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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].

Nanomaterials 2021, 11, 2336. https://doi.org/10.3390/nano11092336 https://www.mdpi.com/journal/nanomaterials

https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com
https://orcid.org/0000-0002-6503-4223
https://orcid.org/0000-0001-5874-5687
https://orcid.org/0000-0001-8831-3607
https://doi.org/10.3390/nano11092336
https://doi.org/10.3390/nano11092336
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/nano11092336
https://www.mdpi.com/journal/nanomaterials
https://www.mdpi.com/article/10.3390/nano11092336?type=check_update&version=1


Nanomaterials 2021, 11, 2336 2 of 17

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.
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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
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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
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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
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5000 nm 

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
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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.
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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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8. Kulkarni, M.; Mazare, A.; Schmuki, P.; Iglič, A. Biomaterial surface modification of titanium and titanium alloys for medical

ap-plications. Nanomedicine 2014, 111, 111.
9. Jaafar, A.; Hecker, C.; Árki, P.; Joseph, Y. SOL-gel derived hydroxyapatite coatings for titanium implants: A review. Bioengineering

2020, 7, 127. [CrossRef]
10. Prodanov, L.; Lamers, E.; Domanski, M.; Luttge, R.; Jansen, J.A.; Walboomers, X.F. The effect of nanometric surface texture on

bone contact to titanium implants in rabbit tibia. Biomaterials 2013, 34, 2920–2927. [CrossRef] [PubMed]
11. Yao, C.; Webster, T.J. Anodization: A promising nano-modification technique of titanium implants for orthopedic applications. J.

Nanosci. Nanotechnol. 2006, 6, 2682–2692. [CrossRef] [PubMed]
12. Christenson, E.M.; Anseth, K.S.; van den Beucken, J.J.; Chan, C.K.; Ercan, B.; Jansen, J.A.; Laurencin, C.T.; Wan-Ju, L.; Ramalingam,

M.; Lakshmi, S.; et al. Nanobiomaterial applications in or-thopedics. J. Orthopaedic Res. 2007, 25, 11–22. [CrossRef]
13. Webster, T.J.; Ejiofor, J.U. Increased osteoblast adhesion on nanophase metals: Ti, Ti6Al4V, and CoCrMo. Biomaterials 2004, 25,

4731–4739. [CrossRef]
14. Klabunde, K.J.; Stark, J.; Koper, O.; Mohs, C.; Park, D.G.; Decker, S.; Jiang, Y.; Lagadic, I.; Zhang, D. Nanocrystals as stoichiometric

reagents with unique surface chemistry. J. Phys. Chem. 1996, 100, 12142–12153. [CrossRef]
15. Zhao, G.; Zinger, O.; Schwartz, Z.; Wieland, M.; Landolt, D.; Boyan, B.D. Osteoblast-like cells are sensitive to submicron-scale

surface structure. Clin. Oral Implants Res. 2006, 17, 258–264. [CrossRef]
16. Gutwein, L.G.; Webster, T.J. Increased viable osteoblast density in the presence of nanophase compared to conventional alumina

and titania particles. Biomaterials 2004, 25, 4175–4183. [CrossRef] [PubMed]
17. Qin, J.; Yang, D.; Maher, S.; Lima-Marques, L.; Zhou, Y.; Chen, Y.; Atkins, G.; Losic, D. Micro- and nano-structured 3D printed

titanium implants with a hydroxyapatite coating for improved osseointegration. J. Mater. Chem. B 2018, 6, 3136–3144. [CrossRef]
18. Patil, D.; Wasson, M.; Perumal, V.; Aravindan, S.; Rao, P. Bactericidal Nanostructured Titanium Surface through Thermal Annealing

Advances in Micro and Nano Manufacturing and Surface Engineering; Springer: Amsterdam, The Netherlands, 2019; pp. 83–92.
19. Sjöström, T.; Nobbs, A.; Su, B. Bactericidal nanospike surfaces via thermal oxidation of Ti alloy substrates. Mater. Lett. 2016, 167,

22–26. [CrossRef]

http://doi.org/10.18520/cs/v111/i6/1003-1015
http://doi.org/10.1002/jbm.a.36829
http://www.ncbi.nlm.nih.gov/pubmed/31664764
http://doi.org/10.1016/j.actbio.2019.05.045
http://www.ncbi.nlm.nih.gov/pubmed/31128320
http://doi.org/10.1016/j.biomaterials.2011.06.023
http://www.ncbi.nlm.nih.gov/pubmed/21733571
http://doi.org/10.1016/j.actbio.2012.01.021
http://www.ncbi.nlm.nih.gov/pubmed/22314315
http://doi.org/10.7860/JCDR/2014/8764.4355
http://doi.org/10.1016/b978-0-12-812291-4.00006-6
http://doi.org/10.3390/bioengineering7040127
http://doi.org/10.1016/j.biomaterials.2013.01.027
http://www.ncbi.nlm.nih.gov/pubmed/23380354
http://doi.org/10.1166/jnn.2006.447
http://www.ncbi.nlm.nih.gov/pubmed/17048475
http://doi.org/10.1002/jor.20305
http://doi.org/10.1016/j.biomaterials.2003.12.002
http://doi.org/10.1021/jp960224x
http://doi.org/10.1111/j.1600-0501.2005.01195.x
http://doi.org/10.1016/j.biomaterials.2003.10.090
http://www.ncbi.nlm.nih.gov/pubmed/15046907
http://doi.org/10.1039/C7TB03251J
http://doi.org/10.1016/j.matlet.2015.12.140


Nanomaterials 2021, 11, 2336 14 of 17

20. Emecen-Huja, P.; Eubank, T.D.; Shapiro, V.; Yildiz, V.; Tatakis, D.N.; Leblebicioglu, B. Peri-implant versus periodontal wound
healing. J. Clin. Periodontol. 2013, 40, 816–824. [CrossRef] [PubMed]

21. Koyanagi, T.; Sakamoto, M.; Takeuchi, Y.; Maruyama, N.; Ohkuma, M.; Izumi, Y. Comprehensive microbiological findings in
peri-implantitis and periodontitis. J. Clin. Periodontol. 2013, 40, 218–226. [CrossRef]

22. Persson, G.R.; Renvert, S. Cluster of bacteria associated with peri-implantitis. Clin. Implant Dent. Relat. Res. 2014, 16, 783–793.
[CrossRef] [PubMed]

23. Figuero, E.; Graziani, F.; Sanz, I.; Herrera, D.; Sanz, M. Management of peri-implant mucositis and peri-implantitis. Periodontology
2000 2014, 66, 255–273. [CrossRef] [PubMed]

24. Berglundh, T.; Jepsen, S.; Stadlinger, B.; Terheyden, H. Peri-implantitis and its prevention. Clin. Oral Implants Res. 2019, 30,
150–155. [CrossRef] [PubMed]

25. Schwarz, F.; Derks, J.; Monje, A.; Wang, H.L. Peri-implantitis. J. Clin. Periodontol. 2018, 45, S246–S266. [CrossRef]
26. Tran, C.; Walsh, L.J. Novel models to manage biofilms on microtextured dental implant surfaces. In Microbial Biofilms—Importance

and Applications; Dhanasekaran, D., Thajuddin, N., Eds.; InTechOpen: London, UK, 2016; pp. 463–486.
27. Khammissa, R.A.G.; Feller, L.; Meyerov, R.; Lemmer, J. Peri-implant mucositis and peri-implantitis: Bacterial infection. S. Afr.

Dent. J. 2012, 67, 70–74.
28. Tang, Z.; Cao, C.; Sha, Y.; Lin, Y.; Wang, X. Effects of non-surgical treatment modalities on peri-implantitis. Zhonghua Kou Qiang Yi

Xue Za Zhi/Zhonghua Kouqiang Yixue Zazhi/ Chin. J. Stomatol. 2002, 37, 173–175.
29. John, G.; Sahm, N.; Becker, J.; Schwarz, F. Nonsurgical treatment of peri-implantitis using an air-abrasive device or mechanical

debridement and local application of chlorhexidine. Twelve-month follow-up of a prospective, randomized, controlled clinical
study. Clin. Oral Investig. 2015, 19, 1807–1814. [CrossRef]

30. Renvert, S.; Lindahl, C.; Jansåker, A.-M.R.; Persson, G.R. Treatment of peri-implantitis using an Er:YAG laser or an air-abrasive
device: A randomized clinical trial. J. Clin. Periodontol. 2011, 38, 65–73. [CrossRef]

31. Yan, S.; Li, M.; Komasa, S.; Agariguchi, A.; Yang, Y.; Zeng, Y.; Takao, S.; Zhang, H.; Tashiro, Y.; Kusumoto, T.; et al. Decontamination
of titanium surface using different methods: An in vitro study. Materials 2020, 13, 2287. [CrossRef]

32. Mellado-Valero, A.; Buitrago-Vera, P.; Solá-Ruiz, M.F.; Ferrer-García, J.C. Decontamination of dental implant surface in pe-ri-
implantitis treatment: A literature review. Med. Oral. Patol. Oral. Cir. Bucal. 2013, 18, e869–e876. [CrossRef]

33. Subramani, K.; Wismeijer, D. Decontamination of titanium implant surface and re-osseointegration to treat peri-implantitis: A
literature review. Int. J. Oral Maxillofac. Implants 2012, 27, 1043–1054.

34. Mombelli, A. Microbiology and antimicrobial therapy of peri-implantitis. Periodontology 2000 2002, 28, 177–189. [CrossRef]
35. Leonhardt, Å.; Dahlén, G.; Renvert, S. Five-year clinical, microbiological, and radiological outcome following treatment of

peri-implantitis in man. J. Periodont. 2003, 74, 1415–1422. [CrossRef] [PubMed]
36. Wohlfahrt, J.C.; Aass, A.M.; Koldsland, O.C. Treatment of peri-implant mucositis with a chitosan brush—A pilot randomized

clinical trial. Int. J. Dent. Hyg. 2019, 17, 170–176. [CrossRef] [PubMed]
37. Wohlfahrt, J.C.; Evensen, B.J.; Zeza, B.; Jansson, H.; Pilloni, A.; Roos-Jansåker, A.M.; Di Tanna, G.L.; Aass, A.M.; Klepp, M.;

Koldsland, O.C. A novel non-surgical method for mild pe-ri-implantitis- a multicenter consecutive case series. Int. J. Implant Dent.
2017, 3, 38. [CrossRef]

38. Guan, G.; Azad, M.A.K.; Lin, Y.; Kim, S.W.; Tian, Y.; Liu, G.; Wang, H. Biological effects and applications of chitosan and
chi-to-oligosaccharides. Front. Physiol. 2019, 10, 516. [CrossRef] [PubMed]

39. Kreisler, M.; Kohnen, W.; Marinello, C.; Götz, H.; Duschner, H.; Jansen, B.; D’Hoedt, B. Bactericidal effect of the ER:Yag laser on
dental implant surfaces: An in vitro study. J. Periodontol. 2002, 73, 1292–1298. [CrossRef] [PubMed]

40. Stübinger, S.; Etter, C.; Miskiewicz, M.; Homann, F.; Saldamli, B.; Wieland, M.; Sader, R. Surface alterations of polished and
sandblasted and acid-etched titanium implants after Er: YAG, carbon dioxide, and diode laser irradiation. Int. J. Oral Maxillofac.
Impl. 2010, 25, 104.

41. Dörtbudak, O.; Haas, R.; Bernhart, T.; Mailath-Pokorny, G. Lethal photosensitization for decontamination of implant surfaces in
the treatment of peri-implantitis. Clin. Oral Implants Res. 2001, 12, 104–108. [CrossRef]

42. Shibli, J.A.; Martins, M.C.; Theodoro, L.H.; Lotufo, R.F.M.; Garcia, V.G.; Marcantonio, E., Jr. Lethal photosensitization in
microbiological treatment of ligature-induced peri-implantitis: A preliminary study in dogs. J. Oral Sci. 2003, 45, 17–23.
[CrossRef]

43. Aoki, A.; Mizutani, K.; Schwarz, F.; Sculean, A.; Yukna, R.A.; Takasaki, A.A.; Georgios, E.R.; Taniguchi, Y.; Sasaki, K.M.; Zeredoet,
J.L.; et al. Periodontal and peri-implant wound healing following laser therapy. Periodontology 2000 2015, 68, 217–269. [CrossRef]

44. Al-Hashedi, A.A.; Laurenti, M.; Abdallah, M.-N.; Albuquerque, R.F., Jr.; Tamimi, F. Electrochemical treatment of contaminated
titanium surfaces in vitro: An approach for implant surface decontamination. ACS Biomater. Sci. Eng. 2016, 2, 1504–1518.
[CrossRef] [PubMed]

45. Mohn, D.; Zehnder, M.; Stark, W.J.; Imfeld, T. Electrochemical disinfection of dental implants-A proof of concept. PLoS ONE 2011,
6, e16157. [CrossRef] [PubMed]

46. Schneider, S.; Rudolph, M.; Bause, V.; Terfort, A. Electrochemical removal of biofilms from titanium dental implant surfaces.
Bioelectrochemistry 2018, 121, 84–94. [CrossRef]

47. Kaiser, F.; Scharnweber, D.; Bierbaum, S.; Wolf-Brandstetter, C. Success and side effects of different treatment options in the low
current attack of bacterial biofilms on titanium implants. Bioelectrochemistry 2020, 133, 107485. [CrossRef] [PubMed]

http://doi.org/10.1111/jcpe.12127
http://www.ncbi.nlm.nih.gov/pubmed/23772674
http://doi.org/10.1111/jcpe.12047
http://doi.org/10.1111/cid.12052
http://www.ncbi.nlm.nih.gov/pubmed/23527870
http://doi.org/10.1111/prd.12049
http://www.ncbi.nlm.nih.gov/pubmed/25123773
http://doi.org/10.1111/clr.13401
http://www.ncbi.nlm.nih.gov/pubmed/30636066
http://doi.org/10.1111/jcpe.12954
http://doi.org/10.1007/s00784-015-1406-7
http://doi.org/10.1111/j.1600-051X.2010.01646.x
http://doi.org/10.3390/ma13102287
http://doi.org/10.4317/medoral.19420
http://doi.org/10.1034/j.1600-0757.2002.280107.x
http://doi.org/10.1902/jop.2003.74.10.1415
http://www.ncbi.nlm.nih.gov/pubmed/14653386
http://doi.org/10.1111/idh.12381
http://www.ncbi.nlm.nih.gov/pubmed/30582880
http://doi.org/10.1186/s40729-017-0098-y
http://doi.org/10.3389/fphys.2019.00516
http://www.ncbi.nlm.nih.gov/pubmed/31133871
http://doi.org/10.1902/jop.2002.73.11.1292
http://www.ncbi.nlm.nih.gov/pubmed/12479633
http://doi.org/10.1034/j.1600-0501.2001.012002104.x
http://doi.org/10.2334/josnusd.45.17
http://doi.org/10.1111/prd.12080
http://doi.org/10.1021/acsbiomaterials.6b00265
http://www.ncbi.nlm.nih.gov/pubmed/33440587
http://doi.org/10.1371/journal.pone.0016157
http://www.ncbi.nlm.nih.gov/pubmed/21264247
http://doi.org/10.1016/j.bioelechem.2018.01.008
http://doi.org/10.1016/j.bioelechem.2020.107485
http://www.ncbi.nlm.nih.gov/pubmed/32120321


Nanomaterials 2021, 11, 2336 15 of 17

48. Schlee, M.; Rathe, F.; Brodbeck, U.; Ratka, C.; Weigl, P.; Zipprich, H. Treatment of peri-implantitis—Electrolytic cleaning versus
mechanical and electrolytic cleaning—a randomized controlled clinical trial—Six-month results. J. Clin. Med. 2019, 8, 1909.
[CrossRef]

49. Sahrmann, P.; Zehnder, M.; Mohn, D.; Meier, A.; Imfeld, T.; Thurnheer, T. Effect of low direct current on anaerobic multispecies
biofilm adhering to a titanium implant surface. Clin. Implant Dent. Related Res. 2014, 16, 552–556. [CrossRef] [PubMed]

50. Heitz-Mayfield, L.; Salvi, G.; Mombelli, A.; Faddy, M.; Lang, N.; Group ICR. Anti-infective surgical therapy of peri-implantitis. A
12-month prospective clinical study. Clin. Oral Implants Res. 2012, 23, 205–210. [CrossRef]

51. Liu, J.; Liu, J.; Attarilar, S.; Wang, C.; Tamaddon, M.; Yang, C.; Xie, K.; Yao, J.; Wang, L.; Liu, C.; et al. Nano-modified titanium
implant materials: A way toward im-proved antibacterial properties. Front. Bioeng. Biotechnol. 2020, 8. [CrossRef]

52. Wei, W.; Liu, Y.; Yao, X.; Hang, R. Na-Ti-O nanostructured film anodically grown on titanium surface have the potential to
im-prove osteogenesis. Surf. Coat. Technol. 2020, 397, 125907. [CrossRef]

53. Kelleher, S.M.; Habimana, O.; Lawler, J.; Reilly, B.O.; Daniels, S.; Casey, E.; Cowley, A. Cicada wing surface topography: An
investigation into the bactericidal properties of nanostructural features. ACS Appl. Mater. Interfaces 2016, 8, 14966–14974.
[CrossRef]

54. Ivanova, E.P.; Hasan, J.; Webb, H.; Truong, V.K.; Watson, G.; Watson, J.; Baulin, V.; Pogodin, S.; Wang, J.; Tobin, M.; et al. Natural
bactericidal surfaces: Mechanical rupture of pseudomonas aeruginosa cells by cicada wings. Small 2012, 8, 2489–2494. [CrossRef]

55. Linklater, D.P.; De Volder, M.; Baulin, V.A.; Werner, M.; Jessl, S.; Golozar, M.; Maggini, L.; Rubanov, S.; Hanssen, E.; Juodkazis,
S.; et al. High aspect ratio nanostructures kill bacteria via storage and release of mechanical energy. ACS Nano 2018, 12, 6657–6667.
[CrossRef] [PubMed]

56. Ovsianikov, A.; Chichkov, B.N. Three-dimensional microfabrication by two-photon polymerization technique. In Computer-Aided
Tissue Engineering; Springer: Amsterdam, The Netherlands, 2012; pp. 311–325.

57. Qiao, H.; Li, Z.; Huang, Z.; Ren, X.; Kang, J.; Qiu, M.; Liua, Y.; Qia, X.; Zhonga, J.; Zhangb, H. Self-powered photodetectors based
on 0D/2D mixed dimensional het-erojunction with black phosphorus quantum dots as hole accepters. Appl. Mater. Today 2020,
20, 100765. [CrossRef]

58. Friedli, V.; Utke, I. Optimized molecule supply from nozzle-based gas injection systems for focused electron- and ion-beam
induced deposition and etching: Simulation and experiment. J. Phys. D Appl. Phys. 2009, 42, 125305. [CrossRef]

59. Skoric, L.; Sanz-Hernández, D.; Meng, F.; Donnelly, C.; Merino-Aceituno, S.; Fernández-Pacheco, A. Layer-by-layer growth of
complex-shaped three-dimensional nanostructures with focused electron beams. Nano Lett. 2019, 20, 184–191. [CrossRef]

60. Limoli, D.H.; Jones, C.J.; Wozniak, D.J. Bacterial extracellular polysaccharides in biofilm formation and function. Microbiol. Spectr.
2015, 3. [CrossRef]

61. Bandara, C.D.; Singh, S.; Afara, I.O.; Wolff, A.; Tesfamichael, T.; Ostrikov, K.; Oloyede, A. Bactericidal effects of natural
nanotopography of dragonfly wing on escherichia coli. ACS Appl. Mater. Interfaces 2017, 9, 6746–6760. [CrossRef]
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