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Abstract

This review presents a comprehensive overview of dental materials that support tissue healing while
exhibiting antimicrobial properties. Emphasis is placed on materials that are biocompatible,
bioactive, and non-toxic to host cells, with demonstrated bacteriostatic and bactericidal activity. The
review summarizes current research on natural bactericides, antimicrobial polymers, and bioactive
glass/polymer composites, along with various techniques employed for surface coating of dental
implants. Three principal categories of antimicrobial coatings have been identified: antibacterial
phytochemicals, synthetic antimicrobial agents (including polymers and antibiotics), and metallic
nanoparticles. Among these, antibacterial peptide-based coatings have been the most extensively
studied and have shown the greatest effectiveness in reducing bacterial colonization, especially
during extended incubation periods. These coatings offer high antimicrobial potency, durability, and
excellent biocompatibility, positioning them as promising candidates for long-term protection
against microbial contamination. However, additional in vitro and pre-clinical studies are warranted
to thoroughly evaluate their therapeutic potential and to establish their efficacy and safety for clinical
applications in the prevention of peri-implant infections.

Keywords: dental materials; antimicrobial coatings; bioactive glass composites; antimicrobial
polymers; metallic nanoparticles; antimicrobial peptides; dental implants; peri-implant infections

1. Introduction

The widespread use of implants, such as catheters, prosthetics, and various medical devices, has
significantly transformed the field of medicine in recent years. Modern medical implants gained
widespread use in the mid-20th century and millions of different types are implanted in North
America each year. Consequently, dental implants have been widely utilized as a means of
supporting prosthetic teeth, with a long and complex history of development. According to data from
the American Association of Oral and Maxillofacial Surgeons, approximately 69% of adults between
the ages of 35 and 44 have lost at least one permanent tooth due to factors such as trauma, periodontal
disease, failed endodontic treatment, or dental caries[1]. Additionally, by the age of 74, approximately
26% of individuals experience complete edentulism. Annually, the placement of dental implants has
become increasingly common, with an estimated 100,000 to 300,000 implants inserted[2]

In recent years, research on dental implant designs, biomaterials, and surgical techniques has
expanded significantly and is anticipated to continue growing. This trend is driven by the rapid
expansion of the global dental implant market and the increasing demand for aesthetic and
restorative dental treatments [3] .
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However, these devices carry a high risk of infection, making implant-related infections some of
the most common and serious complications associated with biomaterials. In the United States,
infections related to medical devices represent about 26% of healthcare-associated infections [4,5].
Orthopedic and dental implants, which are intended to remain inside the body, pose particular
challenges, as infections can lead to prosthetic failure, often necessitating implant replacement and
resulting in chronic or recurrent issues[6]. Diagnosing infections in these implants is complex and
requires identifying the specific pathogen and assessing its drug susceptibility. Treatment is further
complicated by challenges such as antimicrobial resistance and persistent infections(7]

Dental implants comprise the implant body and its supporting superstructure (crown and
abutment), referred to as a prosthetic tooth root, constructed from synthetic materials and surgically
inserted into the jawbone at the site of the missing tooth. Dental implants provide an effective
solution for restoring chewing function, offering superior strength and stability compared to other
traditional restoration materials. In addition, implants can greatly beautify the patient’s appearance,
are more convenient in daily life than traditional dentures, protect the remaining natural teeth,
prevent bone loss, and restore facial bone structure. It is important to understand that dental implants
provide a restoration that is very similar in function, structure, and aesthetics to a natural tooth, and
the structural comparison between a healthy tooth and a dental implant is shown in Figure 1.

Healthy dental structure Implant structure

Natural crown
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Gingival tissue = — Implanted abutment
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Fibers maintain gums gums and teeth

and teeth
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Bone
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Figure 1. Typical structure of a Dental Implant[8].

2. Challenges Associated with Dental Implants

Dental implants should be long-lasting and durable, but they can sometimes fail over time.
Ensuring their longevity is essential for optimal performance and patient satisfaction. Many implants
have seen substantial advancements, however, there are still certain issues and obstacles linked with
them. These difficulties lead to failure, shorten life, and may even endanger human life. Dental and
orthopedic implants are widely used to restore function and aesthetics. However, they can be
associated with various challenges, as summarized below.

2.1. Post Operative Infection:

After dental implant insertion, a large sum of patients experienced postoperative infections.
These are treated with prescribed antibiotics and most are resistant to antibiotics, and 15 Canadians
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per day were estimated to have lost their lives to antimicrobial-resistant infections[9,10]. The
resistance rate will reach 40 % by 2050, 13,700 individuals will die per year from resistant bacterial
infections[9]. According to estimates, 26 percent of bacterial infections in Canada are already resistant
to first prescription medications generally used to treat them[10]. Antibiotic failure necessitated
surgical retreatment for 90 % of the infected patients, and 65% of the impacted implants were
removed[11].

Surgical procedures and the presence of foreign bodies further exacerbate the risk of infection
by causing tissue damage, activating immune responses, and triggering the production of
inflammatory mediators, which are intensified by bacterial toxins and activity[12]. Certain bacteria,
such as Staphylococcus epidermidis, which are typically non-virulent, can evade immune defenses and
antibiotic treatments[13]. This has driven the development of alternative strategies, including
infection-resistant materials designed to act as antimicrobial drug-delivery systems. These systems
enable the localized, sustained release of antimicrobial agents around the implant site, avoiding
systemic side effects and achieving drug concentrations far higher than conventional systemic
treatments.

The bioengineering of hybrid implant materials is advancing rapidly, focusing on optimizing
device performance while minimizing inflammatory reactions and cellular disorganization at the
interface. These innovative materials, capable of slowly releasing antimicrobial agents, hold promise
for reducing implant-related infections in the future.

2.2. Implant Rejection

The body may react adversely to an implant, viewing it as a foreign object. There is evidence for
a persistent foreign body reaction at osseointegrated dental implants and its possible role in crestal
bone loss characteristic of peri-implantitis [14]. The release of implant-related materials, including
titanium particles and corrosion by-products, into the surrounding tissue plays a significant role in
the onset and advancement of peri-implantitis, leading to rejection [15]. Rejections may be long term
responses, further fusing into foreign body giant cells (FBGC), while bone cells make and remodel
hydroxyl apatite. The above sequence results in osseointegration (shown in Figure 2). The lifespan of
an implant depends on maintaining a balance with the surrounding tissues. If this equilibrium is
disrupted, it can lead to reduced functionality through a process where macrophages become
activated and form FBGCs in larger numbers. This can trigger bone resorption, as cells like
osteoclasts, and possibly even macrophages, break down more bone than osteoblasts can rebuild.
Additionally, mucosal seals may rupture through complex mechanisms. Secondary infections can
further complicate the situation, potentially leading to implant failure[15]. Although true implant
rejection is rare, hyperallergic reactions to materials, such as metals, can cause inflammation and
discomfort.
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Figure 2. Diagram showing the “foreign body equilibrium” disruption theory of peri-implant bone loss. This

notion views the osseointegrated implant as “encapsulated in bone,” indicating a persistent inflammatory state
with “foreign body giant cells” (FBGCs). In response to a variety of external stimuli, these foreign body giant

cells are activated and are responsible for the peri-implant bone loss. L:lymphocyte; Ost: osteocyte.[14].

2.3. Allergic Reactions:

Specific materials, primarily metals used in implants, may induce allergic responses in sensitive
individuals, resulting in pain, edema, or inflammation. Metals such as nickel, chromium, and cobalt,
as well as bone cement constituents such acrylates and gentamicin, may induce intolerant responses
to implants [16]. Metal allergies in dentistry are common, with nickel allergy upto 20%, making it a
leading cause of allergic dermatitis. In industrialized countries, it ranks as the top allergen[17].
Among orthodontic patients, 30% are allergic to nickel, copper, and chromium. Though rare, allergies
to other metals like mercury, gold, platinum, palladium, silver, and cobalt can also occur[17].
Eczemas were mainly observed after osteosynthesis in sensitive patients implanted with material
made from nickel, chromium or cobalt [16]. Type IV (delayed) allergic hypersensitivity reaction may
cause fistula formation, eczema and itching of the skin or mucosa due to reactions from restorative
composites to fissure sealants, bonding agents and orthodontic and crown and bridge resins made
from polymerized poly(methyl methacrylate) (PMMA) “pellets” with additives dibenzoyl peroxide,
N,N-Dimethyl-p-toluidine or 2-[4-(Dimethylamino)phenyl]ethanol [16].

2.4. Peri-Implantitis

Especially in dental implants, peri-implantitis involves inflammation around the tissues
surrounding and can lead to bone loss. Peri-implant disease occurs when the soft tissue around a
dental implant becomes infected and begins to break down. This may result in pain, swelling,
difficulty in biting and chewing, and, if untreated, potential failure [18]. Treatment for peri-
implantitis often entails a mix of mechanical debridement and antibiotic treatment [19]. Ongoing
research involves in modification of dental implants that could reduce peri-implantitis as shown in
Figure 3.
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Figure 3. Dental implant design and its components with major regions of interest involved in peri-
implantitis.[20].Copyright © 2022, American Chemical Society).

2.5. Implant Failure

Mechanical issues, such as wear and tear, stress fractures, or loosening over time, can lead to
implant failure [21]. This is common in weight-bearing implants like especially dental where the
implant might wear out due to stress[22]. To minimize failure, implants are tested on biomechanical
evaluation which include tests to assess their mechanical properties, such as compression, tension,
and torsion[23].

2.6. Bone Loss or Resorption:

Dental implants, may lead to tooth loss around the implant site due to a lack of bone stimulation
or other factors like infection, which can compromise the implant’s stability. Lliterature on
commercially available implant systems reports 6% bone loss in the first year, 10% in the first 10 years
and 12% in the 15 years after surgery[24]. So designing such implants that may be prone to bone loss,
considerations on biocompatible materials facilitating osteointegration, thread designs reducing
bone to implant contacts, appropriate geometry, length and size [25]

2.7. Aesthetic Issue

In cases of cosmetic implants, there may be issues with symmetry, shape, or placement, which
can impact patient satisfaction and may require revision surgery.

3. Implant Related Dental Infections

Concluding, it can be stated that infection due to dental implants may be one of the major
challenges, as it increased the rate of implant failure. The osseointegration process may be hampered
by microbial infections, which may ultimately result in the implant's removal [26]. Peri-implantitis
and peri-implant mucositis are the primary infectious complications that cause implant loss. They
are brought on by the patient's immune system, which causes an inflammatory process in the bone
and mucosa surrounding the implant, both of which are linked to the organized microorganisms in
biofilm [27]. It is believed that peri-implant disorders occur at a rate of about 30%, with smokers
having a greater prevalence [28].
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With around 700 species of bacteria, fungi, viruses, and protozoa that interact with one another
either antagonistically, cooperatively, or even as signalling agents, the oral microbiome is the second
biggest in the human body. A highly structured community known as biofilm is formed by these oral
bacteria adhering to the biotic or abiotic substrate as well as to one another [29].

In their many settings, microorganisms can appear as communities, which is their preferred form, or
in their free form, known as planktonic microorganisms. Biofilm is the collective term for the group
of microorganisms affixed to a surface.

3.1. Microbiota of Oral Cavity and Dental Implants

Oral Microbiota [30] : The oral cavity represents a complex and dynamic environment
composed of several distinct microhabitats, including the teeth, buccal mucosa, hard and soft palates,
and tongue. The oral microbiota consists of a wide array of microorganisms, including bacteria, fungi,
and viruses. Among these, bacteria constitute the predominant microbial population, primarily
belonging to the phyla Firmicutes, Bacteroidetes, Proteobacteria, and Actinobacteria. In contrast to the gut
microbiota, the composition of oral bacterial communities exhibits relative stability and is less
influenced by external factors such as diet and environment. Interestingly, the oral microbiota of
healthy individuals tends to be highly conserved across different geographic and ethnic populations.

The oral mycobiome includes approximately 85 fungal species, with Candida spp., particularly
Candida albicans, being the most frequently detected and clinically significant. Under conditions of
microbial homeostasis, Candida species are generally commensal; however, when dysbiosis occurs,
they can shift to an opportunistic pathogenic role. Notably, Candida can co-aggregate with
Streptococcus spp. to form pathogenic biofilms that contribute to oral diseases such as candidiasis
and caries.

Among the bacterial species, several are of particular clinical relevance. Streptococcus mutans,
a Gram-positive facultative anaerobe, is a key colonizer of the dental biofilm and a primary etiological
agent of dental caries, which is the most prevalent chronic disease affecting the hard tissues of the
teeth. Porphyromonas gingivalis, a Gram-negative anaerobic and asaccharolytic bacterium, is a major
periodontal pathogen implicated in the progression of periodontitis. Chronic colonization by P.
gingivalis can lead to destruction of the periodontal ligament and eventual tooth loss. Members of
the genus Lactobacillus—including Lactobacillus acidophilus and related species—are lactic acid-
producing bacteria that, while often considered beneficial in gastrointestinal contexts (e.g., as
probiotics), are also associated with caries development due to their acidogenic and aciduric
properties. Other notable genera present in the oral cavity include Staphylococcus, which may play
arole in opportunistic infections, and Prevotella, Dialister, and Filifactor, which have been implicated
in both dental caries and periodontal disease through recent metagenomic analyses.

Implant Microbiota : The bacterial species identified included Staphylococcus epidermidis,
Eubacterium spp., Corynebacterium spp., and Streptococcus viridans. Staphylococcus epidermidis
was isolated from most patients and exhibited resistance to penicillin, a commonly preferred
antibiotic among clinicians[31]. A summary of the most common bacteria isolated from dental
implants that have failed due to infection is represented in Table 1.

Table 1. Summary of studies investigating microbiology of failing implants (Reused with permission from[32]
Copyright © 2009, Elseivier).

Type of implant (no. of patients/implants) Most prevalent microbes detected (% sites
infected with bacteria)
Branemark: System is a well-established and Prevotella intermedia/P. nigrescens 60%
widely used dental implant system based on Actinobacillus actinomycetemcomitans 60%
the principle of osseointegration. The original Staphylococci, coliforms, Candida spp. 55%

Brdnemark implant was a cylindrical, pure
titanium implant with smooth, polished
screw-like threads
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Not stated

Titanium hollow cylinder implants (7/not
stated)

Not stated (13/20)
Not stated (21/28)

IMZ: The IMZ (IntraMobil Zylinder) implant
system was notable for its two-part design,
which included an inner elastic intramobile

element that aimed to mimic the natural
flexibility of teeth. This design was meant to
reduce stress on the bone and improve load
distribution.However, IMZ implants are now
considered outdated and are rarely used in
modern implants.

Astra : widely used in implant dentistry by
OsseoSpeed™ surfaces, Micro Thread
Technology, with Conical design, reducing
complications like peri-implantitis. Astra
implants come in various lengths and
diameters, making them versatile for different
clinical cases, including single tooth
replacement, multiple teeth, and full-arch
reconstructions.

ITI Staumann: Made of Titanium-zirconium
alloy that is stronger than pure titanium,
allowing for smaller implants with high
strength—ideal for patients with limited
bone. SLActive® Surface, modified
hydrophilic implant surface speeds up
osseointegration, reducing healing time.
Esthetic finishing in visible areas. Morse
Taper Connection for antimicrobial effects.

3.2. Biofilms on Implants
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Bacteroides forsythus 59%
Spirochetes 54%

Fusobacterium spp. 41%
Peptostreptococcus micros 39%
Porphyromonas gingivalis 27%

Bacteroides spp., Fusobacterium spp., spirochetes,
fusiform bacilli, motile and curved rods (% not
stated)

Staphylococcus spp. 55%

P. nicrescens, P. micros, Fusobacterium nucleatum

(% not stated)
Bacteroides spp. 89%
Actinobacillus actinomycetemcomitans 89%
Fusobacterium nucleatum 22%

Capnocytophaga spp. 27.8% Eikenella corrodens
17%

Actinomyces spp. 83% F. nucleatum 70%
P. intermedia/nigrescens group 60%
Steptococcus anginosus (milleri) group 70%
P. micros 63%

Enterococcus spp. 30% Yeast spp. 30%

Biofilms are the predominant form of microbial life, consisting of a biologically active matrix of

cells and extracellular substances attached to implant surfaces. They are composed of numerous

bacteria embedded in an organic polymeric material. The extra-cellular polysaccharides (EPS), a

slimy and insoluble fluids produced by bacterial cells, surrounded by millions of neighboring

microbes within a well-organized, structured matrix. This EPS matrix has key properties necessary
for the bacteria within biofilms[33]. First, EPS facilitates the distribution of nutrients essential for cell
growth [33]. Second, its diverse composition of charged polysaccharide groups efficiently traps

external nutrients necessary for cell survival and proliferation [33]. Third, the EPS matrix offers

enhanced protection to encapsulated cells from environmental stresses compared to free-floating,

planktonic bacteria [34]. Biofilms also provide advantages such as resistance to antibiotics [35],

biocides [36], and harsh environments [37].
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The first stage of biofilm involves the quick adhesion of microbes to the surface of the medical
devices and proliferation of cells (Figures 1-4). The attachment of bacteria initially, is dependant on
polarity, London-van der Waals forces and hydrophobic interactions [38] . There are various
bacteria’s adhered to the protein surface contributing to the initial adhesion. The first stage involves
the capsular polysaccharide - adhesion (PS/A) to enable attachment and slime production[39].

The 2nd stage involves the formation of colonization of bacteria. Bacterial cell multiplication and
intercellular bonding occur once the microorganisms are secured to the implants' surface.
Polysaccharide intercellular adhesion (PIA) is a polysaccharide antigen that promotes intercellular
adhesion and biofilm formation in Staphylococci [40]. Colonies are enclosed by an EPS, gaining
protection inside the EPS and form larger macro colonies[41]. Cell proliferation and maturations
processes further continue (as shown in Figures 1-4: steps 3 and step 4). In the last stage, the biofilm
reaches a critical mass and due to a depletion in nutrients, planktonic bacteria disperse from the
surface[42]. Dispersed bacteria leaves the macro-colony and moves into the bloodstream, spreading
infection elsewhere. The manner of dispersal varies between species, influencing their morphological
characteristics. S. aureus disperses and recolonizes a surface after approximately 6 h [43] , V.
parahaemolyticus after 4 h, and V. harveyi recolonizes only after 2 h [44].

Association & pe e Saliva
: '!5 '
Adfhesion .
w0
Prolifaration P
b
&/*C‘J"“
M 5 H »
ierpockonies . W'&
Biafilm Formation i “ﬁq’\
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Figure 4. Process of oral biofilm formation on dental implants[45].

Quorum sensing has been shown to regulate biofilm differentiation and, in some Gram-negative
bacteria, can result in the destruction of leukocytes. The EPS production, combined with the altered
properties of biofilm-associated bacteria, provide protection, making it challenging for the immune
system and antibiotics to eliminate these embedded cells once on a surface. As a result, biofilm
infections often become chronic. Additionally, biofilm bacteria typically trigger a weaker
inflammatory response compared to planktonic bacteria, complicating the treatment of such
infections.

4. Dental Antimicrobial Approaches

Like periodontal diseases, peri-implant diseases are linked to the accumulation of dental plaque
on implants. Various unconventional methods have been explored for plaque removal from infected
implants; however, none can fully and permanently eliminate bacterial invasion. Fortunately, the
ongoing advancement of antibacterial implant materials offers a promising solution. This review
outlines the development and evaluation of different antibacterial strategies for dental implant

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0201.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 September 2025 d0i:10.20944/preprints202509.0201.v1

9 of 38

materials aimed at preventing peri-implantitis. By emphasizing the benefits and limitations of these
approaches, we hope to contribute to the continuous improvement of oral implant materials.. Many
of the solutions to the challenges discussed in Section 2. 2 may be addressed through proactive
measures to prevent bacterial colonization by engineering the implant surface to confer antimicrobial
properties. This represents a line of development pursued in recent years.

Figure 5 outlines the methods for antimicrobial coating types. One of the approaches used to
prevent infection is to develop coatings for implants that microbes find difficult to colonize in the
first place as known as anti microbial surfaces. Antimicrobial material prevent the adherence of
bacteria by repelling properties and prevent the biofilm formation as shown in Figures 1-6, following
their sub division of preventive strategies. Sections 1.4.1. — 1.4.4 outlines the primary types of
antimicrobial materials used in dentistry.

N

a
ZA
4

\ . ! r
Antiadhesion \ IK - ]\
&
h 2 -
iy - e / \
‘ u

Contact killing Intrinsic antibacterial materials

Figure 5. Process of Biofilm accumulation on implants surfaces [46] . Copyright © 2021 Zehao Chen, Zhaodan
Wang, Wei Qiu, and Fuchun Fang. Published by American Chemical Society. licensed under CC-BY-NC-ND
4.).

4.1. AMPs

Antimicrobial peptides (AMPs) are short peptides with broad-spectrum antibacterial properties
that interact with bacterial cell membranes, leading to bacterial death[47]. Unlike antibiotics, AMPs
have a different bactericidal mechanism, making them less likely to cause drug resistance. Studies
have shown that AMP-functionalized surfaces exhibit strong antibacterial effects with low
cytotoxicity. For instance, AMPs immobilized on titanium can inhibit bacterial adhesion while
promoting osteoblast activity[48].

There are two main methods for immobilizing AMPs on implant surfaces: physical adsorption
and covalent immobilization[49]. While physical adsorption is simple, it provides only a short-term
antibacterial effect due to limited AMP attachment. In contrast, covalent immobilization ensures
long-term stability and enhanced bioactivity by properly orienting AMPs for effective bacterial
interaction. Research has demonstrated that controlling AMP orientation significantly improves their
antibacterial efficiency[50].

To further optimize AMP-functionalized surfaces, factors such as AMP properties, spacer
selection, and AMP density should be considered.
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https://doi.org/10.20944/preprints202509.0201.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 September 2025 d0i:10.20944/preprints202509.0201.v1

10 of 38
— Antibiotics
\
— Antiseptics |
— Biocide Release —
\
— Metals
I Phytochemicals |
g * (Naturally Derived)
Metallic Nano
Particles ‘
— Contact Killing
\
Implant Material u Cationic Polymers
— Superhydrophobic
Poly ethylene
Glycerol
— Antifouling —
— Enzyme
— Poly-zwitterionic

Figure 6. Classification of anti-infective biomaterials.

4.2. Metal-Releasing Coatings:

Antibacterial metals and their alloys display an increased ability to prevent bacterial adhesion,
development and cell proliferation through element alloying, and exposure to heat. In recent years,
Cu- and Ag-containing antibacterial metal alloys have been shown to be effective against a wide
range of germs, including antibacterial titanium and it’s alloys. The components that make up the
alloy are mostly Ag and Cu, which have been shown to have wide-ranging antibacterial effects. Table
2 summarizes each metals used, its features, toxicity and antimicrobial analysis.
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Table 2. Type of metals, their properties, toxicity and antimicrobial effectiveness.
Metal Features Toxicity Profile Antimicrobial
ability
Silver An early report on the formation = Silver at low concentrations = Effective against
of a TiN/Ag-modified titanium was not cytotoxic for S. choleraesuis,
alloy by a multiarc ion-plating osteoblast in vitro[53] E. coli[55], S.
and ion implantation system and =~ Studies showed that Ag+, aureus, S.
its in vitro result showed stable Zn2+ and Hg2+ ions are epidermis [56]
antimicrobial ability against very cytotoxic even at low
Staphylococcus epidermidis for concentrations [54]
over 12 weeks[51].
To explore the antibacterial
mechanism of Ag-implanted
titanium surfaces, embedded Ag
into Ti, Si, and SiO2 by PIII. [52]
They found that electron transfer
between the AgNPs and Ti is the
first step.
Copper = N/Cu-incorporated Ti formed by Essential metal ion Effective against
PIII had a good antibacterial functioning of organs and =~ MRSA [61]and E.
effect against Staphylococcus metabolic processes[121]. coli [62]within a
aureus and Escherichia coli with Cu deficiency result in few hours. Copper
promotion of angiogenic activity anemia, heart disease, inhibited
endowed by the Cu and arthritis, and osteoporosis, K. aerogenes[63]
outstanding corrosion resistance etc. [122]. and S. aureus[61].
endowed by TiN[57]. Cu ion promotes osteoblast
However, another study has proliferation,
shown that different forms of Cu differentiation and
(metallic Cu or Cu -NPs) in the migration [59].
coating were dependent on the High concentrations of Cu
parameters of the synthesis ions inhibits growth and is
techniques, which led to different causes cell death and
physicochemical properties, such toxicity on humans [60]
as metallic Cu having better
antibacterial ability and
biocompatibility than CuNPs
[58].
This study highlighted the
importance of the preparation
technology parameters, for they
ultimately affect the antibacterial
effect and biocompatibility of the
surface.
Zinc Zinc, ZnO, nano ZnO and Zn2+ Zn ion is not harmful to

ion release is an antibacterial
agent. Used as dental and
formulated into oral health
products to control plaque such
us mouth rinses and
toothpaste[64].
Ti surface with Zn- Ag increased
ratio of Zn and made up for the
inhibition of Ag on cell adhesion

cells, and it is known for a
long time that zinc can help
bones grow. Zinc is an
important part of making
DNA, enzymes working,
nucleic acid processing,
biomineralization, and
hormone action [66]
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and growth of fibroblast-like
cells[65].

4.3. Phytochemicals Used in Dental Materials (Phytodentistry)

Plant-derived chemicals may improve dental biomaterials' physicochemical qualities and aid
oral health. To improve dental biomaterial performance, plant polysaccharides, proteins, and
bioactive phytochemical-rich extracts are used. Despite strong evidence that plant-derived
compounds increase material-tissue and cell interactions, research on potential novel dental
biomaterials is scarce. Only a few studies have explored plant extract-based titanium implant
coatings and periodontal regenerative materials, highlighting the need for further investigation in
this promising area. These extracts and compounds are difficult to obtain, needing long and complex
protocols of extraction, chemical characterization and isolation, often with a low yield. In some cases,
isolating a single compound in significant amounts remains a challenge. Table 3 highlights examples
of phytochemicals responsible for antimicrobial properties, and their applications:

Table 3. Common Phytochemicals used in various medical applications against the targeted species.

Phytochemical Material Application Antimicrobial Efficancy
Malus domestica  Titanium implant ~ Dental implantology Streptococcus mutans,
L. coating[70] Salmonella typhi bacteria
responsible for dental caries
and periodontal diseases[71].
Escherichia coli, Salmonella,
and Listeria monocytogenes
Cissus Periodontal filler in Periodontal Gram-positive bacteria [73]:
quadrangularis association with regeneration Bacillus subtilis, Bacillus
L. hydroxyapatite[72]. cereus,
Staphylococcus aureus, and
Streptococcus species
Carthamus Periodontal filler in Periodontal Escherichia coli (E. coli),
tinctorius L association with regeneration. Klebsiella pneumoniae (K.
collagen sponge. pneumonia),
Periodontal filler in Acinetobacter baumannii (A.
association with baumannii),
polylactide glycolic Pseudomonas aeruginosa (P.
acid bioresorbable aeruginosa),
barrier[74]. Staphylococcus aureus (S.
aureus) and
Salmonella spp[75]
Glycine max L. Bone filler [76]. Alveolar bone K. pneumoniae, L.
regeneration monocytogenes

S. aureus[77]

Chitosan The mycelial cell Guided tissue Prevents biofilm formation of
walls of fungi regeneration (GTR) S. aureus, P.Aeruginosa,
consist of chitin, , hydrogel made of Proteus mirabilis and E.
glucan and chitosan was coli[79].
glycoproteins. developed with the Antifungal against Candida
Chitin is upto 45 % purpose of albicans, Candida tropicalis, and
of the cell wall of delivering other Candida species[80].
Aspergillus niger and =~ amelogenin, Dentin

Mucor rouxii,
Penicillium notatum.

Bonding and
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Chitosan is obtained = Adhesion, coating of
from chitin by dental implants [78].
undergoing the
process of
deacetylation.
Cannabidiol PMMA restorations To minimize Antimicrobial activity against
(CBD), derived denture-associated :
from the infections, Staphylococcus aureus,
Cannabis plant, antimicrobial Escherichia coli,
enhancements to Streptococcus agalactiae[81].
PMMA, the primary

material for
dentures, were
coated with CBD
nanoparticles[81].

4.4. Quaternary Ammonium Compounds:

Quaternary ammonium salts (QAS) are widely employed in the food industry, textiles, surface
compounds, and water purification due to their broad-spectrum antimicrobial properties and low
toxicity. Their antibacterial properties are derived from their capacity to bind to bacterial membranes,
which results in bacterial lysis [82]. When negatively charged bacterial cells meet the positively
charged quaternary amine group (N+), the electrical balance is disrupted, causing the bacteria to
rupture under osmotic pressure[83]. Long-chain cationic polymers may also enter bacterial cells,
puncturing their membranes in the same way as a needle does when exploding an air sac.

Research on the synthesis of novel quaternary ammonium monomers aims to identify
compounds with strong antibacterial effects, low cytotoxicity, affordability, ease of production, and
minimal impact on mechanical properties[84]. For over three decades, antimicrobial QAS monomers
have been included into composite materials to inhibit plaque accumulation and secondary caries.
The notion of "immobilized bactericide” was established in dentistry to guarantee sustained
antibacterial efficacy while maintaining mechanical integrity. In 1994, Imazato et al. pioneered the
incorporation of a quaternary ammonium monomer into dental composites [85,86]. Since then,
various QAMs have been synthesized and incorporated into materials like glass ionomer cement
(GIC), etching-bonding systems, and resin composites to enhance their antibacterial properties[87].
This review provides an overview of previous studies on dental materials incorporating QASs,
serving as a foundation for the subsequent chapters of this thesis, which focus on the synthesis,
antimicrobial analysis of QASs in dental implants.

Single Chain QAS : Studies on composite materials containing antibacterial components
released over time have been reported by a number of researchers [88]. Reports of such materials
were evaluated by Chen and colleagues [88]. In their review, they classified antibacterial chemicals
into three groups: (1) leachable compounds like chlorhexidine and benzalkonium chloride, (2)
polymerizable monomers like quaternary ammonium (QA) methacrylates, and (3) filler particles like
nano silver. Even though many antibacterial compounds were investigated between 2012 and 2017,
only four agents—benzalkonium chloride, chlorhexidine, glutaraldehyde, and 12-
methacryloyloxydodecylpyridinium bromide —were included in commercial goods.

FDA has approved the human consumption and use of many quaternary ammonium
compounds, which may be safely used given following conditions[89]:

e The additive contains the following compounds: n- dodecyl dimethyl benzyl ammonium
chloride (CAS Reg. No. 139-07-1); n- dodecyl dimethyl ethylbenzyl ammonium chloride (CAS
Reg. No. 27479-28-3); n- hexadecyl dimethyl benzyl ammonium chloride (CAS Reg. No. 122-18-
9); n- octadecyl dimethyl benzyl ammonium chloride (CAS Reg. No. 122-19-0); n- tetradecyl
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dimethyl benzyl ammonium chloride (CAS Reg. No. 139-08-2); n- tetradecyl dimethyl
ethylbenzyl ammonium chloride (CAS Reg. No. 27479-29-4).

e The composition meets the following specifications: pH (5 percent active solution) 7.0-8.0; total
amines, maximum 1 percent as combined free amines and amine hydrochlorides.

e  The compound is used as an antimicrobial agent, as defined [[89]] orally in food.

WA
N/ R+
eSS SN \/@ e
Br ADBAC
BAB
R= -(CH2)11CHg,
-(CH2)43CHs,
\N/\/Q -(CH2)15CH3
T T i e, & e W ),
Ccr
DDBAC OH R,
o._0.__~_N?
Nkt R. 2
E WS L W LW S &
cr
DTAC
O.__NH

- R
©/\/N\ oI OR; QUATSs

R4= -CHj3, -CH2CHj3 (CH2)2CHj, -(CH2)3CH3
BAC Ra= -CHa, -CH,CH3
R= -(CH3)7CHg, R3= -CHj3, -CH2CHg, -CH2(CHg):
-(CH2)9CH3, -(CHz)11CHjs,
-(CH2)13CH3, -(CHz)15CH3

o
AEC HN/( L o kf
o o
HN HN HN
R= -CH,CHj, -(CHz)sCHa, \\\
-(CH2}11CHs, (CH2)}13CHj3, ~N% i \IN +ol
R ¢ =
o

1 - = /N‘-"”
—N*Cl N.CI R
R R
cone-R
1,3-alt-R

R= -CHj;, -(CH2);CHj3,
-(CH3)7CHg3, -(CH2)oCHg3,
-(CH2)CsHs

Figure 7. Chemical structures of different QASs. (Used with permission from [90]).

Table 4. Different QASs, target bacteria/ fungus and their Minimum Inhibitory Concentration (MIC) .

Name of QAS Target Human Cell Toxicity Referenc
Bacterial Strain e

Alkyl Dimethyl S. aureus; MIC:  In chronic trials with beagles, mice, and rats, = [91,92]
benzyl 0.6 pg mL-! repeated dosage oral toxicity studies found
Ammonium no harmful effects at 10-93.1 mg/kg-day for
Chloride (ADBAC) DDAC and 3.7-188 mg/kg-day for ADBAC

(C>12).

At modest adverse impact levels, DDAC and

ADBAC (C > 12) consistently cause

decreased food intake, average body weight,
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body weight growth, and localized
discomfort.
Dodecyl dimethyl Listeria Cell viability (NIH-3T3 assays) was 39.7% [93]
benzyl ammonium | monocytogenes; | within 24 hrs incubation at dose of
chloride (DDBAC) E. coli; S. 500 pg/mL respectively
aureus
P-tert- S. aureus, B. Cytotoxicity studies on human skin [94]
butylthiacalix subtills, E.coli,  fibroblast (HSF) cells demonstrated that
[4]larene (1,3-alt-R) P. aeruginosa | were less toxic compared to ref. drugs.
Ammonium- S. aureus; MIC: _ [95]
esterified acrylate | 3 ppm,
(AEQ) E.coli ; MIC:
31 ppm,
P. aeruginosa;
MIC: 250 ppm,
Candida
albicans,
Aspergillus
niger;
Klebsiella
pneumoniae;
Acinetobacter
baummanii
Didecyl S. aureus; MIC:  Cell viability assays confirm a trend of a [96]
dimethylammoniu 1.63 uM, higher cytotoxicity in correlation to an
m chloride E.coli; MIC: 15. = increasing carbon chain length of the
(DDACQ) 63 uM, compounds.
P. aeruginosa; | The toxic potential and low selectivity for
MIC : 500uM; microbes over mammalian cells, these novel
K. pneumoniae; =~ compounds will likely be more useful as
MIC: 11 uM, surface disinfectants rather than antiseptics.
Enterococcus
sp,MIC: 3 uM.
N,N-dialkyl-N-(2- S. aureus; MIC:
hydroxyethyl)-N- 0.9 uM,
methylammonium | E.coli; MIC: 7.8
salts NDMACQ) uM,
P. aeruginosa;
MIC : 500uM
N-[N'(3- S. aureus; MIC:  The mortality of mice test group was the [97]
gluconamide)propy 150ppm, highest, with an LDso of mice larger than 100
I-N"-alkyllpropyl- | E.coli; MIC: 150 mg/kg, indicating that the surfactant has
N,N-dimethyl-N- ppm, medium toxicity.

alkyl ammonium
bromide
(CDDGPB)

QAS with Multiple Chain Lengths :
Increasing the alkyl chain length (CL) enhanced hydrophobicity, potentially improving the

The mortality of mice in the CioDDGPB test
group was significantly lower than that in
the C2DDGPB test group.

No obvious blackening or body stiffness
was observed in any of the tested animals
during the 14-day observation period.

capacity to traverse the hydrophobic bacterial membrane. Cationic polymers with longer chain
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lengths may more effectively penetrate bacterial cells and disrupt membranes [98]As a consequence,
multiple studies sought to synthesize QAS with different chain lengths before testing its anti-caries
potential in various dental materials. A recent research on glass ionomers found that increasing chain
length significantly improved antibacterial activity [99]. A series of QAS molecules with different
chain lengths were synthesized in a separate study, including dimethylaminopropyl methacrylate
(DMAPM, CL=3), dimethylaminohexyl methacrylate (DMAHM, CL=6), dimethylaminononyl
methacrylate (DMANM, CL=9), dimethylaminododecyl methacrylate (DMADDM, CL=12),
dimethylaminohexadecyl methacrylate (DMAHDM, CL=16), and dimethylaminooctadecyl
methacrylate (DMAODM, CL=18). Two antibacterial monomers, DMADDM with a chain length of
12 and DMAHM with a chain length of 6, were selected for further investigation. MIC, Minimum
Bactericidal Concentration, and ADT assays, DMAHM and DMADDM demonstrated significantly
stronger antibacterial activity compared to the previous QADM. Furthermore, DMAHM, with a
chain length of six, demonstrated significantly lower effectiveness compared to DMADDM, which
possessed a chain length of twelve [100]. Owing to their strong antibacterial characteristics, two of
these monomers DMADDM with a carbon chain length of 12 and DMAHDM with a carbon chain
length of 16, were thoroughly investigated as anti-caries agents in diverse dental materials.

As anti-caries agents, DMADDM was added to orthodontic cement, resin composite, and
adhesives [101,102]. One concern is that salivary pellicles may diminish the antibacterial efficacy of
restorations subjected to saliva in vivo. An in vitro experiment was conducted to investigate the
effects of salivary pellicles on bonding agents including DMADDM or nano-Ag in relation to
microcosm biofilms. Despite the presence of salivary pellicle on surfaces, the findings indicated that
novel bonding agents including DMADDM and nano-Ag markedly reduced biofilm development,
indicating potential use in saliva-rich settings [103]. Another study by Wang et al. examined the
inhibitory effects on S. mutans biofilms and dentin bonding characteristics by adding various mass
fractions of DMADDM to commercial adhesives. It showed that the antibacterial effects of smaller
mass fractions of DMADDM on early biofilms were comparable to those of larger mass fractions. On
the mature biofilm, however, adhesives containing 5% DMADDM had more anti-biofilm capability
than those containing 2.5% DMADDM. Additionally, the new antibacterial adhesives in this
investigation had dentin adhesive bond strengths that were comparable to the control commercial
product [104]. Zhang et al. recently investigated the antibacterial activity of DMADDM-containing
adhesive on multispecies biofilms generated by Streptococcus mutans, Streptococcus gordonii, and
Streptococcus sanguinis [105].

Additionally, Tagman real-time polymerase chain reaction was used to examine the
proportional change in multispecies biofilms with varying mass fractions of DMADDM. The results
indicated a consistent decrease in the ratio of Streptococcus gordonii throughout time, but the ratio
of Streptococcus mutans in biofilms increased in adhesives devoid of DMADDM. Nevertheless, the
proportion of Streptococcus mutans markedly decreased whereas the proportion of Streptococcus
gordonii regularly rose in the adhesives [105]. According to reports, Streptococcus gordonii is linked
to healthy enamel and is an early colonizer of the dental plaque biofilm[106]. As a result, following
DMADDM control, the biofilm has a propensity toward healthier growth. DMADDM-containing
adhesives inhibit MMPs, preventing hybrid layer degradation and enhancing dentin-resin bond
durability[107].

Chen et al. developed a bonding agent by integrating DMADDM and amorphous calcium
phosphate (NACP) nanoparticles into primer and adhesive, which has both antibacterial and
remineralizing capabilities. NACP in adhesive released Ca and P ions for remineralization and caries
inhibition, whereas DMADDM in the bonding agent had a potent antibacterial activity[108]. At one
day and one month, this was accomplished without sacrificing the dentin bond strength. Bonding
agents containing DMADDM and NACP were water-aged for six months in another long-term
experiment. The results indicated that the innovative anti-caries adhesives exhibited robust and
enduring antibacterial capabilities, together with a markedly superior bond strength compared to a
commercial control after six months of water aging [109].
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A separate in vitro study investigated the impact of chain length variations of QAS on
cytotoxicity. The cytotoxicity of QAS against fibroblasts and odontoblasts, with chain lengths
between three and sixteen, was comparable to that of commercial controls [110]. A methyl
thiazolyltetrazolium test and a live/dead viability assay were used to evaluate the cytotoxicity of
DMADDM on human gingival fibroblasts (HGF). The results indicated that BisGMA, a prevalent
component in commercial products, had much more cytotoxicity than DMADDM [111]. A rat tooth
model was used to study pulpal inflammation, tertiary dentin formation, and restoratives such
NACP and DMADDM. DMADDM showed no effect on pulpal inflammation compared to
commercial glue and glass-filled composites [112].

In order to create new antibacterial dental materials, DMAHDM with a chain length of 16 was
also added to resin composites and adhesives. Microcosm biofilm CFU may be reduced by 4 log using
adhesives containing 10% DMAHDM [113]. In another in vitro study, primers and adhesives received
DMAHDM at 0%, 2.5%, 5%, 7.5%, and 10% mass fractions. As resin DMAHDM mass fraction grew,
bacteria early attachment coverage decreased. Since DMAHDM does not improve dentin bond
strength [114]. DMAHDM was administered for dental caries in conjunction with other efficacious
therapies, such as NACP and 2-methacryloyloxyethyl phosphorylcholine (MPC), to attain dual or
triple benefits in caries prevention [115].

5. Bioactive Dental Materials

5.1. Properties of Biomaterials

Biomaterials are materials designed to interact safely and effectively with the human body to
restore, repair, or improve biological tissues. They play a crucial role in the creation of implants,
devices, and systems that support healing and enhance the quality of life across various medical and
biological applications. The main properties of biomaterials are they have be :

Biocompatible: to ensure that the body does not reject a material or trigger an inflammatory
response. Some biomaterials can even regulate biological reactions with precision, influencing
processes such as cell adhesion, cell growth, and the formation of blood vessels [116].

Mechanical properties: Dental implants, for instance, need to be robust and have enough load
bearing capacity to withstand mechanical stresses of bone [117].

Degradability : To naturally break down over time, which can be beneficial in certain cases,
allowing for the gradual replacement of the biomaterial by surrounding biological tissue. This is
especially important in situations where the material needs to integrate permanently with the body,
such as in temporary applications [118].

5.2. Metallic Substrates

Titanium (Ti) and its alloys are widely used to make orthopedic and dental implants because to
its corrosion resistance, biocompatibility, low elastic modulus, and high fatigue strength [118].
Among these, commercially pure alpha titanium (CpTi) and the alpha-beta Ti-6Al-4V alloy are the
most commonly employed materials for such biomedical applications. Due to its good mechanical
performance and inexpensive cost, stainless steel, especially AISI 316L (316L SS), is still commonly
utilized, however metal ions from corrosion and wear remain a worry [119]. In comparison to
stainless steel and cobalt-chromium alloys, titanium and its alloys exhibit superior mechanical and
biological characteristics [120,121]

In addition to non-resorbable metallic materials, magnesium (Mg) and its alloys are being
explored for orthopedic applications due to their biodegradability and potential for temporary
support [122]. However, their rapid degradation rate renders them unsuitable for dental implant use,
where long-term structural integrity is essential[123].

Osseointegration is widely recognized as a critical determinant for the long-term success of
biomedical implants. To enhance early implant stability and reduce the time required for effective
osseointegration, various surface modification strategies have been investigated[124]. Surface
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roughness, in particular, plays a crucial role in mediating bone-implant interactions, as it affects
cellular responses such as adhesion, proliferation, and differentiation. However, achieving the
optimal surface topography is complex; excessively rough surfaces may promote bacterial
colonization and peri-implantitis, while surfaces that are too smooth may impair
osseointegration[125]. Consequently, numerous studies have focused on developing modified
implant surfaces through both physical and chemical techniques, such as sandblasting, acid etching,
combined blasting and etching, electrochemical oxidation, and laser treatments[126,127]
Drawbacks of uncoated Metal Substrates

Poor Biocompatibility — Some metals may not integrate well with surrounding bone and tissue,
leading to implant failure or rejection. Coatings like titanium oxide or hydroxyapatite improve
biocompatibility and osseointegration. Osseointegration has been considered as a key factor for the
long-term success of biomedical implants. In order to obtain improved osseointegration and to
shorten the time for osseointegration, enhancing implant stability in the early phases, several implant
surface modifications have been explored[128].

Poor Osseointegration — Uncoated metals may not bond effectively with bone, leading to

implant loosening or failure. Coatings enhance osseointegration by promoting bone growth around
the implant. For instance, the surface roughness has been demonstrated to affect the bone-implant
interactions[129], numerous research have endeavored to create changed surfaces by various
physical and chemical methods, including as sandblasting, acid etching, a combination of blasting
and etching, electrochemical oxidation, and laser treatments.
Coating materials may also be used to enhance the surfaces of implants, hence improving the
performance of metallic implants. Surface characteristics of materials significantly influence chemical
and biological interactions with adjacent bone tissue, while mechanical qualities are mostly dictated
by the implant's mass [129].

In contrast poor mechanical properties of monolithic bioceramics and bioactive glasses limit
their use in load-bearing applications. As a consequence, the materials of choice still remain metallic
alloys, whose biological properties can be improved by means of coatings (e.g., bioactivity, reduction
of corrosion and toxic ion release)[130-132].

5.3. Bioactive Glass:

(O/T) hybrid biomaterials are defined as organic and inorganic materials combined at a
molecular level, with their phases being indistinguishable at the nanoscale and above[133]. These
hybrids are formed by interpenetrating networks of organic and inorganic biomaterials interacting
below the nanoscale. Unlike nanocomposites, where phases remain distinct, the phases in O/I hybrids
blend seamlessly at the nanoscale[134]. These biomaterials show homogeneous dispersion of organic
and inorganic components, either as building blocks or interwoven networks. Due to their highly
organized molecular structure, hybrid biomaterials not only exhibit the intrinsic physical properties
of both organic and inorganic components but also display new properties arising from their
synergistic effects[135]. To mix the organic and inorganic components at the molecular level, low-
temperature synthesis methods, such as the sol-gel process, are typically used. The close molecular
interactions between the phases enable the O/I hybrid material to function as a unified material with
customizable mechanical, chemical, and physical properties [136]. However, due to the differing
chemical nature of the organic and inorganic components, phase separation can occur during
synthesis if there are no reactive sites in both phases. Therefore, it is necessary to select appropriate
polymers or functionalize the polymer before synthesizing hybrid biomaterials that incorporate
bioactive glass (BG) as the inorganic component. Based on the nature of interactions between the
phases, hybrid materials are divided into two categories: Class I hybrids, which have weak molecular
interactions like van der Waals forces, hydrogen bonding, or weak electrostatic interactions, and
Class II hybrids, which have strong chemical interactions such as covalent bonds between the
components [133] as shown in Figure 8. This review will focus on Class 2 Hybrid biomaterials and
their use as biomaterials in bone tissue engineering.
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Figure 8. Class 1 and Class 2 hybrid materials. Created in BioRender. Tahsin, K. (2025)
https://BioRender.com/vs317cq.

5.4. Implant Coatings Made from Bioactive Glass:

Implant surfaces after coating with bioactive inorganic materials showed favorable
biocompatibility and enhanced bone healing performance[137]. The coatings had been completed on
titanium and zirconia implants[138]. HA was used in dental implants because to its bioactive
characteristics that emulate genuine bone. Hyaluronic acid is being extensively used in dental surgery
for bone implants due to its chemical characteristics [139]. After surgery, the material's phosphate
and calcium ion content resulted in low toxicity when implanted. Furthermore, a calcium-deficient
layer that defined the contact between the bone and the implant promoted the direct bonding of the
resulting bone structure to HA after surgery. While hydroxyapatite (HA) is a promising biomaterial
for dental applications due to its biocompatibility and ability to mimic natural tooth structure, some
challenges exist, including potential for bacterial susceptibility, coating failure, and the need for
further research on long-term effectiveness and optimal particle size[140]. Bioactive glass, as seen in
Figure 9, had also been used to cover implants before HA. More bioactivity, osteoblast metabolic
activity, bone regrowth, and antibacterial properties were seen in implants with bioactive glass layers
[141,142],[143,144]. In plasma-sprayed silicates of calcium coatings in [145] replaced calcium with
magnesium, zinc, and strontium ions. It was found that doped with these charged particles enhanced
the biological qualities and decreased the degradative behaviour. Silicate coating improved the
bactericidal activity, binding strength, surface roughness, and degradation rate of metallic implant
surfaces[146].
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Figure 9. BG coating on a TisAlsV implant screw [147].

Coatings and materials for orthopedic or dental materials by various processes, such as
hydrothermal[148], mechanochemical[149], precipitation [150], hydrolysis[151], and sol-gel
methods[152].

5.5. Coating Synthesis

Various methods can be employed to synthesize organic-inorganic hybrid materials[153]:
sol-gel process,

in situ polymerization,

chemical vapor deposition (CVD),

hydrolysis

5.6. Sol- Gel Coating Process

The sol-gel approach, a versatile method for synthesizing inorganic materials, involves
transforming liquid solutions (sol) into solid three-dimensional gel structures[154,155]. This
technique enables precise control over the chemical composition and properties of the final material.
In the case of organic-inorganic hybrids produced via the sol-gel method, key factors such as reaction
parameters, precursors, and plant components play a crucial role. It is well established that altering
reaction conditions —such as time, temperature, and concentration —while using the same precursors
can yield materials with distinct morphologies and properties. The structure of the biomaterial can
be tailored and controlled to suit specific biomedical applications, including gels, powders, films,
glasses, or ceramics.

For bone compatibility applications, SiO-P20s5-CaO-based tertiary bioactive glasses, prepared
through sol-gel processes, have been extensively used due to their biocompatibility,
osteoconductivity, biodegradability, and ability to form bone-like mineral phases[156]. The ideal
bioactive glass composition was kept constant as 70 mol % SiOz, 26 mol % CaClz, and 4 mol % P20s
for bone regeneration applications[157]. Despite their excellent in vitro and in vivo performance, their
brittle and stiff nature imposes challenges for processing them into porous complex scaffolds, and
their rapid degradation causes insufficient bone regeneration[158].

Polydimethoxysilane (PDMS) is a polymer that contains functional silane groups within its
backbone. It has been utilized to create class Il hybrids through hydrolysis with tetraethylorthosilicate
(TEOS). However, PDMS has limited use in tissue engineering due to its non-degradable nature. An
alternative approach to introducing silane functional groups into polymer chains is by
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copolymerizing a monomer with an alkoxysilane monomer. Copolymers such as polystyrene, poly(2-
hydroxyethyl methacrylate), acrylonitrile butadiene styrene, and poly(methyl methacrylate) have
been synthesized using various trialkoxysilyl (Si(OR)s) monomers. These copolymers, along with
their corresponding hybrids formed through hydrolysis with silica precursors, are not biodegradable
or leachable in bodily fluids, which limits their potential for bone regeneration applications.
Previously published in our lab, we have prepared copolymers of vinylpyrrolidone (VP) and
triethoxyvinylsilane (TEVS) which was then hydrolyzed and polycondensation with tetraethyl
orthosilicate (TEOS) and triethyl phosphate (TEP) in an aqueous sol-gel process using ethanol as the
solvent to achieve a homogeneous organic/inorganic (O/I) network formation[157]. The prepared
hybrid was proven to be degradable, and cytocompatibility, enabling bone regeneration. Despite
their rapid degradation and excellent compatibility in bone regeneration, they lacked the ability to
reduce infections on site, which could lead to potential implant failure. Below is a detailed sol gel
process:

Preparation of the Sol:

A precursor (typically metal alkoxides or inorganic salts) is dissolved in a solvent.
Hydrolysis and condensation reactions occur, forming a colloidal solution (sol). An inorganic
matrix network forms and starts to gel.

Gelation

The sol undergoes polymerization, creating a three-dimensional network. The system
transitions into a gel-like structure with interconnected solid and liquid phases.
Aging and Drying

The gel is aged to strengthen its network. Drying removes solvents, resulting in a porous or
dense solid, depending on the process.
Thermal Treatment (If Required)

Additional heat treatment can be applied to remove organic residues or improve crystallinity.
This step is common in the fabrication of ceramics and glasses.
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Figure 11. Different methods of synthesis of bioactive glass in the sol-gel process (Adapted from [159] licensed
under CC- 4.0 https://creativecommons.org/licenses/by/4.0/).
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Advantages of the Sol-Gel Process[160]

e  Precise Control: Allows fine-tuning of material composition and properties.

e  Simple/ Efficient: Suitable for applications where high temperatures may degrade components.
Very high production efficiency. Low initial investment while having high quality
products.Versatility: Can produce various material forms (thin films, coatings, fibers, powders).

e  Purity and Homogeneity: Ensures uniform chemical distribution.

Inorganic-rich Region

Organic-rich Region

Current Opinion in Chemical Engineering

Figure 12. A combination of the two phases explains the term ‘ceramer’, which is often associated with

inorganic—organic hybrid coatings. (Adapted with permission from[161]).

5.7. Combination of the Sol-Gel Method with Coating Techniques

Dip Coating: The sol-gel method is a chemical approach used to synthesize solid materials from
liquid solutions. In contrast, the dip-coating technique entails submerging an object in a liquid
solution and then allowing it to dry, forming a thin film on its surface. Incorporating sol-gel solutions
into the dip-coating process represents the application of sol-gel technology within this
technique[162].

Depending on the desired properties of the final film, rate of immersion and duration within the
sol-gel solution influence the coating's thickness. After submersion, the coated surface is removed
from the solution, allowing the gel to adhere to its surface by forming hydrogen bonds or other bonds.
The coating is then dried, either through air drying or by using a temperature-controlled oven.
During this process, the gel solidifies into a stable layer.

Thin coatings with a range of properties, including chemical and thermal resistance,
transparency, and corrosion resistance, may be produced by combining the sol-gel process with the
dip-coating method (Figure 13). This combination is applicable to a wide range of industries, such as
the semiconductor sector, the manufacturing of specialty glass, corrosion prevention, and other
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sectors needing specific coating qualities, such as the biomedical sector, where materials are coated
with sol-gel solutions to gain antibacterial, antioxidant, and anti-inflammatory qualities[162] .

Control After Sol-Gel Coatings process

Figure 13. Sol Gel Coating on Titanium grade 4 substrate (Adapted from [163]licensed under CC-BY-NC-ND 4.0

: https://www.mdpi.com/openaccess).

Spin Coating: This is another technique which entails rapidly spinning a the sol gel solution
after it has been poured onto a implant surface. The centrifugal force of the rotation pushes the liquid
outward, coating the substrate with a thin, uniform layer[164]. Spin-coating entails rapidly spinning
a liquid solution containing the required component after it has been poured onto a flat surface, often
a substrate. Spin coating produces a very homogeneous layer thickness of a few nanometers to a few
microns. The key advantage over other methods is its quick and simple deposit with incredibly
uniform deposition of various nanostructured materials films. Spin-coating makes it possible to
apply a very homogeneous layer with a comparatively adjustable and repeatable thickness across a
wide area on a flat substrate. Inorganic, organic, and inorganic/organic solution mixes can all be
coated via spin coating. With this method, spin coating is quite resilient because the only factors that
can be changed are spin speed and fluid viscosity. In terms of manufacturing layer uniformity,
thickness control, and material compatibility, both techniques have benefits and drawbacks. The
requirements of the application in this thesis and the desired qualities of the deposited layer
determined the use of spin-coating over any other technique of Ti alloys with the sol gel process.

3D Printing: By integrating the advantages of 3D printing with the unique properties of sol-gel
materials, this approach enables the fabrication of three-dimensional structures with tailored
characteristics[165]. To enhance printability, the sol-gel solution can be modified with specialized
additives, such as binding agents, rheological modifiers, or other compounds. The 3D printer is
loaded with the sol-gel solution, which is then deposited layer by layer, following a predefined path
to build the desired object. After printing, the object may require drying to remove moisture and
initiate the curing process.

5.8. Sol- Gel Based Antimicrobial Materials

Antibacterial materials are drawing more and more attention from researchers, particularly
when they can be infused into bioactive materials. To construct future bioactive materials, designs
have combined several organic molecules, such as polyethylene glycol, heparin, dextran sulfate,
nafion, or polystyrene sulfonate, with TEOS as the main inorganic precursor to generate antimicrobial
materials based on silica. The sol-gel process can be used to provide materials with antibacterial
qualities to create surfaces that inhibit the development of bacteria and biofilm. Enhancing the
antibacterial impact of bioactive glass has emerged as a prominent area of current study. Researchers
in[166] created Ag containing bioactive glass, for dental restorations effective against Streptococcus
mutans. Functionalizing  silica- Poly(vinylpyrrolidone) hybrid with small molecules like
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vancomycin and ciprofloxacin was found to be antibacterial against S. aureus, Bacillus cereus, E.coli
and Pseudomonas aeruginosa[167]. Other hybrid thin films based on polyvinyl alcohol (PV A)/tetraethyl
orthosilicate (TEOS) embedded with silver nanoparticles (AgNps) were synthesized using sol-gel
method and showed bactericidal effect against E. coli, S. aureus and P. aeruginosa[168].

QASs in combination with the bioactive glass is another line of development. The antibacterial
agent dodecyl-di(aminoethyl)-glycine (DDAG) was incorporated using the dip-coating method
during the deposition of TEOS-derived xerogel films onto a glass substrate. The colony-forming units
(CFU) of E. coli, S. aureus and P. aeruginosa on the antibacterial-coated glass decreased by more than
99% when 1% of the antimicrobial agent was added to the coating solution, compared to glass coated
without the antimicrobial[169]. Stainless steel was coated with a sol-gel film containing 40% N-(6-
aminohexyl)-amino propyl trimethoxy silane and 60% butyl trimethoxy silane. NO-releasing
coatings significantly reduced bacterial attachment, while untreated and sol-gel-coated steel showed
similar adherence levels[170].

Incorporating antimicrobial compounds into sol-gel coatings has proven highly effective in
preventing biocontamination and microbial growth[171]. Extensive research is needed to further
explore the antibacterial, antifungal, and antiviral properties of sol gel based bioactive coatings.

6. Gaps and Future Directions

Grade 4 titanium has long been the metal substrate standard for dental implants due to its
favorable mechanical properties and well-documented clinical success. It has been extensively
studied worldwide, with numerous reports confirming its reliability and safety in dental
applications. Compared to lower-grade titanium alloys, Grade 4 titanium offers higher tensile
strength and reduced malleability, making it suitable for standard dental implants. However, it is
generally not recommended for narrow-diameter implants or orthopedic prostheses, where higher
mechanical loads are encountered. Despite its widespread use, Grade 4 titanium is often critiqued for
certain limitations, including relatively poor wear resistance, lower biocompatibility and a higher
Young’'s modulus, which may contribute to stress shielding in surrounding bone tissue. Titanium
does not bond effectively with bone, leading to implant loosening or failure[121]. In order to enhance
osseointegration by promoting bone growth around the implant other bioactive treatments or layers
must be added. For instance, the surface roughness has been demonstrated to affect the bone-implant
interactions[129], and for this reason several studies have attempted to develop modified surfaces by
means of physical and chemical approaches (e.g., sandblasting, acid etching, combination of blasting
and etching, electrochemical oxidation and laser treatments).

Coating materials can be employed as well to further modify the implant surfaces in order to
improve the performances of metallic implants. Material surface features play a crucial role in the
chemical and biological interaction with the surrounding bone tissue, while the mechanical
properties are strongly determined by the bulk of the implant [129].

In 1969, Larry Hench and co-workers brought in to the market, chemically bone-alike Hench’s
4555 Bioglass® based on 45% SiOz, 24.5% Na20, 24.5% CaO, and 6% P20s. tested in a rat femoral
implant[172]. In the first hour after implantation, 5i-OH bonds developed, leading to the release of
Si(OH)s ions in the surrounding area. In the next hour, Si(OH) reacted to form a hydrated mesh of
silica gel, and after 24 h, Ca, POs4, and COs precipitated on the top layer of silica gel leading to the
foundation of carbonate apatite. Later, macrophages and differentiated stem cells accumulated in the
carbonated apatite leading to the formation of a bony matrix. Finally, the matrix crystallized, and
bone growth was enhanced[173].

The FDA has approved bioactive glass (Bioglass® 4555 and S53P4) for clinical applications.
Combined with FDA approval, there is increasing use of bioactive glasses in various aspects of
dentistry including dental restorative materials, toothpaste, mineralizing agents, desensitizing
agents, pulp capping, root canal treatment, and air abrasion[174]. BG is the best choice for dental
applications for dentin remineralization and eliminated enzymatic degradation at the dentin
interface, in periodontal surgical procedures to stimulate bone regeneration, especially in
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interproximal bone defects due to its hemostatic effect on trabecular bone[174]. It is reported that
these two formulations of BG S53P4 and 4555 were antimicrobial and had anti biofilm properties,
against pathogens of osteomyelitis: Staphylococcus aureus, Staphylococcus epidermidis, Enterococcus
faecalis, Escherichia coli and Candida albicans[175]. This targets a limited range of species (only, Gram-
positive), which can miss emerging or less-studied pathogens. Incorporating antimicrobials into BG
will address the need for broader-spectrum of Antimicrobial BG.

Addition of Zn* and Cu* ions in sol-gel based bioactive glasses remains the most common
approach to combine antimicrobial effects to BG. As mentioned in Section 1.4.2 (table 1-2), the release
of these metal ions from the bioactive glasses and its related cytocompatibility with osteoblast-like
cells has reported[65] . Ag-dopings even at low concentrations was not cytotoxic for osteoblast in
vitro[53]  but studies showed that Ag*, Zn?** and Hg? ions are very cytotoxic even at low
concentrations [54]. While Cu ion may promote osteoblast proliferation, differentiation and migration
[59], high concentrations of Cu ions inhibits growth and is causes cell death and toxicity on humans
[60]. Although significant progress has been made in the development of antimicrobial addition to
BG, further comprehensive studies are required to better understand the incorporation and release
behavior of antimicrobial agents, as well as their overall biological performance.

In particular, the impact of such modifications on antimicrobial efficacy and cellular responses
remains an area of active investigation. Therefore, the primary objective of this study is to synthesize
ternary and quaternary sol-gel-derived bioactive glass systems, incorporating a variety of
antimicrobial agents. These hybrid materials are designed to enhance antimicrobial activity while
maintaining compatibility with biological tissues. In this context, the antimicrobial properties of the
synthesized glasses were assessed, and their cytocompatibility was evaluated using osteoblast-like
cells to determine their potential for applications in bone tissue engineering and infection prevention.

QAS are antimicrobials with the broadest spectrum of activities as reported in Section 4.4. QACs
are lethal to a wide variety of organisms, gram-positive and gram-negative bacteria, fungi, parasites
(e.g. Leishmania major, Plasmodia falciparum), and lipophilic (enveloped) viruses[176]. These stable,
non-leaching antibacterial materials offer prolonged antimicrobial efficacy through direct contact
between microorganisms and the biocidal surface, without compromising the mechanical integrity
or polymerization characteristics of the original non-antibacterial dental formulations. Notably,
quaternary ammonium (QA)-based resin materials demonstrate favorable biocompatibility, as
indicated by their low toxicity, minimal allergenic potential, and limited tissue irritability[176]. Given
these advantageous properties, quaternary ammonium compounds (QACs) are considered highly
promising for the prevention and management of dental caries. QASs could be used in combination
with the bioactive glass and is currently another line of development. The only QAS was dodecyl-
di(aminoethyl)-glycine (DDAG) was incorporated using the dip-coating method during the
deposition of TEOS-derived xerogel films onto a glass substrate. The colony-forming units (CFU) of
E. coli, S. aureus and P. aeruginosa on the antibacterial-coated glass decreased by more than 99% when
1% of the antimicrobial agent was added to the coating solution, compared to glass coated without
the antimicrobial[169]. Stainless steel was coated with a sol-gel film containing 40% N-(6-
aminohexyl)-amino propyl trimethoxy silane and 60% butyl trimethoxy silane. NO-releasing
coatings significantly reduced bacterial attachment, while untreated and sol-gel-coated steel showed
similar adherence levels[170]. The development of advanced biomaterials design—particularly the
rise of smart materials—encourages the need for novel opportunities in the formulation of bioactive
glass materials with quaternary ammonium (QA)-functionalized. This approach may address
limitations and challenges associated with integrating antibacterial agents in their conventional
(bulk) forms into such materials. Incorporating antimicrobial compounds into sol-gel coatings has
proven highly effective in preventing biocontamination and microbial growth[171]. Extensive
research is needed to further explore the antibacterial, antifungal, and antiviral properties of sol gel
based bioactive coatings.

Generally speaking, QASs' additional carbon chain permits more structural modifications than
other antimicrobial agents, and additional functional groups can be added based on the needs of the

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202509.0201.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 September 2025 d0i:10.20944/preprints202509.0201.v1

26 of 38

application. For instance, an increase in biocompatibility or alterable toxicity is required in terms of
medical applications.

Despite encouraging in vivo studies demonstrating the feasibility of using quaternary
ammonium salts (QASs) in dental applications, their potential adverse effects remain a significant
barrier to dental/clinical translation. Therefore, strategies to mitigate or eliminate these undesirable
effects warrant careful consideration. We propose three potential approaches to address this
challenge:

First, QASs can be combined with low-toxicity materials—bioactive glass being a notable
example. QAS-incorporated hydrogels have recently exhibited excellent therapeutic efficacy and
high biocompatibility in in vivo studies[90]

To further enhance their safety profile, linkages to degradable materials on can enhance
biodegradation of newly synthesised QAS[177]

Addition to metal substrates will help enhance tensile strength, load bearing capacity and
quality.

Furthermore, using QAS hybrids and coatings with low-toxicity materials, macromolecules can
be cross-linked to form finer shapes, such as microspheres and three-dimensional mesh structures,
to improve the comprehensive properties of the material.

7. Conclusion

This review included relevant background information on biocides and antimicrobial materials
compatible in promoting healing along with effective antimicrobial properties. Although antifouling
materials are also used in implants; antimicrobial materials is a broad research field; it was not
possible to cover all aspects within this short review. However, every effort was made to include
important work and significant research findings, with minimal bias. Aside from the various
challenges and opportunities posed by bone tissue engineering strategies, this article addressed
progress, commonly associated materials, cytotoxic studies, antimicrobial efficacy and limitations on
the development of antimicrobial material for coating implant surfaces. This review examines the
antimicrobial mechanisms of various agents while highlighting the influence of applications,
synthesis process and limitations.
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