantity of drug required to carry out the desired effect.

In the present work, we have evaluated the effects of mesoporous bioactive nanospheres
(nanoMBGs) loaded with IP on MC3T3-E1 osteoprogenitor cells, the most relevant model of in vitro
osteogenesis [28], as a nanotherapeutic strategy to promote bone regeneration. The rationale behind
this selection is the osteogenic potential and drug delivery capabilities of nanoMBGs, which could
provide an excellent strategy as a bone graft for periodontal defects and also for the treatment of
infections and inflammatory processes such as those that occur in periodontitis. These nanospheres
are synthesized in the ternary system SiO2–CaO–P2O5 and have shown excellent in vitro bioactive
behavior in previous studies [29]. Since the effectiveness of treatment with nanoparticles designed for
intracellular drug release depends on their efficient incorporation into cells, we have investigated the
mechanisms of incorporation of these nanospheres into pre-osteoblasts. Thus, to identify the endocytic
mechanisms by which these nanoMBGs are incorporated within the MC3T3-E1 cells, five inhibitors
(cytochalasin B, cytochalasin D, chlorpromazine, genistein and wortmannin) were used before the
addition of these nanoparticles labeled with fluorescein isothiocyanate (FITC–nanoMBGs). On the other
hand, to assess the intracellular action of the drug, the effects of unloaded and IP-loaded nanospheres
(nanoMBG–IPs) on MC3T3-E1 pre-osteoblasts were evaluated in a comparative study by analyzing
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the following cellular parameters: cell viability, apoptosis, cell cycle, intracellular content of reactive
oxygen species, intracellular content of Ca2+, production of interleukin 6, alkaline phosphatase activity
and matrix mineralization. The study of all these parameters is focused on testing the absence of
cytotoxicity of nanoMBG–IPs and their potential as a nanotherapeutic strategy for the intracellular
delivery of ipriflavone to promote osteogenesis in the periodontal defects. The final aim of this study
is to demonstrate the biocompatibility and osteogenic behavior of nanoMBG–IP and to shed light on
the mechanisms that rule the incorporation of these nanoparticles into the cells.

2. Materials and Methods

2.1. Preparation, Characterization and Labeling of Mesoporous SiO2–CaO Nanospheres

Mesoporous SiO2–CaO–P2O5 nanospheres (nanoMBGs) were synthesized following the
method described in previous work [30]. This method consists of the preparation of an O/W
emulsion where two different templates are dissolved. Briefly, poly(styrene)-block-poly(acrylic acid)
(PS-b-PAA) with average Mw = 38,000, was dissolved in tetrahydrofuran (THF) and poured on a
hexadecyltrimethylammonium bromide (CTAB) water solution. Then, the appropriated amounts of
Ca(NO3)2·4H2O, triethyl phosphate (TEP) and tetraethyl orthosilicate (TEOS) were added dropwise
dissolved in water and ethanol, respectively. After 24 h stirring, the product was collected by
centrifugation, dried and calcined at 550 ◦C to remove the organic templates (see Supplementary
Materials for a detailed description of the synthesis).

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) images were
collected with a JEOL F-6335 microscope and a JEOL-1400 microscope (JEOL, Tokyo, Japan), respectively.

Textural properties were studied by means of nitrogen adsorption analysis using an ASAP 2020
equipment (Micromeritics, Norcross, GA, USA). For this aim, nanoMBGs were degassed at 150 ◦C for
15 h. Fourier-transform infrared spectroscopy (FT-IR) was carried out using a Nicolet Magma IR 550
spectrometer (Nicolet Instruments, Madison, WI, USA). In order to collect more information from the
surface of the nanoparticles, the spectra were collected by means of the attenuated total reflectance
(ATR) sampling technique. Thermogravimetric analysis (TGA) was performed using a TG/DTA Seiko
SSC/5200 thermobalance (SEIKO instruments, Chiba, Japan). The samples were heated from 50 to
600 ◦C at a heating rate of 1 ◦C min−1, using α-Al2O3 as reference.

For fluorescein isothiocyanate (FITC)-labeling, aminopropyl triethoxysilane (APTES) was
dissolved in ethanol. Subsequently, 0.6 mg of fluorescein isothiocyanate was added and stirred
for 5 h. This solution was added dropwise on the nanoMBG particle suspension, and the labeled
particles were washed and collected by centrifugation (see Supplementary Materials for a detailed
description of the labeling).

2.2. Antiosteoporotic Drug Loading

Ipriflavone (IP) was chosen as an antiosteoporotic drug for this study. For this aim, 300 mg of
IP (7-isopropoxy-3-phenyl-4H-1-benzopyran-4-one) were dissolved in 6 mL of acetone as previously
reported [31]. Subsequently, 80 mg of nanoMBGs were poured on this solution and stirred in a rotatory
incubator at 100 rpm for 24 h. Ipriflafone-loaded nanoparticles (nanoMBG–IP) were filtered and washed
with acetone and water, thus removing the excess of IP physically adsorbed on the external surface.

2.3. Cell Culture of MC3T3-E1 Pre-Osteoblasts for FITC–NanoMBG Incorporation. Evaluation of the
Endocytic Mechanisms for FITC-NanoMBG Cell Entry

Since MC3T3-E1 osteoprogenitor cells are the most relevant model of in vitro osteogenesis [28],
this cell line was chosen to investigate the entry mechanisms of these mesoporous bioactive nanospheres
labeled with FITC in undifferentiated osteoblasts. This cell line was kindly provided by Dr. B.T.
Pérez-Maceda (CIB, CSIC, Madrid, Spain). On the other hand, in this study, we have analyzed the
effects of these nanospheres loaded with ipriflavone on the differentiation of pre-osteoblasts into mature
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osteoblasts, as explained below. For FITC–nanoMBG incorporation studies, MC3T3-E1 pre-osteoblasts
(105 cells/mL) were seeded in 24 well culture plates with Dulbecco’s Modified Eagle’s Medium (DMEM,
Sigma Chemical Company, St. Louis, MO, USA) with fetal bovine serum (FBS, Gibco, BRL, 10% vol/vol),
1 mM L-glutamine (BioWhittaker Europe, Verviers, Belgium) and antibiotics (200 μg penicillin and
200 μg streptomycin per mL, BioWhittaker Europe, Verviers, Belgium). Cells were cultured for 24 h
in a 5% CO2 incubator at 37 ◦C, and different doses of FITC–nanoMBGs (10, 30 and 50 μg/mL) were
added afterward into the culture medium and maintained several times. Cells were harvested with
trypsin-EDTA (0.25%), and FITC–nanoMBG incorporation was quantified through flow cytometry.
The FITC–nanoMBG fluorescence was detected in a FACScalibur Becton Dickinson flow cytometer
with a 530/30 filter, exciting the sample at 488 nm. The data acquisition and flow cytometric analysis
conditions were set through negative and positive controls using the CellQuest Program of Becton
Dickinson and maintained for all measurements. A total of 104 cells were analyzed in each sample in
order to ensure a correct statistical significance.

To identify the endocytic mechanisms by which these FITC–nanoMBG nanospheres are
incorporated within the MC3T3-E1 cells, the inclusion in the culture medium of several specific
endocytosis inhibitors was carried out before adding the nanoparticles, maintaining the cells 2 h under
these conditions. The endocytosis inhibitors were: 20 μM cytochalasin B (MP Biomedicals, Eschwege,
Germany), 4 μM cytochalasin D (MP Biomedicals, Eschwege, Germany), 30 μM chlorpromazine
(Enzo Life Sciences, Barcelona, Spain), 3.7 μM genistein (Enzo Life Sciences, Barcelona, Spain),
and 23 μM wortmannin (Enzo Life Sciences, Barcelona, Spain). Then, the culture medium was changed
by a fresh medium containing 50 μg/mL FITC–nanoMBGs and cells were maintained for 2 h at 37 ◦C in
a 5% CO2 incubator. Finally, cells were collected with trypsin-EDTA (0.25%) and the FITC–nanoMBG
incorporation in each case was quantified by flow cytometry as stated above. All the analyses were
compared with their respective controls without inhibitors.

2.4. Cell Size and Complexity Analysis

To study the cell size and complexity, forward angle (FSC) and side angle (SSC) scatters were
detected, respectively, in a FACScalibur Becton Dickinson flow cytometer. A total of 104 cells were
analyzed in each sample in order to ensure a correct statistical significance.

2.5. Cell Viability Studies

Cell viability was measured by adding 0.005% (wt/vol) propidium iodide (PI) in PBS
(Sigma-Aldrich, St. Louis, MO, USA) into the samples to stain the dead cells. The PI exclusion
indicates the plasma membrane integrity. PI fluorescence was detected in a FACScalibur Becton
Dickinson flow cytometer (Becton Dickinson, San Jose, CA, USA) with a 530/30 filter, exciting the
sample at 488 nm. A total of 104 cells were analyzed in each sample in order to ensure a correct
statistical significance.

2.6. Cell-Cycle Analysis and Apoptosis Detection by Flow Cytometry

Cells in 0.5 mL of PBS were mixed with 4.5 mL of ethanol 70% and maintained overnight at 4 ◦C.
Cell suspensions were then centrifuged for 10 min at 310× g and resuspended in 0.5 mL of RNAsa
solution containing 0.1% Triton X-100, 20 μg/mL of IP and 0.2 mg/mL of RNAsa (Sigma-Aldrich,
St. Louis, MO, USA). After 30 min of incubation at 37 ◦C, PI fluorescence was detected in a FACScan
Becton Dickinson flow cytometer with a 585/42 filter, exciting the sample at 488 nm. The CellQuest
Program of Becton Dickinson was used to calculate the percentage of cells in each cycle phase: G0/G1

(growth), S (DNA synthesis) and G2/M (growth and mitosis). To quantify the cell apoptosis, the SubG1

fraction (cells with fragmented DNA) was evaluated. A total of 104 cells were analyzed in each sample
in order to ensure a correct statistical significance.
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2.7. Intracellular Reactive Oxygen Species (ROS) Content

Cell suspensions were incubated for 30 min at 37 ◦C with 100 μM of 2′,7′-dichlorofluorescein
diacetate (DCFH/DA, Serva, Heidelberg, Germany). DCFH/DA can penetrate the cells and can be
hydrolyzed by cytosolic esterases, producing DCFH, which is instantly oxidized by ROS to DCF,
highly fluorescent and whose fluorescence intensity depends directly on the intracellular content of
reactive oxygen species (ROS). DCF fluorescence was measured in a FACScalibur Becton Dickinson
flow cytometer with a 530/30 filter, exciting the sample at 488 nm. A total of 104 cells were analyzed in
each sample in order to ensure a correct statistical significance.

2.8. Confocal Microscopy Studies

Cells were cultured on circular glass coverslips with 50 μg/mL FITC–nanoMBGs in the culture
medium for 24 h. Afterward, cells were fixed with p-formaldehyde (3.7%) and permeated, adding 500μL
of Triton-X100 (0.1% in PBS). After 20 min of incubation with BSA (1% in PBS), samples were
stained with 100 μL of rhodamine-phalloidin 1:40, washed with PBS and stained with 100 μL
of 4′,6-diamidino-2-phenylindole (3 × 10−6 M in PBS, DAPI, Molecular Probes, Inc., Eugene,
OR, USA). Finally, samples were observed through a Leica SP2 confocal laser scanning microscope.
The fluorescence of rhodamine and DAPI were excited at 540 and 405 nm, respectively, and detected at
565 and 420/586 nm, respectively.

2.9. Intracellular Calcium Content

After incubation of cell suspensions for 30 min with the probe Fluo4-AM (5 μM, Thermo Fisher
Scientific, Madrid, Spain), which can penetrate the cells and be hydrolyzed by cytosolic esterases,
Fluo4 fluorescence was measured in a FACScan Becton Dickinson flow cytometer with a 530/30 filter,
exciting the sample at 488 nm. Finally, to check the assay sensitivity, A-23,187 ionophore (5 μM,
Sigma-Aldrich, St. Louis, MO, USA) was added to each sample. A total of 104 cells were analyzed in
each sample in order to ensure a correct statistical significance.

2.10. Alkaline Phosphatase Activity

A total of 2 × 104 cells/mL were cultured in 24 well plates and maintained for 24 h in a 5% CO2

incubator at 37 ◦C, with 1 mL/well of culture medium (DMEM with 10% FBS, 1 mM L-glutamine 1 mM
and antibiotics), supplemented with 10 mM L-ascorbic acid and 50 μg/mL β-glycerolphosphate in
order to promote cell differentiation. To evaluate the nanomaterial effects on alkaline phosphatase
(ALP) activity, as a key indicator of osteoblast phenotype expression, 50 μg/mL of nanoMBGs with
or without ipriflavone were added into the wells and cells were maintained for 11 days in a 5% CO2

incubator at 37 ◦C, refreshing the culture medium every 4 days. ALP activity was detected using Reddi
and Huggins´ method (Reddi and Huggins, 1972, SpinReact S.A., Girona, Spain), and the obtained
values were normalized with respect to total cell protein content, measured using Bradford’s method
with bovine serum album (BSA) as standard.

2.11. Mineralization Assay

A total of 2 × 104 cells/mL were seeded in 12 well plates and maintained for 24 h in a 5% CO2

incubator at 37 ◦C, with 1.5 mL/well of culture medium (DMEM with 10% FBS, 1 mM L-glutamine
1 mM and antibiotics), supplemented with 10 mM L-ascorbic acid and 50 μg/mL β-glycerophosphate
in order to promote cell differentiation. Then, 50 μg/mL of nanoMBGs with or without ipriflavone
were added into the wells and cells were maintained for 11 days in a 5% CO2 incubator at 37 ◦C,
refreshing the culture medium every 4 days. Afterward, the culture medium was removed, and the cell
cultures were treated with glutaraldehyde (10%) as a fixer for 1 h. Then, cells were stained with 40 mM
Alizarin Red at pH 4.2 for 45 min in order to analyze the matrix mineralization. Finally, the stained
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extracellular deposits were dissolved with cetylpyridinium chloride (10% at pH 7), and the absorbance
of the supernatants was measured at 620 nm.

2.12. Interleukin 6 (IL-6) Detection

The concentration of IL-6 secreted to the culture medium by 2 × 104 cells/mL, after treatment
with 50 μg/mL of nanoMBGs with or without ipriflavone, was measured using an ELISA IL-6 kit
(Gen-Probe, Diaclone). This method is based on a sandwich ELISA where plates are pre-coated with a
capture antibody highly specific for IL-6 and, after the incubation with the samples, a biotinylated
secondary antibody is added, and the correct unions are revealed with streptavidin-avidin conjugated
with horseradish peroxidase in a colorimetric reaction which is quantified in an ELISA Plate Reader at
450 nm, with a sensitivity of 10 pg/mL and an inter-assay variation coefficient <10%. Recombinant
cytokine was adopted as standard.

2.13. Statistics

The results obtained appear as means of three replicate experiments plus their standard deviations,
analyzed with the 22nd version of Statistical Package for the Social Sciences (SPSS). Statistical
comparisons were carried out with the analysis of variance (ANOVA), and Scheffé and Games–Howell
test was employed for post hoc analysis of differences between study groups, considering p < 0.005 as
statistically significant.

3. Results and Discussion

3.1. Characterization of Mesoporous Nanospheres

Prior to any biological assay, the main physic-chemical features of the nanoparticles must be
determined. For this purpose, electron microscopy (SEM and TEM) experiments, textural properties
determination and FTIR analysis before and after drug-loading was carried out. Figure 1a shows an
SEM image of nanoMBGs, pointing out that this material is made of non-aggregated spheres ranging
in size between 150 and 250 nanometers. The spheres show porosity accessible to the external surface.
TEM image (Figure 1b) provides more detailed information about the porous structure of nanoMBG
spheres. The TEM image evidence that our spheres are composed of an inner cavity of about 100 nm
in diameter, surrounded by a shell that exhibits a radial porosity. These two types of porosity are
clearly reflected in the nitrogen adsorption/desorption isotherm shown in Figure 1c. The adsorption
isotherm corresponds to a highly porous material with high surface area (see Table 1) and with a wide
hysteresis loop type H2, characteristic of ink bottle-like pore as a clear reflection of the wide central
cavity connected to the narrow necks of the radial pores of the shell. Finally, FTIR spectra evidence the
presence of ipriflavone after the loading process (Figure 1d) with the characteristic absorption band of
this compound (see Figure S1 in Supplementary Materials). Thermogravimetric analysis indicated
18% in weight of ipriflavone-load (see Figure S2 in Supplementary Materials), and the decrease of the
textural parameters also evidence that the drug is filling or even occluding the pores of the spheres
(Table 1).

3.2. Effects of NanoMBGs and NanoMBG-IPs on Size, Complexity, Apoptosis and Cell Cycle of
MC3T3-E1 Pre-Osteoblasts

Once the main physic-chemical characteristics of nanoMBGs were determined, we proceeded
to assess the potentially deleterious effects that these nanoparticles could exert on pre-osteoblast
in terms of cell size, complexity, apoptosis or harmful variations in the cell cycle. No changes in
pre-osteoblast size and complexity (FSC and SSC, respectively) were observed after the intracellular
incorporation of nanoMBGs or nanoMBG–IPs (see Figure S3 in Supplementary Materials). In this
context, we have observed in previous studies with MC3T3-E1 pre-osteoblasts that the incorporation of
another type of nanoparticles, such as graphene oxide nanosheets, produced alterations as the increase
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in cell size (FSC) without changes in cell complexity (SSC) [32]. However, previous studies with RAW
264.7 macrophages and nanoMBGs evidenced a significant increase of macrophage complexity (SSC)
after the treatment with these nanospheres due to their uptake by macrophages [29]. It is well known
that these cell parameters, FSC and SSC, depend on different factors such as the cell surface and
some organelles (lysosomes, mitochondria, nucleus or pinocytic vesicles) as well as on the presence of
granulated material within the cell [33].

Figure 1. Characterization of mesoporous nanospheres. (a) scanning electron micrograph of hollow
mesoporous nanospheres in the system SiO2–CaO (nanoMBG) spheres. (b) Transmission electron image
of nanoMBG spheres. (c) Nitrogen adsorption/desorption isotherm of nanoMBG spheres. (d) FTIR
spectra of nanoMBG and IP-loaded nanospheres (nanoMBG–IP) spheres (* indicates the absorption
bands corresponding to ipriflavone).

Table 1. Textural properties for nanoMBG and nanoMBG–IP spheres measured by N2 adsorption.

Sample
Surface Area

(m2·g−1)
Pore Volume

(cm3·g−1)
Pore Size

(nm)

nanoMBG 543.6 0.435 −2.5 nm

nanoMBG–IP 14.4 0.057 NA

The effects of nanoMBG and nanoMBG–IP nanospheres on cell cycle phases (G0/G1, S and G2/M)
of MC3T3-E1 pre-osteoblast and the percentage of cells in apoptosis (SubG1 fraction) were analyzed.
Figure 2 shows that the treatment with 50 μg/mL of nanospheres without ipriflavone for 24 h did
not induce alterations on G0/G1, S and G2/M phases. In the same way, nanoMBG–IPs did not induce
changes in G0/G1 and G2/M phases. Nevertheless, a significant increment (p < 0.005) of the synthesis
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phase (S) was observed after the incubation of the MC3T3-E1 pre-osteoblasts with 50 μg/mL of
nanoMBG–IPs, thus evidencing the protective impact of the ipriflavone into these cells. Moreover,
nanoMBG and nanoMBG–IPs did not induce apoptosis on MC3T3-E1 pre-osteoblasts, detected as
SubG1 fraction, in comparison with control cultures.

Figure 2. Effects of nanoMBGs and nanoMBG–IPs on cell cycle phases of MC3T3-E1 pre-osteoblasts
and apoptosis percentage (Sub G1 fraction) after 24 h of treatment with 50 μg/mL of nanospheres.
Control conditions without nanospheres were performed at the same time. Statistical significance:
*** p < 0.005.

3.3. Effects of NanoMBGs and NanoMBG-IPs on Viability, Intracellular Reactive Oxygen Species (ROS) and
Calcium Content of MC3T3-E1 Pre-Osteoblasts

Although no adverse effects on cell cycle were observed and IP evidenced a protective impact,
the incorporation of nanoparticles could trigger an increment of the intracellular content of reactive
oxygen species (ROS), oxidative stress, a decrease of cell viability and toxicity mechanisms [34]. On the
other hand, bioactive mesoporous materials exhibit a high capability for releasing Ca2+ and other ions
such as soluble silicate that can stimulate the proliferation and differentiation of osteoblasts [35–37],
inducing bone regeneration due to the release of these two ions [38]. Considering all these facts,
in the present work, we have evaluated the cell viability, intracellular content of ROS and cytosolic
calcium of MC3T3-E1 pre-osteoblasts after treatment with nanoMBGs and nanoMBG–IPs. Control
conditions without nanospheres were performed at the same time. Figure 3 shows the obtained results.
The fluorescence profiles of control cells, cells with Fluo4 and cells with Fluo4 plus A23187 ionophore
are also shown in the lower-left figure. The fluorescence increase observed after the addition of A23187
ionophore to the cells demonstrates the sensitivity of the assay. No viability changes but significant
decreases of both intracellular ROS and calcium content were observed after incubation with 50 μg/mL
of nanoMBGs and nanoMBG–IPs. These results evidence the absence of oxidative stress or toxicity
caused by these nanospheres in MC3T3-E1 pre-osteoblasts after their uptake.
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Figure 3. Effects of 50 μg/mL of nanoMBG and nanoMBG–IP nanospheres on viability, intracellular
content of reactive oxygen species (ROS) and cytosolic calcium of MC3T3-E1 pre-osteoblasts, after 24 h
of incubation. Control conditions without nanospheres were performed at the same time. Fluorescence
profiles of control cells, cells with Fluo4 and cells with Fluo4 plus A23187 ionophore are shown in the
lower-left figure. Statistical significance: *** p < 0.005.

3.4. Effects of NanoMBGs and NanoMBG-IPs on Differentiation of MC3T3-E1 Pre-Osteoblasts

The set of results obtained and described in Sections 3.2 and 3.3 evidence the excellent behavior
in terms of cell viability and the absence of cytotoxicity of nanoMBGs and nanoMBG–IP. However,
the application as osteoregenerative material requires the capability to stimulate the differentiation of
the pre-osteoblasts toward the osteoblastic phenotype. The differentiation process of the MC3T3-E1
pre-osteoblasts includes three successive phases: (a) initial stage with active cell proliferation, but
without expression of differentiation markers such as alkaline phosphatase (ALP) or mineral depositions;
(b) intermediate stage with the maturation of the matrix and a high expression of ALP; and (c) final
stage with matrix mineralization characterized by the presence of mineral depositions due to ALP
activity [39,40]. On the other hand, ipriflavone is a synthetic drug that prevents osteoporosis by
inhibiting bone resorption and maintaining bone thickness [24]. Thus, the use of nanoMBG–IPs for
intracellular delivery of this drug could be a nanotherapeutic strategy to promote bone regeneration.
In this context, we evaluate the impact of nanoMBG–IPs on MC3T3-E1 pre-osteoblast differentiation as
a prototype of in vitro osteogenesis through the measurement of ALP activity and the quantification of
matrix mineralization as key markers of MC3T3-E1 cell differentiation after 11 days of treatment with
different doses of these nanospheres. Controls without nanospheres and with nanoMBGs, but without
ipriflavone were performed at the same time.

Figure 4 shows that the cell incorporation of nanoMBG without ipriflavone induced a decrease of
ALP activity compared to control cells after 11 days of incubation with 10 and 50 μg/mL. However,
significant increases of ALP activity were observed after treatment with 5, 10 and 50 μg/mL of these
nanospheres loaded with ipriflavone (nanoMBG–IPs), thus indicating the efficient intracellular release
of IP and its positive in vitro effect on osteogenesis. The effect of the highest dose (50 μg/mL) of
nanoMBG–IPs was lower than the obtained with 5 and 10 μg/mL of nanoMBG–IPs, evidencing the
convenience of using lower doses than 50 μg/mL.
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Figure 4. Effects of several doses of nanoMBGs and nanoMBG–IPs on MC3T3-E1 pre-osteoblast
differentiation after 11 days, evaluated through the measurement of alkaline phosphatase (ALP) activity.
Control conditions without nanospheres were performed at the same time. Statistical significance:
*** p < 0.005, * p < 0.05.

Increases of matrix mineralization were detected after the incubation with 50 μg/mL of nanoMBGs
and nanoMBG–IPs for 11 days, but these effects were not statistically significant (Figure S4,
Supplementary Materials), probably as a result of the lower precision and sensitivity of this test.

The ALP activity results demonstrate the efficient intracellular release of the drug from the
nanoMBG–IPs and suggest their potential application as intracellular drug delivery systems in a
nanotherapeutic strategy to promote bone regeneration.

Regarding the effects of other nanoparticles on MC3T3-E1 cell differentiation, in previous studies
with this cell type and graphene oxide (GO) nanosheets, we observed that the treatment with 40 μg/mL
of 400 nm PEG-GO for 3 days did not affect the differentiation process 12 days after the intracellular
uptake of the nanomaterial [32].

3.5. Effects of NanoMBGs and NanoMBG-IPs on Interleukin 6 (IL-6) Production by
MC3T3-E1 Pre-Osteoblasts

Despite having demonstrated the absence of cytotoxicity of these nanospheres and having
observed their capability to promote pre-osteoblast differentiation, the inflammatory response that
any kind of nanoparticles could elicit should be evaluated. In this sense, the detection in vitro of
inflammatory cytokines provides valuable information about these potential clinical complications.
IL-6 is produced by many cells, including osteoblasts, monocytes, macrophages and bone marrow
mononuclear cells [41]. In bone, this cytokine induces osteoclast differentiation [42,43]. On the
other hand, recent studies in a murine model have shown the IL-6 is related to the processes of
revascularization and bone formation after ischemic osteonecrosis [44]. In the present work, we have
quantified the levels of IL-6 secreted by cultured MC3T3-E1 pre-osteoblasts after incubation with
nanoMBGs and nanoMBG–IPs. Figure 5 suggests that no significant changes of IL-6 secretion were
detected after treatment with these nanospheres.

With respect to IL-6, it is important to note that this cytokine and tumor necrosis factor-alpha
(TNF-α) play a key role in the inflammatory response, infection and stress [45]. In the present work,
no significant changes of in vitro IL-6 secretion by pre-osteoblasts were detected after nanoMBG and
nanoMBG–IP treatment, thus indicating that the local nanomaterial administration in vivo would not
trigger the production of this pro-inflammatory cytokine and would not activate the innate immune
system. These results agree with the switch of the M1 pro-inflammatory macrophage phenotype to the
M2 reparative phenotype previously observed [29].
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Figure 5. Effects of nanoMBGs and nanoMBG–IPs on interleukin 6 (IL-6) production by cultured
MC3T3-E1 pre-osteoblasts after treatment with 50 μg/mL of nanospheres for 24 h. Control conditions
without nanospheres were performed at the same time.

The results obtained so far evidence not only the excellent biocompatibility of nanoMBG–IP
but also their capability to promote pre-osteoblasts differentiation towards osteoblast phenotype,
thus confirming the osteogenic potential of nanoMBG–IP. In this sense, the intracellular release of the
drug seems to play an important role in this process. The following experiments were carried out to
shed some light on the mechanism that rules the incorporation of these nanoparticles within cells.

3.6. Uptake of NanoMBGs by MC3T3-E1 Pre-Osteoblasts

In order to evaluate the nanoparticles uptake by pre-osteoblast cells, nanoMBG nanospheres
were labeled with FITC. As a first approach, MC3T3-E1 pre-osteoblasts were cultured for 15, 30 and
60 min with 10, 30 and 50 μg/mL of FITC–nanoMBG. The cells were then detached, and the amount of
cell-associated fluorescence was detected by flow cytometry as a measure of the intracellular uptake of
these nanospheres. As can be observed in Figure 6A, the fluorescence intensity of osteoprogenitor
cells after each treatment reveals a fast and dose-dependent FITC–nanoMBG uptake after 15 min.
On the other hand, a decrease in fluorescence related to the intracellular content of these nanospheres
was observed after 60 min of treatment with all the doses used (Figure 6A). This fact indicates that,
after FITC–nanoMBG uptake, the exocytosis of this nanomaterial also occurs, according to the process
described for other nanoparticles in mammalian cells [46].

For confocal microscopy studies, the dose of 50 μg/mL of FITC–nanoMBGs and 24 h time
were chosen to observe if the intracellular uptake of this nanomaterial by MC3T3-E1 pre-osteoblasts
could damage the cytoskeleton structure in these conditions of high dose and longer treatment time.
Control cultures without this nanomaterial were performed at the same time. Figure 6B shows
the abundance of nanospheres in the cytoplasm of the pre-osteoblasts and the integrity of their
morphology. The results evidence that the incorporation of FITC–nanoMBGs did not induce changes
in the pre-osteoblast cytoskeleton.

3.7. Endocytic Mechanisms for FITC–NanoMBG Entry into MC3T3-E1 Pre-Osteoblasts

Five specific endocytosis inhibitors were added into the culture wells before the nanomaterial
addition in order to identify the endocytic mechanisms by which these FITC–nanoMBG nanospheres
are incorporated within the MC3T3-E1 cells. This indirect method consists of pretreating the cells with
different inhibitors that specifically block a certain mechanism of endocytosis. In this way, when the
inhibitor used reduces the entry of the nanospheres, we can know that this mechanism that has been
blocked constitutes an entry route. On the contrary, if the inhibitor does not decrease the entry of the
nanospheres, we will know that the mechanism that is blocking the inhibitor is not involved in the
entry of the nanospheres. Figure 7 shows a scheme of the assay, a table with the mechanism affected by
each inhibitor (its specific action and the corresponding reference) and a graph with the effects of these
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agents on the FITC–nanoMBG uptake. Previous studies allowed us to choose the dose of the different
inhibitors [47–51]. The results showed two incorporation mechanisms for FITC–nanoMBG entry into
MC3T3-E1 pre-osteoblasts.

 

Figure 6. Intracellular uptake of nanoMBG nanospheres labeled with FITC by MC3T3-E1 pre-osteoblasts.
(A) flow cytometric analysis of fluorescence intensity of cells with intracellular FITC–nanoMBG
nanospheres after incubation with 10 (•), 30 (�) and 50 μg/mL (�) for different times (15, 30 and 60 min).
Statistical significance: *** p < 0.005. (B) Confocal microscopy images of MC3T3-E1 pre-osteoblasts after
24 h of incubation with 50 μg/mL of nanoMBG nanospheres labeled with fluorescein isothiocyanate
(FITC). Nuclei were stained with DAPI (blue), F-actin filaments were stained with rhodamine-phalloidin
(red), and FITC–nanoMBGs are observed in green.

Cytochalasins B and D, which block actin polymerization and inhibit macropinocytosis, reduce the
FITC–nanoMBG incorporation by pre-osteoblasts, although only the effect of Cytochalasin B was
significant (p < 0.05, Figure 3). Chlorpromazine is an inhibitor of clathrin-dependent mechanisms,
and this agent produced a very pronounced diminution (p < 0.005) of FITC–nanoMBG incorporation
by MC3T3-E1 cells, thus indicating that the clathrin-dependent endocytic mechanism is the main route
implicated in the entry of these nanospheres into pre-osteoblasts. Previous studies with nanosheets of
graphene oxide and Saos-2 osteoblasts evidenced that these nanosheets can enter in mature osteoblasts
through pathways dependent on microtubules [51]. It is important to note that the mechanisms of
entry of nanomaterials into cells depend on the cell type and the characteristics of the nanoparticles.
In the present study, the treatment with either wortmannin or genistein did not trigger significant
changes on FITC–nanoMBG incorporation by pre-osteoblasts. Wortmannin blocks the activity of
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phosphoinositide 3-kinase (PI3K) and phosphoinositide 4-kinase (PI4K) [47], with key roles in cell
development and growth as adhesion, apoptosis, cytoskeletal organization, motility, proliferation,
thus preventing phagocytosis mechanisms [52]. Genistein blocks Src tyrosine kinases and the dynamics
of caveolae [50], and no differences were observed in the uptake of these nanospheres when it was
present in the cell culture. Since wortmannin and genistein did not reduce FITC–nanoMBG uptake by
pre-osteoblasts, we can conclude that neither phagocytosis nor caveolae-mediated incorporation is
routes implicated in the in vitro uptake of these nanospheres by MC3T3-E1 cells.

 
Figure 7. Inhibitory effects of several endocytosis inhibitors on FITC–nanoMBG uptake by MC3T3-E1
pre-osteoblasts. Cells were incubated with each inhibitor for 2 h, the medium was then removed,
and the cultures were treated with 50 μg/mL FITC–nanoMBGs for 2 h. Statistical significance: * p < 0.05,
*** p < 0.005.

4. Conclusions

The novelty of this work is the knowledge of the effects of ipriflavone-loaded mesoporous
nanospheres on the differentiation of bone-forming cells. In previous studies, the effects of these
nanoparticles on already differentiated osteoblasts in coculture with osteoclasts were analyzed [25],
but until now, their effects on osteoprogenitor cells were unknown. Another of the novel objectives of
the present work was to understand the mechanisms by which these nanoparticles are incorporated
into osteoprogenitor cells. The obtained results demonstrate active incorporation of nanoMBG–IPs
by MC3T3-E1 pre-osteoblasts that stimulates their differentiation into mature osteoblast phenotype
with increased alkaline phosphatase activity, thus indicating the efficient intracellular release of the
drug and its positive in vitro effect on osteogenesis. The main mechanism by which FITC-Nano-MBGs
enter pre-osteoblasts is the clathrin-dependent route, although these nanospheres can also enter
through micropinocytosis. The present work reveals the absence of cytotoxicity of nanoMBG–IPs
and their great potential as a nanotherapeutic strategy for the intracellular delivery of ipriflavone
to promote osteogenesis in the periodontal defects. On the other hand, having demonstrated the
intracellular incorporation of these nanospheres and their effective intracellular release of ipriflavone,
this study represents the starting point for the use of these nanospheres as carriers of very diverse
drugs (antibiotics, anti-inflammatory, antiresorptive and osteogenic drugs) not only for periodontal
defects but also for infections and inflammatory processes such as those that occur in periodontitis.
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Supplementary Materials: The following are available online at http://www.mdpi.com/2079-4991/10/12/2573/s1,
Figure S1: FTIR spectrum of ipriflavone; Figure S2: Thermogravimetric analysis before (nanoMBG) and after
loading with ipriflavone (nanoMBG–IP); Figure S3: Effects of nanoMBGs and nanoMBG–IPs (50 μg/mL) on
cell size and complexity of MC3T3-E1 pre-osteoblasts after 24 h of treatment with 50 μg/mL of nanospheres.
Control conditions without nanospheres were performed at the same time; Figure S4: Effects of nanoMBGs and
nanoMBG–IPs on matrix mineralization by MC3T3-E1 pre-osteoblasts after 11 days of treatment with 50 μg/mL of
nanospheres by Alizarin Red staining. Control conditions without nanospheres were performed at the same time.
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