s1dLIOSNUBIA JoyINy sispund DN 8doin3 ¢

s1dLosnuUep JoyIny sispund DN adoin3 ¢

Europe PMC Funders Group
Author Manuscript
Adv Healthc Mater. Author manuscript; available in PMC 2021 July 01.

Published in final edited form as:
Adv Healthc Mater. 2020 July 01; 9(13): €2000310. doi:10.1002/adhm.202000310.

Biomaterials against Bone Infection

Prof. Maria Vallet-Regi”,

Departamento de Quimica en Ciencias Farmacéuticas Facultad de Farmacia Universidad
Complutense de Madrid Instituto de Investigacion Sanitaria Hospital 12 de Octubre i+12 Plaza
Ramon y Cajal s/n, Madrid 28040, Spain; CIBER de Bioingenieria Biomateriales y Nanomedicina
CIBER-BBN C/Monforte de Lemos, 3-5 Madrid 28029, Spain

Dr. Daniel Lozano,

Departamento de Quimica en Ciencias Farmacéuticas Facultad de Farmacia Universidad
Complutense de Madrid Instituto de Investigacion Sanitaria Hospital 12 de Octubre i+12 Plaza
Ramon y Cajal s/n, Madrid 28040, Spain; CIBER de Bioingenieria Biomateriales y Nanomedicina
CIBER-BBN C/Monforte de Lemos, 3-5 Madrid 28029, Spain

Dr. Blanca Gonzélez,

Departamento de Quimica en Ciencias Farmacéuticas Facultad de Farmacia Universidad
Complutense de Madrid Instituto de Investigacion Sanitaria Hospital 12 de Octubre i+12 Plaza
Ramoén y Cajal s/n, Madrid 28040, Spain; CIBER de Bioingenieria Biomateriales y Nanomedicina
CIBER-BBN C/Monforte de Lemos, 3—5 Madrid 28029, Spain

Dr. Isabel Izquierdo-Barba

Departamento de Quimica en Ciencias Farmacéuticas Facultad de Farmacia Universidad
Complutense de Madrid Instituto de Investigacion Sanitaria Hospital 12 de Octubre i+12 Plaza
Ramon y Cajal s/n, Madrid 28040, Spain; CIBER de Bioingenieria Biomateriales y Nanomedicina
CIBER-BBN C/Monforte de Lemos, 3-5 Madrid 28029, Spain

Abstract

Chronic bone infection is considered as one of the most problematic biofilm-related infections. Its
recurrent and resistant nature, high morbidity, prolonged hospitalization, and costly medical care
expenses have driven the efforts of the scientific community to develop new therapies to improve
the standards used today. There is great debate on the management of this kind of infection in
order to establish consistent and agreed guidelines in national health systems. The scientific
research is oriented toward the design of anti-infective biomaterials both for prevention and cure.
The properties of these materials must be adapted to achieve better anti-infective performance and
good compatibility, which allow a good integration of the implant with the surrounding tissue. The
objective of this review is to study in-depth the antibacterial biomaterials and the strategies
underlying them. In this sense, this manuscript focuses on antimicrobial coatings, including the
new technological advances on surface modification; scaffolding design including multifunctional
scaffolds with both antimicrobial and bone regeneration properties; and nanocarriers based on
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mesoporous silica nanoparticles with advanced properties (targeting and stimuli-response
capabilities).
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1 Introduction

Orthopedic device-related infections, with over 1.5 million total hip and knee replacements
performed each year, constitute one of the most serious and devastating risks facing society
today.[1:2] As it is well known, the implant surface is an ideal environment for bacterial
adhesion and colonization.[3] Besides, the micro-movement-induced wear of these
orthopedic prostheses causes the release of debris that triggers local inflammation, providing
an ideal niche for the onset of infection.[] Currently, despite major advances in prophylactic
measures and aseptic surgery techniques, which have significantly diminished the prevalence
of orthopedic infection, infection rates have not fallen below 1-2%.05] In addition to this
fact, the rate of recurrent infection after revision surgery is very high (about 33%),16] which
significantly increases the cost per treatment, with a range that oscillates from $17 000 to
$150 000 per patient.[’] These bone infections are generally triggered by pathogens of the
genus Staphylococcus, 8] specifically Staphylococcus aureus.®] This strain, present in the
skin, is a very virulent opportunistic pathogen that has different resistance mechanisms,
which make it so strong and unassailable.[10] Among them, biofilm formation is the most
problematic one, as it provides bacteria with a long-term survival environment through
different mechanisms. First, biofilms provide a physical and impenetrable barrier to
antibiotics and immune cells, thus preventing the action of antibiotics, macrophages
phagocytosis, and reactive oxygen species (ROS) destruction produced by the immune
system cells. Second, the bacteria residing in the biofilm are particularly pathogenic due to
their phenotypic diversity, which makes the biofilm bacteria highly resistant to antimicrobial
treatment and can subsist drug doses up to 1000 times higher than in their planktonic
phenotype.[12:22] Furthermore, the surrounding tissue suffers irreversible damage, causing
bone resorption, both directly through the bacteria’s own virulence factors and indirectly
through host inflammatory issues.[13:14]

When an infection is diagnosed in prosthesis, one of the challenges is its complete removal
from the affected area (including the implant and the surrounding necrotic area). In general,
the treatment consists of subjecting the patient to a massive administration of antibiotics
during long hospital stays. In most cases, it is necessary to replace the prosthesis by a new
surgical intervention that involves the implantation of poly(methyl methacrylate) beads
loaded with gentamicin or vancomycin for local treatment.[15] However, success depends on
the complete removal of infected tissue and implant, which is unfortunately very difficult to
eradicate since latent bacteria are not entirely eliminated. The recurrent and resistant nature
of bone infections as well as the associated high morbidity have driven the scientific
community to dedicate much effort to develop new therapies aimed at improving the
standards used today.[16] At present there is no effective therapy for this type of treatment,
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there is a great debate regarding the management of these infections in order to establish
consistent and agreed guidelines in the national healthcare system.[17] Efforts are being
directed toward the improvement of anti-infective biomaterials both from the prevention and
cure points of view. In this respect, these biomaterials have to be adapted to the precise
clinical application and all their properties have to be adjusted to accomplish the best anti-
infective implementation, showing good biocompatibility[18-201 and appropriate tissue
interactions. Advanced technologies are allowing the development of new biomaterials and
surfaces capable of preventing bacterial adhesion, killing bacteria, and destroying the
biofilm.[17:21] The purpose of this review is to emphasize the potential breakthroughs in
bone infection treatment, which could be transformative for this damaging condition.

2 Strategies against Bone Infection

As it has been mentioned, there is a vital need to develop effective prevention and treatment
approaches to minimize the risk of implant-related infection and its life-threatening
complications.[12] Several reviews have shown many antibacterial biomaterials as well as
different technological approaches to modify such biomaterials in order to prevent and
combat such disease.[17-18] However, not all of them give an overview of the state of the art
in all these new therapies combined. It is important to emphasize that the development of
anti-infective biomaterials has to be adapted to the specific clinical application it is designed
for. Therefore, the challenge is to achieve better anti-infective implementation together with
safe biocompatibility and proper implant integration.[8] These efforts have mainly focused
on designing biomaterial coatings that reduce bacterial adhesion and avoid the growth of the
biofilm by constituting very promising prevention therapies. The most representative anti-
infective coatings as well as the different technological approaches to achieve a better
control in the bacteria adhesion without affecting to the implant integration will be discussed
in Section 3.[22]

On the other hand, the development of tissue engineering and scaffolding processing
techniques has enabled great advances in the treatment of the infections.[23] The “Holy
grail’ in this case is the design of 3D scaffolds which, while preventing the formation of a
biofilm, are able to regenerate the bone tissue lost.[24] In this type of biomaterial, different
strategies are proposed to combat and/or prevent the infection, which will be revised along
the manuscript. An added value is the possibility to combine antibiotics with different
delivery kinetics to afford a sustainable and enhanced therapeutic efficacy. Furthermore, the
possibility to incorporate antimicrobial ions in addition to antibiotic therapy is emerging in
recent years as a very effective alternative to avoid bacterial resistance (see Section 4).

Finally, the irruption of nanotechnology in the treatment of infection offers promising
alternatives for its treatment.[18] The possibility of release at the specific site and on demand
offers great advantages over other therapies. Herein, we will focus on the design of
nanocarriers with targeting and stimuli response capability, which will be discussed in
Section 5.[25] Figure 1 schematizes the main strategies to be discussed in this review
manuscript. In general, all these approaches to fight bone infection are critical to
consistently accomplish favorable patient outcomes.
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3 Antimicrobial Coatings on Implants

In this section, we focus on the prevention mechanisms underlying the development of
implant-related infection.[26] These mechanisms can be divided into: i) manufacturing
coatings with intrinsic antimicrobial properties such as silver and antibiotics and ii) using
surface modification technologies to give them antimicrobial properties. These strategies
incorporate surface coating by nanotopology and chemical modification. One of the
advantages of these technological approaches is the use of drug-free surfaces that effectively
inhibit the early adsorption of bacteria, which constitutes an added value in preventing
bacterial resistance. One of the biggest challenges in the design of these structures is to
design surfaces with an antagonistic behavior between bacteria and host cells.[26] Ideally,
these surfaces should not only resist bacterial adhesion, but also induce rapid tissue
integration and fast adhesion of host cells. Several reviews explain in detail the different
adhesion mechanisms of the different cell-types in order to design these surfaces.[27:28]

3.1 Silver Coating

Silver has been widely used directly as coating onto orthopedic implants due to its broad
activity against gram-positive and gram-negative bacteria.[12:17] |ts mechanism of action is
based on three main ways. First, the silver ions attached to the cell wall form morphological
irregularities triggering cell lysis and intracellular contents release. Second, silver ions attach
to sulfhydryl groups of proteins or DNA damage essential metabolic pathways and hinder
DNA replication. And third, silver ions produce an excessive ROS provoking oxidative
damage. Thus, the antimicrobial effect of silver ions prevents the biofilm formation,
hindering the production of exopolysaccharides.

Therefore, silver ions or nanoparticles (NPs) have been used in the direct coating of
orthopedic implants through different processes as galvanic deposition[2°] or incorporated
into biodegradable polymers.[30:31] Another strategies consist in the silver incorporation into
bone cements by impregnation[32:33] or silver contained hydroxyapatite (HA) coatings by
plasma spraying.[34-371 The clinical studies have shown that the silver efficacy substantially
reduces implant-associated osteomyelitis showing a high antimicrobial activity against
different bacterial strains (S. epidermidis, methicillin-resistant S. epidermis (MRSE), and
methicillin-resistant S. aureus (MRSA)).[321 However, the therapeutic efficacy of its use in
the clinic is being discussed in relation to its toxicity, which is depended on metal ions
delivery to surrounding medium and therefore of the released doses as well as the delivery
kinetics.[38-401 Moreover, it has been reported that the incorporation of silver into HA
coatings promotes both good antimicrobial activity and osseointegration, which constitutes
an added value. Recently, the inclusion of nanotechnology has meant a great advance in
terms of efficiency and safety. In particular, silver NPs embedded onto titanium implants
(Ag-NPs@Ti) through plasma ion immersion implantation (P111)[41-43] have received much
attention due to the broad antibacterial spectrum and the ability to modulate the surface
morphology of biomaterials which enhance the osteogenesis properties. The bactericidal
effect of AgNPs injected at the implant interface is related to the surface conductivity,
indicating the importance of electron transport in their bactericidal effect. This type of
technology has different limitations. Because although PllI-treated surfaces typically do not
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show toxicity, metal ion implantation above a certain threshold does cause release of the ions
which is associated with a toxic effect. Therefore, using an appropriate concentration of
injected metal is of vital importance in the application of the PllI-type technology onto
implant surfaces. Also, these surfaces have a good antimicrobial action by direct contact,
however, its effectiveness against planktonic bacteria is null and void. It shows the
importance of combining with other antimicrobial agents to increase their effectiveness.

3.2 Antibiotic Coating

Antibiotics are considered the clinical standard for both local and systemic treatment of
different infections caused by an extensive spectrum of pathogens and, unlike silver, are not
considered highly cytotoxic. In this sense, a prophylactic coating of orthopedic implants
with antibiotics should be a properly logical method to its prevention.[4445] It is important to
note that the local supply of antibiotics from a coating allows the use of high concentrations
that would be systemically toxic.[2] Different antibiotic-loaded coating techniques have
been considered to treat bone infections and are summarized in Table 1. The most usual
approach for this coating is the attachment of biocompatible synthetic polymers loaded with
antibiotics, such as poly(D,L-lactide) (PDLLA) and polylactic acid (PLA).[4647] There are
another strategies based on antibiotic incorporation by plasma chemical oxidized, nanofibers
coated, or covalent bonding and multilayer (layer-by-layer deposition, LbL), which allow a
sequential and sustained antibiotic release.[48-50] Gentamicin and vancomycin are the most
studied antibiotics in implant coating due to their clinical applications. However, more
recently, other types of antibiotics such as rifampicin are being successfully used in
combination, in order to decrease or abolish the feared bacterial resistances.[8]

One of the major risks associated with prophylactic antibiotic implant coatings is the
antimicrobial-resistant strains. Attention should be paid to the development of new classes of
antimicrobials to avoid the mechanisms of constantly evolving bacterial resistance
mechanisms. An essential factor in the management of these infections is the control of drug
release kinetics. However, it is difficult to achieve controlled release of the antibiotic from
the implant coating. Ideally, the system should have a two-phase profile, consisting of a first
stage of “burst effect’ where high drug concentrations are achieved followed by sustained
release above the minimum inhibitory concentration that will destroy any remaining
bacteria.[5%] Many research efforts have been invested in identifying and developing coatings
that allow the controlled release of the drug. The different strategies are aimed at controlled
delivery from nanostructured systems such as titania nanotubes®-531 or mesoporous silica
nanoparticles (MSNs)[®455] that will be addressed in the following sections.

In addition to silver and antibiotics, the anchoring of antibacterial peptides on the implant
surface is emerging as a promising alternative due to its high efficacy, nonbacterial
resistance, and biocompatibility.[56] Different reviews have explored several strategies to
anchor these peptides to the surface, which escape the subject of this review.[57-59]

3.3 Surface Nanotopology

3.3.1 Ti Nanocolunnns—-Currently, it has been suggested that some natural surface
morphologies, as those seen on insect wings or in the lotus flower, have solid antimicrobial
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action.[60.61] The antibacterial action of these biological surfaces can mainly be ascribed to
the mechanical interactions between the attaching bacteria and the nanoscale of such
surfaces.[62-64] Although current studies also point to the production of bacterial matrix as
the nanoscale directly affects to the bacterial mobility. There are many technologies to
develop these “bioinspired’ nanopatterned surfaces onto metallic implants.[65.66] Among the
most environmentally friendly techniques are simple hydrothermal etching and magnetron
sputtering (MS), respectively.[67] The studies reveal that obtaining a wide range of
nanotopographies depending on the methodology is used. Our research has focused on the
fabrication of titanium nanocolumnar coatings onto typical orthopedic device (Ti6AI4V)
surfaces using glancing angle deposition technique by magnetron sputtering (MS-GLAD).
[68] This technology allows fabricated nanostructured coatings with different
nanotopographies depending on the oblique angle deposition with magnetron sputtering onto
the surface of Ti-6Al-4 V disks.[58] Moreover, currently it has been demonstrated that its
great versatility is able to cover real implants with very heterogenous morphologies.[6°]

To date there is no consensus on the nanotopological characteristics and their bactericidal
effect. Modaresifar et al.[67] have concluded that different types of nanopatterns with heights
from 100 to > 900 nm, widths between 10 and 300 nm, and spacing of < 500 nm exhibit
bactericidal properties. Most of these studies have also examined the impact on eukaryotic
cells, determining that such surfaces exhibit adequate behavior with the exception of
nanopatterns with extremely high aspect ratios. Figure 2 summarizes the main derived
results of MS-GLAD technique onto Ti6AI4V disks. After MS-GLAD treatment, the Ti-
based implant is fully coated with nanocolumns with lengths between 250 and 350 nm and
diameters between 40 and 60 nm, separated by 100-200 nm. This nanotopography displays
a superhydrophobic nature, showing an opposite behavior toward bacteria and osteoblast
cells. While such structures prevent the adhesion of bacteria and the formation of biofilm,
they simultaneously allow the colonization and proliferation of osteoblastic cells. Figure 2
depicts how the biofilm is formed on the bare Ti6Al4V surface, showing a green bacterial
layer (living bacteria) covered with a blue layer corresponding to the mucopolysaccharide
matrix of the biofilm. On the contrary, on the titanium covered with nanocolumns (Nano-
Ti6Al4V), no biofilm appears, showing isolated bacteria on the surface of the implant. These
findings represent a milestone in this field with important implications, not only for the
quality of life of patients, but also for the promotion of a new generation of nanomaterial-
based orthopedic implants.

3.3.2 Ti Nanotubes—Another nanopatterning surface modification consists of the
fabrication of titania nanotube coatings. In this case, the anodization technique is used to
obtain this nanotube-type structure on the surface of metallic implants.[2%] These nanotube
coatings offer the advantage not only of inhibiting bacterial adhesion and promote bone
formation but also the potential use as drug delivery systems.[79.71] |n this sense, it has been
demonstrated that specifically, titanium nanotubes increase osteoblasts adhesion to the
surface, being inversely relative to the diameter of the nanotube. Moreover, titanium
nanotube arrays have considerably reduced initial adhesion and colonization of
Staphylococcus-type bacteria.[51.72] The greater the effect is the smaller the diameter of the
nanotube will be. Therefore, drug-free nanotubes improve the adhesion of osteoblasts and
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reduce bacterial adhesion, being a promising technology for the manufacture of future
implants.

In addition, this nanostructure has the property of being able to hold a large number of
antimicrobial agents. Thus, this nanotube-type coating has been loaded with gentamicin or
combined with vancomycin, showing a higher therapeutic efficacy due to the antimicrobial
effect of antibiotic release as well as cytocompatibility.[51:731 These findings have been also
confirmed in vivo, concluding that these gentamicin-loaded nanotubes can significantly
reduce the growth of implant-associated infections in a rat model.[>2]

3.4 Chemical Modification of the Surface

Wettability plays a key role in bacteria adhesion, with very hydrophilic surfaces being
widely used to create nonfouling surfaces and able to inhibit the bacteria attachment. It is
important to note that in Section 3.3, the nanotopological surfaces have super-hydrophobic
nature, which also leads to nonbacterial adhesion surfaces. Thus, both ends,
superhydrophobic and hydrophilic features, are associated with the inhibition of bacterial
adhesion. In this section, the main strategies to create hydrophilic surfaces will be discussed.

3.4.1 Polyethylene Glycol (PEG) Coatings—One of the most commonly used
approaches consists of grafting PEG polymer onto the surface to create an anti-infection
effect.[74] Although PEG coating itself has no bactericidal nature, its intrinsic nonfouling
features decrease the bacterial interaction with its surfaces. Different approaches can be
followed in order to attach different hydrophilic polymers to the biomaterials surfaces, either
physical or chemical modification has been used as covalent grafting or plasma
polymerization as more representative.l’®] In general, such approaches are used on metallic
implants as titanium and stainless steel surfaces, which are superficially modified by
synthetic polymer PEG in order to avoid the bacterial adhesion.[76.77] In vitro studies have
shown low protein adhesion and inhibition of different bacterial strains in this type of PEG-
modified metallic implants. However, PEG-based coatings do not only inhibit bacterial
adhesion, but also eukaryotic cells. It has been demonstrated that these surfaces prevent the
adhesion of mesenchymal cells and/or osteoblasts, compromising the integration of the
implant with the native tissue.l”8] In order to prevent this undesirable effect, it has been
proposed that grafting biological active molecules as bone morphogenetic protein-2
(BMP-2) and RGD peptide (Arg-Gly-Asp) can enhance the integration processes.[79:€0]
Recently, it has been designed on titanium Kirschner wires, a smart nontoxic, biodegradable
PEG-poly(propylene sulfide) (PEG-PPS) polymer coating as vehicle to release different
antibiotics as vancomycin and tigecycline. Both in vitro and in vivo studies show that this
smart polymers is able to release the antibiotic through a reactive oxygen cascade initiated
by the presence of bacteria.[82]

3.4.2 Zwitterionic Surfaces—Another strategy to confer hydrophilic features is the
creation of zwitterionic surfaces, which have an equal number of both positive and negative
charged groups maintaining overall electrical neutrality.[82] The peculiarity of these surfaces
is that the water molecules are more compactly distributed onto them, producing a hydration
layer which forms a physical and energetic barrier that impedes the adsorption of
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nonspecific proteins or adhesion of bacteria and biofilm formation, respectively.[83]
Moreover, one of the strengths of this process is that it allows the adhesion of native cells
without affecting their cell proliferation or differentiation.[28:82] These findings justify the
emergence of zwitterionization technology as a groundbreaking strategy to provide
biomaterials with anti-infective surfaces while preserving the integration processes of the
biomaterials themselves.

The zwitterionization process of biomaterials basically consists ¢ in the functionalization of
their surfaces with an exhaustive control in the atomic level.[80] There are multiple
approaches used to confer bacterial-repelling surfaces. First, grafting with zwitterionic
polymers, which bear varied positively and negatively charged moieties within the same
biomolecule and have overall charge neutrality. In general, this methodology requires long
synthesis processes in several stages, which can have an impact on homogeneity and with
relatively expensive costs.[84] Second, grafting with small molecules as different amino acids
such as cysteine and lysine,[85:86] sulfobetaine derivatives,[87] showing simultaneously
positive and negative charges in the same molecule, depending on the pH of the
environment. It has been shown that using simpler molecules reduces the complexity of the
synthesis processes and the biocompatibility of the final material is not as compromised. An
added value is to create a surface on/off switch depending on pH; in order to massively
release an antibiotic load and have an anti-infective behavior by lowering the pH.[88:89]
Another simple strategy to create zwitterionic surfaces is the direct and simultaneous
grafting of different organosilanes, one bearing positive charge and another negative charge,
respectively.l%0] It is possible to tailor the zwitterionization grade by changing the
proportions between both organosilanes. This bifunctionalization has allowed to create
zwitterionic surfaces in different biomaterials such as silica-based NPs,[91] HA [92] titanium
implants, (3] and mesoporous bioactive glasses.[94.93] The strength of this type of surface is
its ability to inhibit early bacterial adhesion and later biofilm formation without affecting the
adhesion and biocompatibility of native cells. With this type of surfaces, it is possible to
achieve up to 99% inhibition of bacterial adhesion which is increased when combined with
certain antibiotics.[9¢]

4 3D Antimicrobial Scaffolds

Nowadays, the development of 3D porous scaffolds is able to stimulate bone regeneration
which makes the immediate upcoming of advanced therapies to regenerate bone possible.

Scaffolds for bone tissue engineering combine mechanical support requirements while
serving as matrices for cell attachment and proliferation, therefore inducing bone
regeneration at the same time. One of the main challenges after scaffold implantation is that
they face bacterial colonization and resistance before completing bone repair. This issue can
be overcome through the design of multifunctional scaffolds with both antimicrobial and
bone regeneration properties to provide an aseptic environment needed for bone
regeneration.[97-991

Also, the possibility to combine two or more drugs in a single scaffold opens the possibility
to treat more efficiently the infection and even to treat situations where two bone pathologies
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take place simultaneously. The tendency to multi-therapy or combined therapies comes true
with dual scaffolds that, apart from the ability to regenerate the bone defect, can combine,
e.g., proangiogenic or anticancer actions with the treatment or prevention of the infection. In
the actual context of personalized medicine, this possibility would yield patient-specific
scaffolds for advanced bone tissue engineering applications.

Furthermore, latest advances in the research area into staphylococcal-induced bone infection
lead to the development of 3D scaffolds as models of infection. Recently, a collagen
glycosaminoglycan scaffold, which represents the physiological bone microenvironment,
has been seeded with both osteoblast and S. aureus and used as a representative 3D model of
infection. The results of this study validate crucial events not observed before in 2D which
are critical for understanding the advancement of bone infection using a 3D model.[100]

In this section, we offer a current overview on the recent development of scaffolds able to
fight infection as a promising approach for bone repair. The classification is made according
to the incorporated microbicidal agent on the scaffold.

4.1. Scaffolds with Intrinsic Antimicrobial Effect

This section describes scaffolds that possess antimicrobial activity due to the presence of
molecules that themselves have antibacterial properties. The mechanism of action of these
scaffolds is not based on the release of the antimicrobial agent, since it remains on the
surface or in the own composition of the scaffold. Therefore, their mechanism is associated
with the interaction of the bacteria with the scaffold surface where the antimicrobial agent is
exposed producing an electrostatic interaction with the bacterial membrane or wall and
destabilizing it (see Table 2).

In this context, a polycaprolactone (PCL)/HA composite scaffold produced by 3D printing
and the fused deposition modeling technology have been surface modified with e-poly-L-
lysine. e-Poly-L-lysine is naturally occurring or biosynthesized homopolyamide. It is made
up of 25-35 linear L-lysine residues which possess antibacterial activity and a wide
antimicrobial spectrum as well as the advantage that microorganisms do not easily develop
resistance to this antimicrobial polypeptide.[101] The composite scaffolds showed an
exceptional broad-spectrum antimicrobial actions in vitro against S. aureus, E. coli, and S.
mutans, and the antibacterial activity of EPL/PCL/HA scaffolds was retained for a prolonged
time period.[102]

Another natural polymer with excellent antibacterial property is the polycationic linear
polysaccharide chitosan.[103] Despite its numerous advantages, such as biocompatibility,
biodegradability, antibacterial, and antioxidant activities, chitosan is not used alone in
scaffold due to its poor mechanical strength and fast degradation rate. However, in
combination with nanoHA scaffolds with mechanical properties, good porosity and bone
regeneration ability can be processed. For example, a novel chitosan/nanoHA/zoledronic
acid scaffold prepared with a straightforward method of in situ precipitation showed
outstanding antimicrobial activity against clinical pathogenic S. aureusand E. coli. In
addition to the osteoinductivity, the prepared CS/nHA/Zol scaffolds also had a
multifunctional feature thanks to the zoledronic acid, which provides advantages in bone
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tumor therapy.[194] Similarly, the grafting of quaternized chitosan on a 3D-printed
polylactide-co-glycolide/HA porous scaffold is endowed with antimicrobial functionality to
the osteoconductive or osteogenic scaffold. A recent study has validated the improved anti-
infection and bone regeneration properties of these quaternized chitosan-grafted scaffolds in
different infected bone defect models in vivo.[10°]

4.2. Scaffolds Loaded with Antibiotics

As explained above, a scaffold with both antibacterial and osteoinductive properties for the
regeneration of infected bone defects is a current clinical need for bone repair. In this regard,
a simple approach may be to incorporate antibiotics in the scaffold to achieve a sustained
and local release for prevention or treatment of bacterial infection in combination with bone
regeneration. There are several examples in the literature that we have classified attending to
the composition of the scaffold, i.e., synthetic organic biopolymers, inorganic scaffolds, and
composite polymer/bioceramic scaffolds. The examples shown in this section also take into
account the processing method to fabricate the final device and the incorporated antibiotic
(see Table 3).

4.2.1 Synthetic Organic Biopolymers—A number of biopolymers, such as PCL,
poly(L-lactide), poly(lactic-co-glycolic acid) (PLGA), poly(hydroxyethyl methacrylate), and
PEG have been studied for this purpose.

For example, a poly(e-caprolactone)/polylactic acid scaffold incorporating tetracycline
hydrochloride was prepared by a thermally induced phase separation technique and
successfully tested in vivo.[206] The biodegradable polymer poly(hydroxyethyl methacrylate)
impregnated with ciprofloxacin has been used for the surface phosphorylation of a
polyethylene terephthalate fibrous matrix.[107] The electro-hydrodynamic technique has
been used to fabricate polymeric electrospun scaffolds composed of PCL nanofibers
decorated with PLGA particles loaded with rifampicin.[198] Also via this technique,
electrospun fibers of poly(L-lactide) and vancomycin were aminolyzed and then added to a
hydrogel scaffold of silk fibroin/oxidized pectin.[19%] More recently, a melt electro-
hydrodynamic 3D-printed poly(e-caprolactone) and PEG scaffold has been loaded with
roxithromycin as an anti-infective implant for bone tissue engineering.[110]

4.2.2 Inorganic Scaffolds—A pH-sensitive 3D hierarchical meso-macroporous 3D
scaffold based on MGHA nanocomposite has been fabricated by rapid prototyping
technique. In this scaffold, nanocrystalline apatite has been uniformly embedded into the
mesostructured SiO,-CaO-P,0g glass wall whose mesopores have been loaded with
levofloxacin as antibacterial agent. Remarkably, these scaffolds showed a sustained
levofloxacin release at physiological pH (pH 7.4), which significantly increases when pH
decreases to specific values of bone infection processes (pH 6.7 and pH 5.5).[111] Other
examples deal with Mg-Ca-TiO, composite scaffolds fabricated via space holder method
and coated with different concentrations of doxycyclinel112] or with bioactive monticellite
scaffolds containing ciprofloxacin.[113]
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4.2.3 Composites Polymer/Bioceramic Scaffolds—The rapid prototyping
technique has been used to prepare hierarchical 3D multidrug scaffolds based on the
nanocomposite bioceramic formed by particles of nanocrystalline apatite embedded into
amorphous mesoporous bioactive glass in the SiO»-P,05-CaO system and polyvinyl alcohol.
These hierarchical 3D scaffolds have been provided with an external coating of gelatin-
glutaraldehyde. These scaffolds contain three antimicrobial agents (rifampin, levofloxacin,
and vancomycin), which have been confined in different compartments of the material to
acquire different release kinetics and successful combined therapy. Levofloxacin was loaded
into the mesopores of a nanocomposite bioceramic part, vancomycin was localized into
polyvinyl alcohol biopolymer part, and rifampin was loaded in the external coating of
gelatin-glutaraldehyde. Results confirm an early and fast release of rifampin followed by
sustained and prolonged release of vancomycin and levofloxacin, respectively, which are
mostly administered by the gradual in vitro degradability of these scaffolds. This dual
treatment is able to abolish gram-positive and gram-negative bacteria biofilms as well as
reduce the bacterial growth.[124] Figure 3 shows the fabrication of 3D multifunctional
scaffolds by the rapid prototyping technique.

Vancomyecin has been loaded in several types of scaffolds such as a gelatin/A-tricalcium
phosphate (8 TCP) composite porous scaffolds,[11%] into mesoporous bioactive glass
combined with poly-(L-lactic-co-glycolic acid) and prepared by freeze-drying fabrication,
[116] and also in multifunctional electrospun composite scaffolds made of polylactide and
nanoHA-graft-polylactide.[117]

Levofloxacin has also been incorporated in a variety of composite scaffolds. For instance, it
has been loaded into electrospun hybrid scaffolds of polyhydroxybutyrate/poly(e-
caprolactone)/sol—-gel-derived silica scaffolds.[118] Also, the development of sintering-free
biphasic calcium phosphate/chitosane composite scaffolds using robocasting deposition as
additive manufacturing technique provides the chance to obtain drug-loaded scaffolds by
adding levofloxacin to the extrudable inks due to the nonexistence of a sintering step.[119]

As an interesting approach, the incorporation of cells is also possible in 3D bioprinted
composite scaffolds. A 3D scaffold containing rifampin and daptomycin printed in a
composite slurry of PCL and HA nanocrystals, with viable macrophages incorporated into a
hyaluronic acid and gelatin-based hydrogel-based bioink, was fabricated through bioprinting
to harness the potent antimicrobial action of macrophages together with antibiotics using a
mouse S. aureus craniotomy-associated biofilm model.[120]

4.3. Scaffolds Doped with Metallic lons

As it has been explained, antibiotic resistance is fast becoming a serious threat to public
health. The increasing number of new cases of bacterial resistance to “last resort”
antibiotics, together with the scarce new antibiotic approvals, makes necessary the
development of free-antibiotic alternatives, such as the use of metallic ions which possess
antibacterial properties (e.g., copper, silver). The bactericidal effect of metallic ions is due to
several mechanisms of action against bacteria.[121] These mechanisms are explained below
in Section 5. One strategy to locally deliver the metal ions at the defect site is to incorporate
them in the scaffold itself (see Table 4).
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For example, a collagen-based scaffold containing copper-doped bioactive glass has shown
potential as a one-step treatment for osteomyelitis. This porous 3D collagen scaffold
contains a bioactive glass, an established osteoconductive material, as a delivery platform for
copper ions. Scaffolds demonstrated antimicrobial activity, without the use of antibiotics,
against S. aureus (up to 66% inhibition) while also increasing osteogenesis (up to 3.6-fold
increase in calcium deposition) and angiogenesis both in vitro and in vivo.[122]

Incorporation of two trace essential ions such as Sr2* and Zn2* offers combined advantages
to improve the osteoinductivity and antimicrobial activity of a porous scaffold of HA. On the
one hand, Sr2* can induce new bone formation and reduce bone absorption and, on the other
hand, Zn2* ions possess antibacterial activity. The Sr/Zn-codoped porous scaffolds of HA
were developed by an ion-exchange method to produce ion-doped HA NPs followed by a
foaming method to produce porous HA scaffolds. The structural properties,
biocompatibility, osteoinductivity, and antimicrobial action against Staphylococcus
epidermidis were systematically investigated, demonstrating that these scaffolds could
successfully reduce bacterial infection and induce bone tissue regeneration.[123]

Moreover, the Zn?* ions have also been incorporated on hierarchical meso-macroporous 3D
scaffolds composed of mesoporous bioactive glasses, showing both osteogenic and
antimicrobial effects. The bacterial inhibition capacity of the scaffolds was studied against S.
aureus with different amounts of ZnO in mesoporous structure. While the antimicrobial
capability is effective to all studied composition, the amount of Zn%* delivered from the
scaffold with 4.0% ZnO was more favorable for HOS cell growth than when the ZnO is
higher (7%).[124]

4.4. Scaffolds Incorporating NPs

One approach to regulate the dosing of metal ions or drugs to fight bone infection is to
release them locally at the defect site using a carrier nanomaterial embedded in the scaffold
itself. Therefore, the nanocarrier can modulate the release profile with the advantage that the
NPs are confined and are not able to target other cells or tissues (see Table 5).

4.4.1 Antimicrobial Metallic NPs Embedded in the Scaffold—In this sense, the
sustained release of antimicrobial ions can be achieved from metallic nanostructures
embedded in the scaffold which slowly lixiviate the antimicrobial ions. Silver is the most
common metallic nanostructure used in this context, and it has been incorporated in a variety
of organic and inorganic supports to form composite scaffolds with antibacterial activity.

For example, silver NPs synthesized via chemical reduction and uniformly dispersed on
graphene oxide form a homogenous nanocomposite that was successfully modified on 3D-
printed S-tricalcium phosphate bioceramic scaffolds by a simple soaking method to achieve
bifunctional implants with antimicrobial and osteogenic properties. The antimicrobial action
of the composite scaffolds was evaluated with £, co/i[12%] Similarly, a MgSrFe-layered
double hydroxide/chitosan composite scaffold was loaded with uniformly dispersed Ag NPs
on the scaffold surfaces. In addition to the osteogenic effect achieved from the released Sr
ions, the Ag NPs in the composite scaffold successfully avoid biofilm formation against S.
aureus.[126]
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A nanocomposite of cellulose nanowhiskers decorated with AgNPs was used to fabricate
scaffolds containing chitosan and carboxymethyl cellulose using a freeze-drying method.
The highly antimicrobial efficiency of the scaffold against both gram-positive and -negative
bacteria may be ascribed to the synergistic effect of chitosan and AgNPs.[127] Synergistic
effect has also been achieved in a scaffold prepared from chitosan, HA, and silver
nanowires. Antimicrobial studies indicated that the composite formulation was able to
inhibit bacterial growth in suspension, and able to totally inhibit biofilm formation on the
scaffold in the presence of resistant bacterial strains such as MRSA.[128]

A fully porous titanium scaffold tailor-made by metallic powder 3D printing and subjected
to in situ hydrothermal growth of a micro/nanostructured titanate layer, has been provided
with nanosilver encapsulated in physically cross-linked silk fibrin. This silver-immobilized
scaffold was tested employing the clinically relevant pathogenic S. aureus bacteria, showing
decreased adherence of bacteria on the surface and active killing of those planktonic
preserving from biofilm colonization.[129]

In addition to silver nanostructures, further studies deal with other metal elements
incorporated into scaffolds in the form of NPs. For example, zinc oxide NPs impart
antibacterial behavior on nanocrystalline HA scaffolds coated by gelatine.[13%] Also, Cu NPs
added to a mixture of anionic carboxymethyl chitosan and alginate led to the gradual cross-
linking of the polymer mixtures further turned into a scaffold with an interconnected porous
structure by freeze drying. Also, the CuNPs impart the scaffold the ability of killing clinical
bacteria.[131]

4.4.2 Antibiotic-Loaded NPs Embedded in the Scaffold—Advanced nanocarriers
such as MSNs have also been incorporated in scaffolds. From the firsts designs of “gated
scaffolds” based on the combination of capped MSNs with porous biomaterials,[132] some
examples for the treatment of infected bone defects have been reported taking into account
the protection of the antibiotic in a drug-delivery nanocarrier.

For instance, vancomycin has been loaded in MSNs to form a composite scaffold in a gelatin
matrix that effectively inhibits the growth of S. aureus.[133] As well, levofloxacin-loaded
MSNs have been immobilized on the surface of a nanoHA/polyurethane bioactive composite
scaffold. This scaffold offers satisfactory antibacterial activity against both gram-positive S.
aureus and gram-negative £. colibacteria.[134]

Other kinds of inorganic nanostructures such as metal-organic frameworks have also been
used to be loaded with an antibiotic and then embedded in a scaffold for the potential
treatment of serious bone infections like osteomyelitis. Recently, vancomycin was loaded
into ZIF8 nanocrystals for a pH-responsive controlled release. Chitosan scaffolds coated
with ZIF8/vancomycin were developed by wet-spinning to obtain 3D biocompatible
scaffolds. These scaffolds induced a significant decrease of S. aureus activity.[13%]

In addition to the inorganic nanostructures, organic-based drug-delivery systems have been
combined in scaffold composite systems. BMP2 and vancomycin were separately
encapsulated into gelatin microspheres and these drug-contained gelatin microspheres were
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assembled on GO-functionalized Ti porous scaffold. These scaffolds independently released
multiple biomolecules with diverse physiochemical characteristics, without interfering with
each other, therefore inducing bone regeneration and preventing bacterial infection.[136]
Remarkably, the incorporation of antibiotic-loaded liposomes into scaffolds takes
advantages of both liposomes as drug-delivery systems and scaffolds’ strength to provide a
novel platform that is more appropriate for clinical applications.[*37]

4.4.3 Incorporation of NPs in the Scaffold for a Dual Effect—More complicated
scenarios can be fought by providing the scaffolds with NPs or nanosystems able to have an
effect over additional pathologies to the infection, so that two issues present on the same
tissue can be treated simultaneously. As an example, mesoporous bioactive glasses as an
inorganic support with bone regenerative properties have been implemented with molecular
gates demonstrating a useful approach for bone cancer and bone infection treatments.[138]

This dual effect or combined therapies for bone cancer and bone infection treatments has
been reported for composite scaffolds able to yield a hyperthermia effect. A chitosan/
nanoHA scaffold doped with OD carbon dots was fabricated by a facile freeze-drying
method to promote bone regeneration. Inspired by the outstanding photothermal effect of
carbon dots, the scaffolds were applied in tumor photothermal therapy under near-infrared
(NIR) irradiation. Moreover, the scaffolds showed different antimicrobial properties toward
clinically collected S. aureusand E. coli, and their antimicrobial action was further improved
under NIR irradiation.[23%] In the same line, a magnetic nanocomposite was developed
through a two-step synthesis approach in which CoFe,O4 NPs are prepared via sol-gel
combustion method and then coated by sol-gel method with Mg,SiO4. This core@shell
structure was used for the fabrication of 3D scaffolds through polymer sponge technique,
resulting in a magnetic porous scaffold which is biodegradable and bioactive. Furthermore,
the scaffold shows controlled release of rifampin having antibacterial effect against S. aureus
and the exposure to different magnetic fields produces heat for several kinds of
hyperthermia-based therapies.[140]

Silk fibroin NPs loaded with vascular endothelial growth factor were embedded in a silk
scaffold loading with vancomycin. This scaffold represents a dual drug release platform with
potential use for the treatment of contaminated bone injuries because it is able to
simultaneously deliver antibiotic and angiogenic factors. The bactericidal effect against
methicillin-resistant S. aureus, as well as the expression of the endothelial markers and
matrix mineral production was confirmed for this dual effect scaffold.[141]

5 Mesoporous Silica NPs as Nanocarriers

NPs are used to target bacteria as an alternative to conventional antimicrobials, due to their
specific physicochemical properties.[18:142.143] As it has been mentioned in the introduction,
biofilm formation, the absence of novel molecules or drugs, and the conventional fail of
antibiotics (because of AMR) are the main reasons for the increasing use of NPs for
infection treatment.[18.144] Several metals, metallic salts, and metallic oxides have
demonstrated to induce intrinsic antibacterial effects.[18.145.146] Sjlver NPs are the most
promising of inorganic NPs in the treatment of bacterial infections but not the unique. Other
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metal NPs such as Au or Mg, and metal oxide NPs such as titanium dioxide, zinc oxide, or

copper oxide, among others, are widely used in different studies to fight bacterial infection.
[144,147-151]

The mechanism of action of the antibacterial effects of these metals remained unclear.
[152,153] Recent studies have indicated that these metals decrease the bacterial activity as a
result of several mechanisms as oxidative stress, formation of ROS, gene expression
alterations, and DNA and membrane damage.[141.150] Bacteria can be found in a dormant or
active state that makes it very difficult for antibiotics to act properly. As previously
mentioned, NPs have several advantages to solve the classic antibiotic resistance problem
due to their multiple mechanisms of action which are different to classical antibiotic
mechanisms.[18.140-142] The higher the surface area, the smaller the size of these NPs, and
the possibility to modify their shape, are very useful properties to prevent and destroy the
biofilm.

Oxygen is a strong oxidant promoter that can be lethal for bacteria.l>4] These metal NPs
induce themselves an increase of oxygen-free radicals and ROS that produces oxidative
stress damage in the structure of proteins, DNA, and different cell components, including
membranes.[124.135] |n addition, nonoxidative mechanisms are implicated in the intimate
interaction between these types of metal NPs and bacteria.[5%] There are different methods
to modify the NPs with positive charges that interact electrostatically with the negative
charges of bacterial walls. This union is critical to the antibacterial effect of metal-based NPs
inducing the rupture of the membrane and accumulating by modifying the metabolic
processes of the bacteria.[153] Furthermore, several metal NPs release metal toxic ions that
react with the intracellular compartment and with several functional groups of nucleic acids
and protein.[133] Ag* is one of the main cations that trigger mechanisms against bacterial
walls, especially gram-negative. These mechanisms affect the bacterial metabolism,
inhibiting DNA replication and cellular respiration.[151.156] Cd2* and ZnZ* ions bind to
proteins present in sulfur-containing cell membranes by altering their metabolism.[140]

NPs not only have inherent antibacterial properties, but also can operate as nanocarriers of
different drugs and antibiotics[18] by multiple drug-delivery mechanisms. With this purpose,
these nanosystems must preserve the active compound from degradation and improve its
bioavailability in the infection treatment. These systems have the possibility of being able to
control the sustained release, very useful when an optimal dose release in a required time is
pursued. In addition, these systems offer the possibility to use a combined therapy, using
different antibiotics or drugs to respond to different stimuli, or even can provide a
theranostic strategy, e.g., with high-resolution bimodal imaging and antibiotic/photodynamic
combined therapy of osteomyelitis.[*571 We can find different types of NPs with these
properties: inorganic nanocarriers as mesoporous silica NPs—MSNs, [158.159] magnetic NPs,
carbon nanodevices, and quantum dots,[126] polymer-based NPs and polymer micelles,[160]
dendrimers,[161] liposomal NPs, or solid lipid NPs.[124] In this manuscript, we focused on
MSNs as nanocarriers to prevent and/or kill bacterial infection.
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5.1. MSNs

MSNs represent highly developed inorganic nanocarriers with an increasing interest in the
field of drug-delivery systems[155.156] (Figure 4). In addition, MSNs have high versatility to
create high-performing hybrid materials.[>6] The main features of interest of these
nanocarriers are the following: 1) porous and robust structure with high pore volume (> 0.6
cm3 g1 and large surface area (> 700 m2 g-1), with maximal drug-loading capacities;[162]
2) variable mesopore size (2-10 nm), pore shape, and connectivity;[163] 3) regarding
morphology, MSNs with 100-150 nm avoid fast clearance and acute toxicity;[164] 4) their
surface can be chemically modified with different moieties;[25%] 5) high biocompatibility
both in vitro and in vivo;[160.165] 6) manageable degradability under living conditions;
[166,167] 7) and high level of excretion.[168]

Therefore, different types of MSNs, with several morphologies, sizes, mesopore sizes, and
connectivity, can be simply produced in a relatively large-scale synthesis following a
modification of the Stober method.[160.169] |n Figure 4, different types of transmission
electron microscopy micrographs of MSN are represented: NPs with radial pore
arrangement (MSNR) with 3D structure and greatly accessible mesopores, and MSNs coated
with different inorganic NPs such as gold nanorods (MSN-AuyR), silver NPs (MSN-
AgNPs), and magnetite NPs (Fe30;,) as core.

As we previously mentioned, modifications in surface materials can increase the targeting
properties of NPs to develop stimuli-responsive nanosystems.[15%] Although most studies or
applications of MSN are in the field of cancer treatment,[155160] several studies indicate the
usefulness of these nanocarriers in the treatment of infectionl8.25.170] and osteoporosis.
[171,172] Herein, it will be only focused on the most recent reported advances for target,
control release and drug delivery by MSNs in bone infection.

5.2. Selective Targeting

As it is well known, the NPs, and among them the MSNSs, can be recognized by the immune
system in tissues where macrophages are present.[155160]1 MSNs can accumulate at
nonrelevant tissues, leading to deficient accumulation in the target tissues where they must
perform their function.[155.160] Consequently, it is necessary to improve the specificity to the
target cell/tissue in order to improve their therapeutic efficiency, also reducing their possible
secondary effects.

In case of cancer treatment, nanosystems are administered through the blood stream and
tend to collect at the tumor areas, due to blood vessel structure with the presence of
fenestrations in the diseased tissues.[25:160.161] This is due to the enhanced permeation and
retention effect which works as passive targeting.[155.160.161] |n the case of infection
treatment, the aim is to develop MSNs with active targeting related to receptor-ligand
affinities with the bacteria or with the biofilm, where the therapeutic effect would be
produced specifically, enhancing antimicrobial effectiveness (Figure 5).

To destroy the bacteria (Figures 5 and 6), we can take advantage of the negative charge of
the bacterial wall, to modify with positive charges the surface of the MSNs for a specific
electrostatic interaction between them. Macromolecules such as cationic polypeptides or
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dendrimers[8.25] and small amine molecules,[1825.173] can be used for this purpose (Figure
5). MSNs are then internalized by bacteria and able to kill them. To penetrate and destroy
the bacterial biofilm (Figure 5), MSNs can be loaded with antibiotics into their pores and
functionalized with lectins on their surface.[18.25.168.174] | ectins are molecules that
specifically recognize the mucopolysaccharides present in the biofilm.[172.175] When the
biofilm is specifically recognized by the lectins present in the surface of MSNs, the
antibiotic is released removing the infection.

At this respect, Yang et al.[17¢] designed and evaluated an effective alternative to traditional
antibiotic nanocarrier, based on dendritic MSNs with controllable particle sizes and
antibacterial enzyme delivery performance. This nanosystem is loaded with lysozyme, an
antimicrobial enzyme, and presents great pore size of 22.4 nm and a small particle size of 79
nm, showing an optimal antimicrobial activity with a total inhibition of £. co/iduring at least
5 days. In another study by Vallet-Regi et al.,[17"] MSNs as “nanoantibiotics” were loaded
with levofloxacin (LEVO) inside the mesopores and functionalized by active targeting to
bacterial membrane by polycationic poly[propyleneimine] dendrimer of third generation
(G3), covalently grafted to the external surface of this nanocarrier. This nanosystem showed
good internalization by gram-negative bacterial membranes (£. coli) with a positive
antimicrobial effect because of the combination of polycationic dendrimers and LEVO
(Figures 6 and 7). In a study by Pedraza et al.,[173] MSNs nanocarriers loaded with LEVO
were functionalized by adding to their surface N-(2-aminoethyl)-3-
aminopropyltrimethoxysilane, providing positive charges that increased their affinity with
negatively charged bacterial wall. This nanocarrier completely destroyed S. aureus biofilm
evaluated in the mentioned study.

Of special interest is the study of Martinez-Camona et al.,[174] where the authors designed a
novel nanocarrier based on MSNSs loaded with LEVO covalently grafted with the lectin
concanavalin A (ConA). ConA are glycoproteins isolated from plants, able to selectively
identify, bind, and uptake to certain cell-surface glycans. These glycans are also exist in the
bacterial biofilm.[272] This nanocarrier showed good internalization rates in gram-negative
bacteria biofilm, increasing the antibacterial efficiency of LEVO loaded in the mesopores
(Figures 6 and 7).

5.3. Drug Release at the Infection Focus

MSNs can hold different drugs or antibiotic combinations in their mesopores that act
synergistically at the focus of the infection, resulting in a combination therapy. In this
regard, an ideal nanocarrier must protect the therapeutic agent, transport them to the target
tissue or cell and, finally, release high local concentrations of this agent keeping the control
of the drug release. With this purpose, there are several approaches to cap the pore and avoid
premature release of the cargo.[155:160.161] Those caps grafted strategies should respond to
the application of several stimuli, triggering the antimicrobial cargo release into the site of
infection, as pH and temperature variations, light, redox processes, or enzymes, among
others.

A decrease has been observed in pH values after surgery, infection, or implant loosening.
[178-180] This reducing environment in the area of bone infection induces a pH < 7 compared
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to pH 7.35-7.45 in noninfected tissues. These changes in the pH values induce some
variations in the capacity of bacterial adhesion and in the isoelectric point and surface charge
of biomaterials, increasing bacterial infections.[178-1801 |n this regard, it has been
demonstrated that S. aureus and S. epidermidis, typical orthopedic implant-related infection
bacteria, increased their penetration and adhesion to ceramic pore materials in the presence
of lower pH values,[178.180] related to a decrease in the repulsive forces between material
and bacteria. Conversely, some authors showed an unexpected reduced adherence of both S.
aureusand S. epidermidisin HA and biphasic calcium phosphate materials,[178:180] probably
because of these materials did not have pores large enough to allow the internalization of
staphylococci. These results indicated the possibly that the decreased pH values in bone
infection is a consequence of active bacterial growth and function. The observed decrease in
the pH values near of loosening implants induced an increase in the production and function
of cathepsin K,[179 a highly strong collagenase and papain-like cysteine protease expressed
in osteoclasts. This protease, which is present in pseudosynovial fluid, can destroy bone in
the phagolysosomes, Howship lacunae, and in the acidic extracellular space closed to acidic
loosening implants interfaces.[179] In this sense, cathepsin K activation induced an inhibition
of type I bone collagen, leading to demineralization in peri-implant bone.

In this sense, a pH stimuli-responsive nanocarrier for detection and eradication of bacteria
was developed by Yan and co-workers.[181] MSNs were loaded with vancomycin and the
external surface was modified with fluorescein isothiocyanate with the aim to add a “sense-
and-treat” hydrogel. Poly(A-isopropyl acrylamide-co-acrylic acid) is a pH-sensitive polymer
(that acts as a gatekeeper) that was copolymerized with a derivative of rhodamine B,
functionalized with an acrylamide moiety (RhBAM), and grafted onto MSNs. RhBAM
moiety is present in the spirolactam form at basic pH values (no fluorescence), whereas at
acidic pH values it converts into the open form and emits strong fluorescence. MSNs were
immobilized in an agarose matrix layer for sensing and destroying bacteria. The protons
produced by bacteria, triggered an antibacterial vancomycin to inhibit bacterial growth. In
addition, vancomycin showed higher release at acidic pH from the MSNs with RhBAM and
MS-hydrogel showing an ideal antimicrobial action in the presence of £. coli.

Considering a temperature stimuli-responsive nanocarriers to trigger the antibacterial cargo
release to infection site, Yu et al.[182] prepared a nanosystem consistent in NPs containing a
Fe304 core and MSN layer capped with the poly(A-isopropylacrylamide) (PNIPAM)
(thermoresponsive), loaded with the enzyme lysozyme (antibacterial). Rapid drug release
was observed at 37 °C by both capped-core-shell NPs, because the pore opening the
PNIPAM polymer was in the collapsed form at this temperature, whereas no drug released
was induced at 25 °C. Moreover, lysozyme delivery at 37 °C induced a significantly
inhibition of Bacillus cereus and Micrococcus luteus growth. In a study by Sun et al.,[183] 3
self-enriched MSN composite membrane with photodynamic stimuli-responsive
antimicrobial properties was developed by facile electrospinning method. A polymeric
matrix was produced with PCL and zein, and MSNs were loaded with methylene blue and
modified by trichloro silane, acting as ROS generator to induce antibacterial actions. These
fluorinated MSNs significantly enhanced ROS generation, and the composite membrane
presented bacterial repellency. The composite membrane showed photodynamic
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antimicrobial effects against gram-negative £. colfand gram-positive S. aureus under visible
light (660 nm) irradiation.

Lee et al.[184] designed a nanosystem based on MSNs loaded with moxifloxacin and coated
with a redox-sensitive disulfide snap-tops. This nanosystem was functionalized with
adamantanethiol forming a disulfide bond and with (3-mercaptopropyl) trimethoxysilane.
This disulfide bond can be cleaved in reducing environments and the moxifloxacin delivery
is produced intracellularly, staining the nuclei of macrophages thanks to glutathione
presence, and inhibiting Francisella tularensis. In vivo, moxifloxacin-loaded MSNs
prevented premature death and significantly decreased the presence of £ tularensis in the
spleen, lung, and liver. In addition, Ding et al.[185] prepared a dual-functional nanocarrier
with an enzyme-responsive action for tissue regeneration and bacterial infection application.
Ag-NPs were pre-encapsulated in MSNs (MSN-Ag) and poly-L-glutamic acid (PG) and
polyallylamine hydrochloride (PAH) were added by the LBL assembly technique on MSN-
Ag (LBL@MSN-AQ). Glutamyl endonuclease secreted by Staphylococcus aureus can
degrade the amide linkage present into the polyamide PG. These nanosystems were placed
on the surface of polydopamine-improved Ti substrates. These substrates with an
LBL@MSN-Ag nanocoating induced a significantly antimicrobial effect in vitro and
showed excellent results in a rat bone defect infection treatment, promoting new bone
formation.

6 Outlook

Finding novel and alternative strategies to fight biomaterials-associated infections is a major
challenge for the biomedical scientific community. Conventionally, several approaches have
been developed to design anti-infective biomaterials, most of them focused on prevention
(i.e., inhibiting the early stages of bacterial adhesion) or treatment (once the biofilm has
been formed) of the infection process. This review provides an overview of the state of the
art of those different approaches.

Conventional biomaterials try to achieve great antibacterial effect while preserving their
biocompatibility. These strategies are based on: i) implant surface coatings that involve new
technological advances in the field of surface modification, ii) design of different scaffolds,
including multifunctional scaffolds with both antimicrobial and bone regeneration
properties, and iii) nanocarriers based on MSNs with advanced properties (targeting and
stimuli-response capabilities).

Novel technological advances in surface modification technologies, as nanostructured
coatings or zwitterionization of biomaterials surfaces, are emerging as very powerful tools to
avoid bacterial adhesion and biofilm formation without the use of antibiotics while keeping
great biocompatibility rates. Additionally, their great biocompatibility has raised this
technology as a new concept of implant fabrication.

In order to address infection issues and bone defects regeneration simultaneously, scaffolds
offer great advantages both in prevention and cure. In this sense, there are many different
possibilities of multitherapy or combined therapies to regenerate bone tissue, which are very
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promising for clinical use. Furthermore, the design of scaffolds as 3D models of bone
infection is currently being demanded as a need for a better understanding of cellular
responses.

MSNs exhibit promising features since they can load and release antibiotics locally and in a
controlled manner. Among them, MSNs can be functionalized with targeting agents, and
gives the possibility to design these materials as stimuli-responsive systems releasing the
loaded charge on demand. This is the starting point to achieve a remarkable improvement of
conventional treatments, where the main point is to combine different elements to abolish
infections.

All of them represent promising and powerful tools that could replace conventional
therapies. However, their potential has only been proven in vitro and, in the lesser case, in
preclinical models. At this point, one of the weaknesses is the lack of clinical
experimentation. It is important to design multicenter clinical trials, well-structured
international antibiotic register, and mutant causative strains. Only with evidence-based data,
will be a real progress in this field. In this sense, futures therapies are aimed at implementing
personalize treatments, which adjust more effectively to the clinical needs of each patient
with fewer side effects than conventional therapies.
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Figure 1.
Main strategies to combat bone infection, object of study in this review manuscript. In this

sense, this manuscript addresses antimicrobial coating including the new technological
advances on surface modification; scaffolding design including multifunctional scaffolds
with both antimicrobial and bone regeneration properties; and nanocarriers with advanced
properties (targeting and stimuli-response capabilities).
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Ti Nanocolumns

Ti6Al4V

Nano-Ti6Al4V

Figure 2.

Rgsults derived from the antimicrobial properties of Ti6AI4V implants by means of a
nanopatterning coating enhanced by MDGLAD.[%8] Top: SEM micrographs showed the full
coating onto Ti-based implant by well-defined nanocolumns. Down: Confocal microscopy
studies compared the surface of naked titanium, before and after coating, upon incubation
with S. aureus bacteria. The reusable samples show that when the titanium implant is bare
the biofilm is formed, while the nanocolumns coating inhibits the formation of the biofilm.
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SA Biofilm

Figure 3.

chhematic representation of 3D multifunctional scaffolds development by Rapid Prototyping
technique.[111.114] A photography of a 3D-bioplotter envisiontec device is shown in the
upper image. On the right, SEM micrographs display the hierarchical macro-mesoporosity
of 3D scaffolds derived of this technique. Confocal microscope study showing de
antimicrobial effect of 3D scaffolds containing three different antibiotics (levofloxacin,
vancomycin, and rifampicin) distributed in different compartments of the 3D scaffold is
shown on the bottom.
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Figure 4.

chhematic representation of the MSNSs versatility and their functionalization properties. Left:
TEM micrographs showed different MSN-based NPs with different size, mesoporous
arrangement, and core@shell type. Right: Depiction of the high MSNs versatility with
different capabilities (targeting, drug delivery, stimuli-response, gene therapy, and diagnostic
imaging).
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Figure 5.
Schematic representation of MSNs with targeting capability to both bacteria and biofilm.

Because of the negative charges in the surface of the bacteria wall, one of the strategies to
target bacteria is to functionalize the surface with positive charges. In this sense, several
small molecules and biomacromolecules have been used: amines, polycationic dendrimers,
and cationic polyaminoacid (among others). On the other hand, the biofilm is formed by a
protective external layer of mucopolysaccharide, which has high affinity properties. In this
case, this glycoconjugate has been used successfully as targeting agent.
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Biofilm

Figure 6.
Confocal microscopy images of (left) bacteria-targeting capability of MSN-G3 materials and

(right) biofilm-targeting capability of MSN-ConA, respectively. The external
functionalization with a polycationic dendrimer (G3) favors the internalization ofthese
modified nanosystems (MSN-G3) within the £. colibacteria. The left image shows the
bacterial wall in red and MSN-G3 nanosystem in green.[177] In the case of the external
functionalization with the lectin (ConA), such modification enhances the internalization of
the MSN-ConA nanosystem into the biofilm, even penetrating its innermost parts. The right
image shows the biofilm composed by living bacteria in green and the biofilm matrix in
blue, in this case the NPs are stained in red.[174]
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Levofloxacin
loaded MSNs

MSN-ConA-L >
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Figure 7.

chhematic representation of the antimicrobial efficacy of (top) levofloxacin-loaded MSN-G3
and (down) levofloxacin-containing MSN-ConA. Both cases reveal that the targeting effect
enhances significantly the antimicrobial effect of loaded antibiotic. These results are derived
from refs. [177] and [174], respectively.
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Table 1
Most representative examples of antibiotic coatings on orthopedic implants.
Implant Antibiotic Coating technology Results References
Tibia nails Gentamicin Poly(D, L-lactide) with Clinical trial [46,47]
“dipcoating process”
(Palacos R+G; Gentamicin Antibiotic -impregnated Clinical trial [45]
Heraeus Medical, bone cement
Wehrheim,
Germany)
Titanium Vancomycin Poly(ethylene glycol) Sustainable drug release (no initial burst release) In [44]
(PEG)-based hydrogel vivo rabbit model of S. aureus infection
covalently bound to Ti
Tialloy TiAI6V4 Gentamicin Plasma chemical oxidized In vivo rat osteomyelitis model S. aureus inoculum [48]
rods (Konigsee High prophylactic effect on implant-related
Implantate GmbH, osteomyelitis
Germany
PEEK implants Gentamicin LbL self-assembled Degradable multilayers that sequentially deliver the [50]
antibiotic and the osteoinductive growth factor
(BMP-2). In vivo rat model infected with S. aureus
Locking peg Linezolid- Nanofiber coating by In vivo rabbit model of orthopedic implant- [49]
titanium rifampin electrospun associated infection (OlAl)
Titanium Antimicrobial Covalent bonding surface In vivo females mice with S. aureusand P, [56]
peptide aeruginosa
(Melamine)
Tialloy Gentamicin Anodized Ti Nanotubes Controlled-antibiotic release. In vitro studies against ~ [51-53]

S. aureus and P, aeruginosa. In vivo osteomyelitis
rabbit model infected with S. aureus
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3D antimicrobial scaffolds: scaffolds with intrinsic antimicrobial effect. Mechanism: presence of molecules
with antimicrobial activity and interaction of bacteria with the scaffold surface.

Scaffold composition Antimicrobial agent Fabrication Results Reference
technique

PCL/HA composite surface  e-Poly-L-lysine 3D printing and fused In vitro antibacterial activity against S. aureus, [102]

modified with e-poly-L- deposition modeling E. coli, and S. mutans

lysine technology

Chitosan/nanoHA/ Chitosan In situ precipitation In vitro antibacterial activity against clinical [104]

zoledronic acid pathogenic S. aureusand E. coli

Polylactide-co- Quaternized chitosan 3D printing In vivo infected bone defect models: femoral [105]

glycolide/HA

shaft defects in rats and femoral condyle
defects in rabbits inoculated with S. aureus
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