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Abstract

One of the major complications associated with the implantation of biomedical devices
regardless of their function is biomaterial associated infection. Infections are generally initiated by
opportunistic bacterial colonization and biofilm development on the surface of implanted
biomaterials, rendering the infection impervious to host defenses and antimicrobials. Moreover,
the infection around soft tissues also has a significant role in biomaterial-associated infections. It
is well documented that the nature of an implant infection is influenced by the design and
composition of the implant biomaterial, host environment, clinical procedure and patient hygiene.
Herein, we explore the adhesion mechanisms of bacteria to the biomaterials and review systematic
antimicrobial strategies to reduce the contamination of biomaterials and underlying implant
infection using Staphylococcus aureus as a model bacterial pathogen. Also, we discuss the
preventive and therapeutic strategies and explain the future perspectives for the development of
nanoscience-based strategies for the engineering of antimicrobial surfaces, including nanostructure
surface, microbe-surface interactions, synthetic nanostructured surfaces, dynamic surfaces with
antifouling agents, coated surfaces with antimicrobial properties (polymer coating, surface release
active coating).

Keywords: Nanoscience, Antimicrobial strategies, biomaterials, infection propensity, medical
device infection, mechanism of adhesion

1. Introduction

Biomaterials are defined as “materials designed to take a form that can direct, through
interactions with living systems, the course of any therapeutic or diagnostic procedure” !.
Biomaterials are designed to replace hard or soft tissue that is damaged and malfunctioned through
different circumstances such as fracture, infection, cancer cells, organ failure, or other pathological
processes >°. Biomaterials must be biocompatible and capable of functioning like normal tissue
both physically and biochemically. Furthermore, they should be neither carcinogenic nor
toxicogenic and have efficient physical and mechanical properties to serve as a long-term
replacement of the respective body tissue. Medical devices are described by the Food and Drug
Administration as “a machine, apparatus, instrument, implement, in vitro reagent, contrivance, or
other similar or related object, including an accessory or component part which is recognized in
the United States Pharmacopeia, or office National Formulary, or any supplement to them” *>.
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Modern medical devices play an important role in healthcare for both detection and
treatment purposes; however, the use of such devices including implants and catheters can result
in increased risks of infections. There is a high rate of colonization of abiotic surfaces of
biomaterials because of the induction of microorganisms which form biofilms that are highly
resistant to antimicrobial treatment such as antibiotics &’. Without biomaterials, tissue infection by
opportunistic pathogens is usually suppressed by the immune system, but tissue infections caused
by biomaterials activate a local tissue response, which consists of both chronic and acute
inflammation because of the complexity of interactions between the host immune cells, microbial
pathogens and the biomaterial that can cause the formation of granulation tissue and subsequent
tissue fibrosis 12,

The microbial body flora mainly resides in the oral cavity, saliva, mucosa, ear canal, and
gastrointestinal tract where they have a number of roles, including stimulating innate immune
defense mechanisms against pathogenic bacteria. However, the growth and proliferation of these
symbiotic bacteria can become uncontrolled and lead to localized and/or systemic infection in
some situations. Whilst the human body can be infected by different pathogenic microorganisms
(eg. viruses, protozoa and fungi), the most common type of acute and chronic infections are caused
by bacteria '3, which is the focus of this review.

Bacteria can exist in planktonic and sessile states which display very distinct phenotypic
and genotypic features. The adhesion of bacteria to a biomedical device surface is characterized
by slime production coupled with rapid expression of genes responsible for exopolysaccharide
production. This alteration initiates almost instantly following bacterial attachment and
colonization of both abiotic and biotic surfaces, and causes biofilm formation that protects the
bacteria from external substances (such as antibiotics and antimicrobial compounds) or the
immune system 415,

This review discusses nanoscience-led antimicrobial strategies to inhibit biomaterial-
associated infections (BAIs) and tissue infections. The mechanisms underpinning bacterial
adhesion to biomaterials, biofilm development and the role of novel biomaterials in preventing
implant-associated infections are also considered. Finally, future perspectives on antimicrobial
medical device technology are highlighted with specific focus on deploying novel nanoscience-
led strategies to reduce infections.

2. Adhesion of bacteria to biomaterials

Opportunistic pathogenic bacterial cells adhere to biomaterials through bacterial appendages
such as pili or flagella '°. A thin layer of conditioning film is essential to mediate this initial
adhesion process on an indwelling medical device or infected tissue implant and this is often
composed of polysaccharides, von Willebrand factor, collagen, laminin, vitronectin,
thrombospondin, fibrinogen, and fibronectin (Figure 1). The two stages of bacterial adhesion are
1) primary unspecific and reversible adhesion and 2) specific irreversible adhesion. In the initial
stage of adhesion, the weak interaction between bacteria and the surface causes a reversible
process. The extent of bacterial adherence to the implant or tissue is dependent on the surface
properties of the bacterial cell and the composition of the biomaterial. Adhesion is defined as the
attachment of bacteria to the surface, while attachment between the cells is termed as cohesion 7!7.



Biomaterials can act as substrates for bacterial attachment and subsequent biofilm formation. This
process is mainly due to steric interactions, hydrophobic interactions, electrostatic interactions,
protein adhesion, and Van der Waal forces ’. Adhesion to living tissues is a specific adhesion-
based or lectin-based interaction, while adhesion to the abiotic surfaces is unspecific. Uncoated
native surfaces are quickly coated by conditioning films which include immune protein
components and extracellular matrix (ECM) when submerged in body fluids. Biomedical surfaces
are also coated with protein from interstitial fluids and blood within nanoseconds, and this process
is determined by the wettability of the biomedical device surface and surface chemistry. Overall,
the predominant mechanism for bacterial attachment to biomedical devices within the body is
adhesion '®2? and it is this biological process which results in biomaterial-mediated bacterial
infections and associated bacterial pathogenesis .
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Figure 1 The attachment of bacteria to the surface of biomedical devices inside the body. The
combination of irreversible active mechanism and reversible passive mechanism causes bacterial
adhesion on the biomaterial surface. Staphylococcus epidermidis and Staphylococcus aureus
possess many mechanisms for adhesion and biofilm development that result in virulence during
chronic biomedical infection.

Adhesion to biomedical device surfaces

Primary bacterial adhesion to the biomaterial surface is mediated by nonspecific forces
(electrostatic, Lifshitz—van der Waals, and Lewis acid-base forces), with bacteria behaving like
colloidal micro-particles 2*?°> which enables in vitro simulation %°. Bacterial filamentous cell
appendages, including nanofibers, bacterial pilus-like, and pili adhesive structures act as adhesins



2728 Some bacterial nanofibers mediate attachment of the bacteria to the biomaterial surfaces and
help in the formation of the biofilm. Other bacterial filamentous cell appendages which are
involved in implant infections specifically bind to the host cell surface molecules, fibronectin and
collagen respectively (Figure 1) 2°. Autolysis AtIE from S. epidermidis is a species-specific protein
that can bind to both abiotic surfaces, like naked polystyrene and biotic surfaces, like vitronectin.
Other species-specific proteins such as the autolysin AtlA from S. aureus has dual functionality
that undergoes proteolytic cleavage to obtain an amidase and a glycosaminidases which are
catalytically active proteins. Amidase interacts with the matrix proteins vitronectin, fibronectin,
and fibrinogen. Therefore, AtlA mainly mediates attachment of S. aureus to implants that are
coated by proteins in the host matrix which assists with biofilm formation. The autolysin AtlaA
from Enterococcus faecalis also has a role in biofilm development as demonstrated by an at/A4
gene deletion mutant strain which lacks the ability to form biofilms 7.

3. Biofilm formation

It is predicated that approximately 70% of human bacterial infections are related to biofilm
formation ?°. Indeed, bacteria are the most important factor in mediating BAIs 7. Bacteria attach to
the surface and develop a biofilm, after that the bacteria tightly and irreversibly attach to the
surface of biomedical devices and are enclosed in the matrix of extracellular polymeric substances
(EPSs). Biofilm formation is the cause of irreversible medical device infections and due to the
high density of the bacteria within the biofilm, antibiotic resistant genes can transfer through
conjugation, therefore the bacteria in the biofilm exhibit extraordinary resistance to antibiotics
which can lead to chronic infection and inflammation %!,

Stages of biofilm formation

The classic model of biofilm development in Gram-negative bacteria (Pseudomonas
aeruginosa) and Gram-positive bacteria (S. aureus) has four key stages leading to BAIs (Figure 2)
These stages include 1) Adhesion or attachment of bacteria to the device surface, 2) formation of
monolayer bacteria and micro-colony, 3) maturation of biofilm, and 4) dispersion or detachment
of bacteria that can colonize to form further biofilms 24252728,
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Figure 2 The attachment of planktonic bacteria attached to the surface is initially a reversible
interaction. The stability of planktonic bacteria causes microcolony formation, followed by biofilm
formation. In S. aureus, fibronectin (Fn) molecule interacts with fibronectin-binding protein (Fn
BPs) and forms a bridge. Biofilm maturation begins with EPS production and bacterial
aggregation, followed by the release of extracellular DNA (eDNA) and expression of
polysaccharide intracellular adhesion (PIA). As the biofilm matures, water channels are formed
and protease contribute to biofilm dispersal.

As biofilms develop, EPS is produced which assists with adhering bacteria together during
maturation and later stage biofilm formation 2. EPS is composed of extracellular DNA (eDNA),
lipoteichoic acid (LTA), wall teichoic acid (WTA) and protein, in addition to exopolysaccharides.
In S. aureus and S. epidermidis, the main polysaccharide component of the biofilm matrix is
intercellular adhesion (PIA). Environmental stresses such as ethanol, heat, and osmolarity
increases biofilm formation and PIA synthesis. PIA production is also increased in iron and
nutrient limited conditions, and in the low oxygen environments. Stress conditions, especially in
S. aureus, also correlate with a propensity for genetic mutation and horizontal gene transfer,
leading to antibacterial resistance **. Biofilm formation is also impacted by physical stresses due
to fluid flow, for example, shear stress in high in cerebrospinal fluid shunts and intravascular
devices due to blood pressure. The eDNA possesses four critical roles; 1) gene transfer between
bacterial cells, 2) supply of nutrients, 3) strengthening and stabilization of biofilm matrix, 4)
modulation of the innate immune response. The release of eDNA from the biofilm cells causes
stability of the mature biofilm, hence is an attractive target for future therapeutic coatings and
diagnostic strategies. The cell envelope of the Gram-positive bacteria contains teichoic acid (TA)



that covalently bonds to peptidoglycan as WTA or to the cytoplasmic membrane as LTA. TAs
play a significant role in adhesion of bacteria to biomaterials by binding to adsorbed fibronectin
and assist with biofilm formation 3!

During biofilm formation, complex regulatory networks control bacterial cell interactions
34 The alteration in gene expression in the bacterial cell is due to the colonization of bacteria. The
key S. aureus genes involved in biomaterial colonization and BAI development are icaADBC,
agrBDCA for the Agr quorum-sensing system, a/tE and aap encoding the accumulation-associated
protein (AAP). The environment conditions, stresses and cell density impact bacterial responses
and alter signaling systems via changes in gene expression >,

Subsequent systemic infections can occur following colonization of biomaterials and this
is largely due to biofilm dispersal and bacterial dissemination to the bloodstream. The enzymatic
degradation of surfactant molecules and EPS, combined with the inhibition of matrix production
all contribute to biofilm dispersal 3%,

4. Implant-associated infections: prevalence and clinical complications

Bacterial contamination of prosthetic medical devices and implants can cause chronic life-
threatening infections, characterized by device failure, high morbidity and mortality rates 3¢.
Infections can range from local abscesses to life-threatening infections %37, Figure 3 shows the
typical biofilm-mediated infections of skin and soft tissue, along with biomedical device-related
infections. The route of infection can be attributed to the method of application, for example an
infection may occur through a wound created to insert a peripheral vascular catheter or from
insertion of a urinary catheter. Approximately 60% of healthcare-associated infections (HAIs) are
due to bacterial contamination of medical devices and implants. Surgical site infections (SSIs) are
the most common postoperative complication occurring in approximately 15% of clinical cases
29,3638 Resulting HAIs may include central line-associated bloodstream infections, ventilator-
associated pneumonia, hospital-acquired pneumonia, SSIs, Clostridium difficile infections, and
catheter-associated urinary tract infections. The main cause of bacterial HAIs infection is from the
genus Staphylococcus spp. due to the ubiquity on the host skin. Whilst S. epidermidis has fewer
virulence factors than S. aureus, the potential to develop biofilms partly explains its emergence as
a major HAI pathogen 343842 |
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Figure 3 Typical bacterial infections of the skin and soft tissue, with respective biomedical devices.

The risk of BAIs and subsequent HAI is linked to the duration of the surgical procedure
and is greater during the first six hours. Thereafter, the risk of implant colonization is never zero
because of possible contamination by hematogenous routes or by contact with the external
environment for devices with exposed apertures beyond the skin ¢, Several chronic infections
are characterized by the inability to deliver chemotherpeutic agents, unable to sterilize some foci
of infection, and the high risk of recurrence related to infections related to biofilm generation *~
4 A wide range of medical devices are susceptible to bacterial colonization including
intravascular, orthopedic, and urinary indwelling devices, cardiac pacemakers and heart valves,
central venous catheters, artificial lenses, prosthetic joints, and vascular grafts. Both Gram-positive
and Gram-negative bacteria are involved, with S. aureus being a major cause of infection %!,
Table 1 summarizes links between common biomedical devices, biomaterial and known bacterial
pathogens, including infection rate and routes of transmission 733233,

Table 1. Summary of links between common biomedical devices and biomaterial with known
bacterial pathogens, including infection rate and routes of transmission



Biomedical Colonizing Infection Infection Biomaterials Routes of infection Ref.
device bacterial period rate used
pathogen
Central venous S. epidermidis, Within 10 3-14% Silicone, 1. Through the wound 3436
catheters S. aureus, days Polytetrafluoroeth  created to insert the
C. albicans, ylene (PTFE), catheter
P. aeruginosa, polyurethane and 2. Through a
K. pneumoniae Polyvinyl chloride contaminated catheter
hub
3. Directly by
bloodstream (BS)
infection
4.Through
contaminated infusate
Prosthetic heart S. aureus, Can be 1-4% PTFE, 1. Can be from BS 36,56,57
valves Streptococcus spp.,  immediate pyrolytic carbon infections
Candida spp., causing 2. Heart valve
Enterococcus spp. surgical infections are common
site in patients with a
infection repetitive history of
endocarditis or
frequent surgeries
Contact lenses S. epidermidis, Can 2.5-6% Silicone hydrogel, 1. Either by direct se-61
and corneal E. coli, develop Polymethylmetha  contact with lenses or
implants P. aeruginosa, immediatel crylate (PMMA) via lens cases
S. aureus, y to 2. It is also mediated
Proteus spp., several by other risk factors
Serratia spp., weeks such as age, gender,
Candida spp. extended wear etc.
Dental implants Veillonella spp., Can 10-56% Acrylic resin, Dental plaque, dental ~ 3%57:60
F. nucleatum, develop titanium and its caries and oral 68
A. naeslundlii, immediatel alloys, zirconia, microbiome are the
Streptococcus spp., yto 14 silver and silver main sources of
C. albicans, years nanoparticles, colonization
S. sanguinis, Zn0O
P. gingivalis,
E. timidum,
E. brachy,
P. anerobicus
Orthopedic Staphylococcus spp.  Early 5-40% HMWPE, 1. At the time of 53,57,59,
implants (including MRSA)  infection: 3 PMMA, ceramics, implantation through 61,69-76
(20-50%), months or cobalt, chromium, direct inoculation or
Streptococcus spp.  less titanium, stainless  from airborne
Enterococcus spp. Late steel and other contamination of
P. mirabilis, infection: metals and its wound or device
E. coli, 3-24 alloys 2. From BS infections
P. aeruginosa, months or adjacent focus of
P. acnes, Secondary infection
infection:
After 24

months



Breast implants S. aureus, 20-280 1-35% Silicone gel Skin microflora during

Enterococcus spp.,  days within silicone surgery is the most

S. epidermidis, rubber envelope, common origin of

P. acnes, inflatable saline infection, other routes
Diptheroids include

1. Contaminated
implant or surgical
environment

2. Skin penetrating
accidents

3. Local soft tissue
infections

4. Breast trauma and
seeding of implant
from remote infections

17,36,60,
77-79

5. Detection, prevention, and treatment
Challenge in the detection of implant-associated infections

The detection and treatment of biofilm-associated implant infections are challenging due to
difficulty in preventing the growth of dormant bacteria in the biofilm and elimination of mature
biofilms from the surface of the implant 88!, Traditional isolation methods such as conventional
swabbing of infection sites have limited clinical relevance due to limited accessibility of the
infected implant. Some studies suggest that the sonication fluid culture method is more sensitive
than individual detection techniques, histology or pre-implant bacterial culture screening 3%,
Classical culture techniques also rely on the growth potential of bacteria in defined culture
medium, which is time consuming and less accurate. More rapid and sensitive culture independent
techniques such as MALDI-TOF mass spectroscopy, Ibis PLEX- ID technology, next-generation
sequencing are now indispensable technologies for epidemiological surveillance, especially for
identification of HAIs and subsequent clinical management and progression, and for bacterial
taxonomic/ phylogenetics research, but they are costly and insufficient validation in the
management of patients 8%,

Preventive strategies

Implanted medical devices are the major cause of HAIs. There are a series of interventions
specifically designed to control, reduce and eliminate the risk of infections including, the geometry
of the device which is especially important in intravascular devices, administration of preoperative
antibiotics, procedure checklists, aseptic and sterile techniques, careful hemostasis, and
chlorohexidine sponge dressing. Chlorhexidine sponge reduces the transfer of skin bacteria
through an indwelling catheter into the blood vessel. The next intervention is nanoscale patterning
of the medical device surface which can prevent bacterial adhesion and proliferation. Also, the
incorporation of device materials with antimicrobial agents can prevent bacterial colonization on
the implant surface. One of the major risk factors for infection of a surgical site in orthopedic and
cardiac surgery can be prevented by the care management approaches, which are groups of
evidenced-based interventions with maximum effective results. Currently, the main preventive
strategy is the use of antimicrobial biomaterials *'~°,



Modifying the nano-topology and micro-topology are methods of reducing the possibility
of microbial adhesion. Altering surface nano-topographies and/or coating biomedical surfaces
with hydrophobic polymer brush systems or surfactants can confer antifouling, antimicrobial
activity, anti-adhesive properties, and alterations in surface hydrophobicity ***. Antimicrobial
coating are either inhibitory or fatal to microbes, whereas antifouling agent inhibit the adhesion of
microorganisms and proteins. The main mode of action for antibacterial potential is accomplished
via 1) release of biocide or 2) the presence of contact-killing moieties near the surface. Antifouling
approaches commonly employ one of several mechanisms to inhibit adhesion, include 1) low
surface energy, 2) hydration/ steric repulsion, or 3) interactions of specific protein *>7. Ideal
orthopedic implants should enhance the rapid adhesion to the host cell, improve tissue integration
whilst impeding bacterial adhesion *>. Figure 4 illustrates the possible strategies to prevent
implant-tissue and implant colonization.

Prevention of implant and tissue colonization Prevention of implant colonization J
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Figure 4 The antimicrobial strategies to inhibit biofilm formation on biomedical devices and
colonization of the peri-implant tissue. The antimicrobial strategies to inhibit biomedical device
colonization (right) include modification of physicochemical properties of the implant surface and
using antifouling of the surface by immobilization of AMP for bacterial contact-killing. Release
of incorporated AMP and inorganic nanomaterials (zinc, silver, and copper nanoparticles) in
implants or release of these from surface coating are preventive antimicrobial strategies to inhibit
tissue and biomedical device (left) colonization.



The main cause for the failure of an indwelling medical device is microbial contamination
because of biofilm formation, blockage, and encrustation. With biofilms containing significant
amounts of EPS, combined with the location of the device being largely inaccessible to the immune
system, such infections represent a significant clinical challenge. There are various antimicrobial
approaches to control or reduce indwelling BMIs using a combination and/or synergistic strategies
97.100-102 which are highlighted in Figure 5 and Table 2.
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Figure 5 Antimicrobial mechanism of action of various materials, through different pathways
which are shown to inhibit, denature, disrupt, and interfere with key cellular functions.

Table 2. Novel approaches to biomaterial modifications showing mechanisms of antimicrobial
activity, coupled with associated medical devices.

Methods Chemicals
1. Antimicrobial approaches

Process/ mechanism

Medical device Ref.

Incorporated Silver/ silver Ag ions (denature ribosomes and Orthopedic 103-105

inorganic
chemicals

nanoparticles

(Ag NPs)

inhibit protein synthesis,
interruption of electron transport
chain)

Generation of reactive oxygen
species (ROS) (enzyme inhibition
and disruption, DNA damage and
repletion inhibition, protein
denaturation and inhibition)

Ag nanoparticles (direct disruption
of cell wall and membrane)

materials and
devices, central
venous catheters,
dental adhesive
resins, orthodontic
cement, and dental
composites,
wound-dressing,
tissue scaffold



Copper nanoparticles ROS generation through Fenton- Prosthetic joint 106-111

(Cu NPs) type reaction causes oxidation of material,
lipids and proteins. intensive care unit
Cu NPs enter into bacterial (ICU) rooms

membrane and attach with DNA and  (pilot),
by cross-linking, interrupt the
helical structure of DNA within and
between the nucleic acid strands.
Cu NPs can penetrate the
intracellular environment and
directly interact with oxidative
organelles such as mitochondria.
The increase in ROS generation,
lead to inducing DNA damage and
breaks and impact on gene
expression.

Cu?" ions can chelate with
biomolecules and inactivate
functional protein. Cu*" ion will also
cause sulthydryls (R—SH) depletion.
The generated H,O, molecules
cause further generation of toxic
hydroxyl radicals. Also, Cu®" ions
cause the displacement of iron from
iron-sulfur clusters.

Zinc oxide ROS production using ultraviolet Mouth wash, 106,112-119
nanoparticles (UV). The reactive orthopedic and
(ZnO NPs) species from ROS products dental implants

including OH", H,0; and O target

cellular components, such as protein

and DNA following entry into

bacterial cells.

Zn*" ions significantly contribute to

enzyme system disruption, amino

acid metabolism disruption, and

prevent bacterial active transport.
Gold nanoparticles Inhibition of ribosomal subunit and ~ Coating material 106,120-123
(Au NPs) the cell wall perturbation, along on medical-based

with ATPase activity inhibition. surfaces. Silicone

Reduced ATPase activity decreases  urinary catheter

ATP levels whilst inhibition of (antifouling agent)

ribosomal subunit prevents
translation and protein synthesis.
DNA interactions also contribute to
Au antibacterial activity.
Interactions of Au NPs with Gram-
negative bacteria causes
perturbation of the bacterial outer
membrane and the generation of
outer membrane vesicle.

ROS generation stimulated by Au
NPs target bacterial metabolism.



Incorporated  Chlorhexidine
organic
compounds
Povidine-iodine
(PVPel)
Polyvinylpyrrolidone
(PVP)
Benzalkonium
chloride
(BAC)
Triclosan
Octenidine
Antibiotic Gentamicin (GM)
coatings

Rifampin

Interaction with
phosphatidylethanolamine and
membrane cardiolipin, perturbation
of the bilayer structure / disturbing
normal arrangement leading to cell
lysis

Todine enhances the antimicrobial
potency of PVP through disruption
of bacterial electron transport and
oxidation of reactive moieties on the
surface of the cell

Disruption of the cell membrane and
osmotic balance by increasing
membrane permeability, impact the
expression of genes involved in
oxidative stress

Disruption of membranes by
commencing autolysis and the
leakage of intracellular constituents,
a quaternary ammonium cation-
based disinfectant

By targeting enoyl-[acyl-carrier
protein] reductase causes inhibition
of bacterial fatty acid synthesis

Interferes with the enzymatic
systems, and disruption of the
integrity of the bilayer cell envelope
leading to the cytoplasmic leakage
through the plasma membrane

Inhibition of ribosomal translocation

Prevention of DNA synthesis by
targeting bacterial RNA polymerase

Peripherally
inserted central
venous catheters,
urology catheter
lubricants,
needleless IV
connectors, central
venous catheters,
mouthwashes,
gargles, toothpaste,
disinfectant and
antiseptics
Antiseptics and
disinfectants

Contact lenses,
drug industry
(tablets, capsule),
paper-based
cholesterol
biosensor

Antiseptic and
disinfectant in
pharmaceutical
products, dental
composites
Antiseptic
products, surgical
gloves, implantable
medical devices,
toothpaste

Mouthwash, gutta-
percha disinfectant,
for biofilm
inhibition on
restorative
materials, as a root
canal medicament
and root canal
irritant, wound
disinfectant

GM-loaded cement
spacers for
osteomyelitis and
prosthetic joint-
associated
infection

Coating of medical
devices such as
prosthetic heart
valves

124-129

130-132

133-136

137-139

140,141

142-144

145-147



2. Surface modification and intrinsic surface antibacterial strategies

Charged Heparin Reduces pathogen adhesion due to Cardiopulmonary 148-151
surfaces inducing increment surface bypass devices,
hydrophilicity leads to a hydrated hemodialysis
interface catheters, Coronary
stents, heparin
coating kit,
coronary stents,
vascular grafts
Poly(ethylene Reduces microbial adhesion by Hydrophilic linear 152715
glycol) (PEG) inducing increment surface polymer used as an
antifouling coating
on catheters,
hydrogel or as a
pore former in
dialysis membrane
Biological and  Antimicrobial Disruption of cell membrane Urinary catheters, 1567161
naturally peptides (AMPs) synthesis, inhibition of protein, and  central venous
derived nucleic acid synthesis by the catheters
strategies interaction of the cationic molecule
with negatively charged components
in the bacterial cell envelope
Chitosan [poly-(b- Bactericidal effect by binding the Vaccine delivery, 162-166
1/4)-2-amino-2- teichoic acids within the bacterial tissue regeneration,
deoxy-D- cell wall and prevents cell division 3D scaffolding,
glucopyranose] contact lens
Lactobacillus spp Reduces interfacial tension and Silicone tube and 167-170
derived surface tension, decrease microbial disk
biosurfactants adhesion to the surface and prevent

biofilm proliferation and formation

Conventional therapeutic strategies

Conservative approaches rely on implant retention and debridement can be considered only
for infected implant that are detected after implantation within four weeks !7'"173. The treatment in
late implant infections, consists of two stages, a) implant exchange, b) permanent resection
arthroplasty, and in case of treatment failure or risk of relapse, the next procedure is amputation.
The two-step revision surgery of chronic infections includes debridement of all nonviable tissues,
resection of infected medical devices with or without temporary antibiotic incorporated cement
spacer, and the next step is the replacement of the prostatic implant after eradication of the
infection. In one-step revision surgery following chronic infection, the replacement of the implant
is performed in the same surgical procedure after resection of the infected site !’*!77. The most
important antibiotic against staphylococcal biofilm infection is rifampicin which diffuses well
within the bacterial biofilm, host cell, bone tissue and it prevents DNA-dependent RNA synthesis
independently of bacterial growth and metabolic activity, therefore is very effective against
bacterial biofilms. Rifampicin can be used with other antimicrobials due to the high risk of
resistance emergence '47:178-180,



Phage-based nanomaterial strategies: an alternative to conventional therapeutic strategies

Recent developments in nanotechnology permit manipulation and generation of materials with
molecular-level control. In the novel emerging field of bionanomedicine, controlling the
biological, chemical, and physical features of ingredients is important. Amongst other biological
building blocks, viruses are a potential nanosize material that can be precisely functionalized
181182 Bacteriophages (phages) are viruses that infect bacteria and have no cytotoxic effects on
human cells, meaning they exhibit differential toxicity, which is a highly desirable property for
use within implanted biomaterials. They can have a broad range of bacterial hosts or a narrow
spectrum of activity by infecting several species only or even a single bacterial strain 33, Whole
phage particles and phage proteins are being employed in the advancing new functional
nanomaterials with nanosize properties %4, Bacteriophage-functionalized bioactive surfaces are
functional substances that can be employed as antibacterial/ antifouling surfaces in biomedical
uses (e.g., indwelling medical devices (implants, stents, catheters) and wound dressings) '3, The
ability to target and destroy bacteria is a key principle for employing phages in antimicrobial
chemotherapy and for bacterial diagnosis '%. There are recent examples of combining phages with
natural polymers (e.g., alginates, chitosan, collagen fibers), and synthetic polymers and even in the
form of electrospun fibrous mats ', Recently, phage therapy has been the subject of renewed
interest due to the emergence of antimicrobial resistance ¢,

Bacteriophages propagate at the expense of bacteria. The genetic materials of the phages
are released into the cytoplasm after attachment to the bacterial surface. The host cell mechanism
causes the development of phage compartments and new phage assembly inside the infected
bacteria. bacterial lysis occurs due to the generation of new phage and led to the progeny of phage
that subsequently starts infection cycles. Phages are known to choose among the mixture of
bacteria populations. Hence, bacteriophage lytic cycle disturbance can cause to establish an
alternative but selective method for pathogenic bacteria targeting over host commensal bacteria.
(Figure 6).
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Figure 6 Phage-based nanomaterial strategies. (A) Genetically modified or natural phages will
selectively target bacteria. (B) The phage genome will be integrated into the bacterial genome, and
replication will commence using host machinery. (C) Translation into progeny phage particles,
which will assemble and lyse the cell. (D) Expression of reporter proteins, lysins, toxins, and
AMPs to destroy the bacteria.

6. Perspectives for the future development of medical devices

As implanted biomedical devices are the number one cause of HAISs, there are specific proposed
interventions to control or eradicate infection. Identifying the clinical nature of device infections
and associated pathogenesis provides a framework for understanding various potential treatment
and prevention strategies. Fig. 6 illustrates the treatments to eliminate or control infection. Fig.
6A represents the procedural modification to prevent and reduce infection rate in targeted point
include procedure checklist, sterile techniques, perioperative antibiotics, careful hemostasis, and
chlorhexedeine sponge dressings*¢=%187-1%  Fig 6B display that the geometry of medical devices
can vary the possibility of infection, which is essential for intravascular devices. The proteins, cells
(bacteria or host) are transferred and deposited on the surface of medical devices through Brownian
diffusion and blood flow which is related to medical device geometry °1°2. Different studies
demonstrate that device geometry of ventricular assist devices, heart valve, oxygenators, and
dialysis catheter decrease thrombosis and platelet deposition '*>!'°* The polymer coating is an
efficient strategy that attempts to alter surface physiochemical features of the surface to inhibit
bacterial attachment, or with bactericidal properties destroy the bacteria (Fig. 7C). Incorporation
of antimicrobial agents (eg. chlorohexidine, silver, minocycline, and rifampin) into the medical
devices elute from the surface and demolish the bacteria that contact with (Fig. D). The life span
of these surfaces is limited because of the diminution of antimicrobial agents from continuous
pacification or elution by host protein *%. Fig. 7D illustrates that surface topography can control
cell attachment and proliferation. '°%!°7. The surgical site risk factors and the regimen to control
multidrug-resistant strains of bacteria such as methicillin-resistant S. aureus (MRSA) infections
have been well documented. The "care bundle" approach can significantly reduce major orthopedic
and cardiac surgery infections. Care bundles are series of evidence-based interventions with the
highest outcome benefit if applied together. The development of antibacterial biomaterials
currently represents a main preventative strategy °.

(A) (B) (C) Anti-adhesive Contact-killing (D) Drug-eluting (E) Surface topography

Figure 7 Prophylactic antimicrobial approaches to preventing implantable biomedical device
infections. (A) Decreased transport of skin bacteria to the bloodstream along the catheter by using
chlorhexidine sponge at the site of insertion of a triple lumen central venous catheter. (B) Blood
flow patterns can be altered by using dialysis catheters with various geometries, therefore



preventing bacterial cell and/or host cell attachment to the surface. (C) Specific chemical end
groups on the surface of the polymer can inhibit attachment, or have antimicrobial properties upon
contact. (D) Bacteria near the medical device can be eliminated by impregnation with
antimicrobial substances. (E) Bacterial adhesion and proliferation can be altered by nanoscale
patterning of the biomaterial surface.

One of the main challenges in the medical field is the treatment and prevention of BAIs,
particularly biofilm formation and intracellular multidrug-resistant bacteria which cause HAIs. For
significant reductions in HAIs, a number of factors should be simultaneously investigated and
employed. These consist of extra research and advancement in antimicrobial encapsulated and
release technology for biomedical device production, rigorous use of aseptic methods with the
continuous training programs, research and education for related healthcare professionals. One of
the major challenges faced by the medical device industry is the emergence of multidrug-resistant
bacterial infections, which are largely untreatable with conventional methods. The prevention of
pathogenic biofilm formation is the main strategy for the eradication/reduction in HAIs. Some of
the most promising nanotechnology and biotechnology developments include the use of phage
incorporated into medical devices as antimicrobial chemotherapeutic materials. Recent advances
in genome sequencing technology, molecular cloning and genetic engineering could permit the
generation of phage with enhanced properties, such as bacterial strain specificity, for incorporation
into slow releasing biomaterials. Finally, consideration of cost verses benefits to healthcare should
also be considered when choosing biomaterials for use within implanted devices.

7. Conclusion

Biomedical device infections are a serious concern to healthcare and represent some of the most
challenging infections for medical intervention. Biomedical implants can affect host immune
defenses and cause the growth of bacteria, persister cell generation, biofilm formation, osteoblast
invasion, immune evasion, and ultimately antibacterial resistance. Hence, the inhibition of
biomedical device infections is critical and it begins with the understanding of several risk factors
in pre-operation, post-operation, and the nature of the operation. The concentration of antibiotics
is significantly important due to the stimulation of persister cell formation. Additionally, invasion
of host cells causes the failure of antibacterial treatment. The permeability of host cells determines
the efficacy of antibiotics to prevent or treat the infection. Further research on antimicrobial
strategies for enhancing drug permeability into the host cells in dormant bacteria is required. Cell-
penetrating cationic polymers with antimicrobial potential against intracellular bacteria seem
promising. The research on novel anti-infective implant biomaterials and innovative therapeutic
strategies, such as the use of phage, is promising to prevent, treat, and detect biomedical devices
infection. The nanoscience strategies largely focus on surface modification of biomedical implants
by functional decoration and fabrication of "smart surfaces" to permit the generation and release
of antimicrobial agents. The efficiency, durability, biocompatibility, and mechanical stability of
applied antimicrobial nanomaterials in biomedical devices are key factors in the selection of
nanostructured materials.
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