Polymer Journal (2013) 45, 137–152
& 2013 The Society of Polymer Science, Japan (SPSJ) All rights reserved 0032-3896/13
www.nature.com/pj

REVIEW

Characteristics of bacterial biofilm associated
with implant material in clinical practice
Venkatesan Nandakumar1, Samuel Chittaranjan2, Valikapathalil Mathew Kurian3 and Mukesh Doble1
Colonization of bacteria around native host cells or polymeric implant surfaces results in a dense growth on the surface, which
leads to infection. The change of a bacterium from a motile planktonic to a nonmotile long chain of growing cells is a complex,
regulated process that depends on several factors. The probability of a biofilm-related infection occurrence is between 65 and
80%. This review critically evaluates the mode of biofilm formation on native tissues and orthopedics, dental, cardiac, and
urological implants and vascular grafts. The combination of biochemical advancements with conventional microbiological
techniques and the use of radio-labeled monoclonal antibodies in imaging techniques, with recent developments in the
detection of these biofilm in vivo, would help in designing biomaterials that prevent bacterial adhesion and biofilm formation,
and dislodge the formed biofilm, thereby accelerating the product development phase.
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INTRODUCTION
A medical biofilm is a solid aggregate of microbial cells with altered
phenotypes and unique architecture attached to a surface and to each
other. They are distinctly different from those encountered in the
marine and industrial sectors.1 The formation of these biofilms is
determined by the type of organisms, availability of nutrients and the
characteristics of substrate to which they adhere. Implant-associated
biofilms cause infection and interrupt the proper functioning of the
device to which it is formed. The probability of occurrence of an
infection caused by these bacterial or fungal biofilms is between 65
(Center for Disease Control and Prevention) to 80% (National
Institute of Health). The urinary tract, respiratory tract,
bloodstream and surgical wound sites are the major sites of
nosocomial infection. Approximately 95% of urinary tract
infections (UTIs) are associated with urinary stent and catheter
tubes; 87% of bloodstream infections are associated with
intravascular
devices,
including
pacemakers,
implantable
cardioverter defibrillators, left ventricular assist devices and
prosthetic vascular grafts; and 86% of pneumonia are associated
with mechanical ventilation.2
From polymers to ceramics, many different types of materials are
used in medical devices. These synthetic materials, which replace the
body parts functionally and structurally, are termed as biomaterials.
Although resorbable materials are widely considered for most
implants, the problem of bacterial adhesion and biofilm formation
remains unaddressed in most situations. Additionally, the problems
and the severity of infection varies depending upon the location of the

device and the duration of implant. The transition of the microorganisms from planktonic to biofilm state is a complex and a highly
regulated process.3 Bacterial cells make up between 2 and 15% of the
total biofilm mass, and the rest is mostly water.4 The implant surface
serves as a substrate for the formation of biofilms. Deposition of the
host-conditioning film onto the surface of a medical device occurs
immediately after the placement of the device (Figure 1). This results
in an irreversible attachment of bacteria due to the secretion of
exopolysaccharides (EPS), leading to the formation of a base film.
They then multiply and form a surface film, which is then free to float
and spread downstream, thereby inducing a significant increase in the
morbidity rate.
The physico-chemical properties of the implant surface, the
characteristics of the organism and the environment in which the
implant is placed determines the extent of a biofilm (Figure 2).
The duration of the implant also determines the extent of the biofilm.
The link between these factors and the ease of formation of biofilm
leading to disease in a human host needs to be understood, to aid the
patients therapeutically. Implant-associated infections are generally
classified, on the basis of the onset of infection, as early (less than
2 weeks), delayed (2–10 weeks) or late (greater than 10 weeks).5–7 In
addition, based on the route of infection, they are classified as
perioperative (bacterial colonization at the time of surgery),8
contiguous (through wound contamination)9 or hematogenous
(spread of bacteria through the blood and lymph nodes).10 The
sources of infection include skin, dental, respiratory and urinary
tracts.11
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Figure 1 Various stages in the formation of a biofilm. (1) Deposition of host
protein (conditioning layer); (2) primary attachment of single cells
(mediated by cell surface adhesins including polysaccharides and pili); (3)
formation of a micro-colony; (4) maturation of the biofilm (mediated by cell
signaling molecules including auto-inducers); (5) detachment of cells.

Figure 2 Factors affecting biofilm formation.

With the rise in the number of implant-dependent surgeries and
biofilm-associated complications, there is a need to counteract and
address this phenomenon. This need has led to various approaches
to elucidate the etiology and pathogenesis of the infection. These
approaches include the following: (i) identify and fingerprint bacterial
strains, (ii) determine the origin of the infections, (iii) assess its
clinical significance, (iv) understand the phylogeny and (v) decipher
the mechanism through which new strains emerge.12 These implants
always pose a serious risk factor for the hematogenous seeding of
infections throughout the lifetime of the device. There are situations
in which a biofilm is formed in different parts of the body, even in the
absence of a foreign body, which is termed as nonimplant-associated
biofilm.
This review critically evaluates the formation, characteristics,
pathogenicity and the molecular genetics of both implant- and
nonimplant-associated medical biofilm. The surface characteristics
and properties of the implants that favor bacterial adhesion are also
discussed.
CHARACTERISTICS OF BIOFILMS AND THEIR VIRULENCE
In addition to the live cells and dead cells, the biofilm matrix is
composed of cell wall teichoic acids, DNA, N-acetyl-glucosamine and
host products.13,14 The ability of bacteria to adhere and colonize onto
the surface is an important feature in the pathogenesis of infection.1
The first step in the formation of a biofilm is the attachment of freefloating microorganisms onto the surface, followed by secretion of
Polymer Journal

EPS, rapid proliferation and aggregation of bacteria in the slime layer.
These aggregates further differentiate into characteristic biofilms.15
Two important factors to be considered are (i) reversible bacterial
adhesion, which is a nonspecific interaction between the bacteria,
serum proteins and material surface, and (ii) irreversible specific
ligand–receptor interaction between the bacteria and the adsorbed
proteins and platelets.16 The surface of the microorganisms greatly
influences their adhesion and the extent of biofilm formation.
Reversible attachment depends on electrostatic, Van der Waals and
other nonbonded forces of attraction between the microorganism and
the surface. Cell surface hydrophobicity, and surface projections,
including pili, fimbriae and glycocalyx, contribute to the irreversible
attachment of the bacterium onto the polymeric surface. These
appendages specifically facilitate the attachment of Gram-negative
bacteria.17,18 Studies have reported that these appendages, especially
the sex pili, have an important role in the formation of a micro
colony. The absence of these appendages leads to the formation of a
monolayer of cells.3
Gram-positive Enterococcus faecalis, Staphylococcus aureus,
Staphylococcus epidermidis and Streptococcus viridan and Gramnegative Escherichia coli, Klebsiella pneumoniae, Proteus mirabilis and
Pseudomonas aeruginosa are some of the bacterial strains commonly
associated with device-associated infection. They form biofilms of
single or multiple species, but with an increase in the in-dwelling time
they develop into a multispecies biofilm.19 These bacterial cells
aggregate and then detach from the biofilm as a result of cell
division, thereby leading to systemic infection.20 The detachment of
bacterial cells from the biofilm has an important role in the spread
of the infection. Changes in the flow and direction results in
hydrodynamic forces that removes a portion of the biofilm.21,22
Antimicrobial therapy against these biofilm is based on the
conventional drugs tested against the free-floating bacterial strains.
Although most of the antimicrobial drugs are active against these
strains, the bacteria in the biofilm community are 1000-fold more
resistant, and hence, these treatment strategies becomes less effective.23 Antimicrobial-resistant biofilm initiate the antigenic response
in the host by stimulating antibody production, but these
communities are still not affected by the host immunogenic response.
The presence of fluid-filled channels in a mature biofilm ensures
transport of nutrients to cells that are located at the bottom of the
film.24 Factors, including nutrient availability, the antimicrobials
used25 and the enzymes secreted by the bacterium, such as
polysaccharide lyases and cell surface proteins, modulate and
regulate the levels of adhesins.26 Over time, the bacteria mature and
form more channels, so the distribution of live cells and dead cells
within the biofilm matrix is unevenly spaced.27 A biofilm also
produces persister cells, which accounts for 1% of the total bacterial
cell population. These unique cells downregulate the biosynthetic
genes, absorb the compounds slowly and survive the toxic effects of
antimicrobial agents, which generally target the dividing cells.28
The growth of biofilms gives rise to small colony variants, a
subpopulation of bacteria with diverse phenotypes. These variants
either disseminate or accelerate the biofilm formation.29 In case of
Pseudomonas aeruginosa, these variants provide increased resistance
to oxidative stress.30 These variants are also found in the biofilms
of Streptococcus pneumoniae,31 Staphylococcus epidermidis,32
Pseudomonas putida,33 Vibrio cholerae34 and Vibrio vulnificus.35
Different variants of the same species are observed within infected
individuals. A better understanding of the accumulation of these
variants and their effect on the production of virulence factors is of
clinical importance.
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There is a close linkage between the bacterial cell metabolism
and its virulence factor synthesis. For example, in the case of
Staphylococcus aureus, the metabolic regulatory proteins, CcpA and
MgrA, are also the key regulators of its virulence factors.36,37 In case
of Staphylococcus epidermidis, the formation of biofilm is the
determinant of its virulence.38 SarZ, an important determinant of
Staphylococcus epidermidis, biofilm formation greatly influences
the expression of virulence genes that are responsible for its
resistance against human antimicrobial peptides.39 Virulence factor
encoding genes, usp and papC, are significantly expressed in the
nonimmunocompromised Escherichia coli strains.40 GacA is a
virulence factor in the case of Pseudomonas aeruginosa. GacA also
has a key role in biofilm formation, which is regulated by a twocomponent regulatory system, namely GacA and GacS.41 EPS is an
important virulence factor that is predominant in all biofilms.42
Streptococcus mutans has a key role in the EPS secretion in dental
biofilms. This strain secretes three types of EPS (Gtfs), of which GtfB
and GtfC are associated with bacterial adherence and the expression
of virulence.42
MICROBIOLOGY OF INFECTED IMPLANTS
Table 1 lists the type of material used in various implants, their
immediate environment and the primary bacterial colonizers.
Dental implant
Dental implants are used to replace the teeth in case of edentulous
and partial edentulous patients. Dental implants support single or
several tooth restorations. Materials that are currently used for dental
implants include metals, ceramic, polymer and vitreous carbon. A
dental bacterial plaque is the colonization of bacterial cells around the
tooth surface, crown or the implant.43 It is estimated that one million
dental implants are placed annually,44 with a success rate reported as
high as 90–95%, despite bacterial infection.45 However, the prevalence
of implant mucositis is reported to be greater than 60%.46 The
various parts of the dental implant include an implant post, abutment
and crown. The implants are classified as (i) endosteal (root form or
plate form) implant, which is inserted directly into the jaw bone, (ii)
subperiosteal implant, placed on and around the bone, (iii)
transosteal implant, inserted through the chin and supported by a
plate, and iv) temporary implant, used for temporary purpose.47
These implants are further classified based on the design. The
epithelium of the oral environment is more permeable to salivary
fluids and immunoglobulins. Saliva contains 108 bacterial cells per
milliliter along with proteins.48 Another characteristic feature that
restricts the use of most biomaterials discussed here is the
ultramicroscopic hemidesmosomes structures found in the
junctional epithelium—the tooth interface, whose integrity is required
for proper functioning of the implant.47
Peri-implant mucositis, is an inflammation of the soft tissue due to
the colonization of Capnocytophaga ochracea, Neisseria mucosa,
Porphyromonas gingivalis, Prevotella nigrescens, Fusobacterium sp.
and actinomycetes.49 Peri-implantitis is another oral biofilmmediated problem resulting in significant bone loss and filled with
inflammatory tissues (Figure 3), which are primarily caused by
Porphyromonas gingivalis, Tannerella forsytha, Prevotella intermedia,
Fusobacterium ssp., Streptococcus sanguinis, Streptococcus gordonii,
Veillonella parvula and actinomycetes.49 Intact plaque from periimplant is composed of Coccoid cells and Spirochetes,50 with highly
pathogenic Staphylococcus aureus, Pseudomonas sp. and Enterobacteria
in the saliva.51

Gram-negative anaerobes are predominant in the titanium periimplant and their number increases with increasing depth.52 A
comparison of successful and failed implants indicates that in most
cases, Gram-negative anaerobic rods, in particular Fusobacterium sp.
and Prevotella intermedia, are predominant and abundant, whereas
even the successful implant contains very low counts of Gram-positive
cocci and few rods.53 Gram-negative anaerobic rods, including blackpigmented organisms and surface translocators, are also reported with
ceramic implants.54 Prevotella intermedia and Porphyromonas
gingivalis have been reported in failed blade implants,55 and in a
few cases, high counts of Staphylococcus sp.,56 Bacteroidaceae and
Aggregatibacter actinomycetemcomitans are found in the associated
tissues.57 Staphylococcus aureus and enteric, and Escherichia coli and
Enterobacter cloace, are also reported in partial dentate cases.58 The
lack of differences between the microbial populations suggests that the
disease evolves from mucositis to peri-implantitis.59
Orthopedic implants
Orthopedic implants can be broadly classified as shoulder, elbow, hip,
knee and spine implants. Some of the materials that are widely used
include stainless steel, titanium alloys, tantalum, titanium, cobalt
chromium alloys and polyethylene. Most bacteria isolated from
orthopedic implants are not susceptible to common antibiotics, even
in the sessile form.60 Orthopedic implant-related infections are of
great importance because of their significant morbidity rate. Freefloating species binds to the native or prosthetic joint and transforms
into small colony variants. This results in additional modification that
results in a mature, antimicrobial-resistant biofilm.
Staphylococcus aureus and methicillin-resistant Staphylococcus aureus are the predominant bacteria associated with most of the
orthopedic implant-related infections,61 whereas in prosthetic joints,
low-grade infection, which commences from few months to a year
after implantation, is caused by coagulase negative Staphylococci and
Propionibacterium acnes.62 The risk of infection is higher in case of
knee joints than in the case of hip or shoulder prosthesis followed by
fracture plates (Figure 4).
Hematogenous Staphylococcus aureus is more commonly associated
with patients suffering from rheumatoid arthritis.63 Most of the hip
joint infections are of bacterial origin. Coagulase negative
Staphylococcus aureus is the predominant pathogen associated
with the perihip prosthetic joint, and the other Gram-positive
agents include Streptococcus pyogenes, Enterococcus faecalis and
Corynebacteria species. Anaerobic bacteria, Propionibacterium acnes,
Peptococcus asaccharides, Peptococcus magnus and Peptostreptococcus
magnus account for 12% of hip periprosthetic infection. A group of
enteric is the causative agent for arthritis and joint infection.64
Approximately 50% of the hip and knee joint infections are caused
by Staphylococcus epidermidis.65
Bacterial attachment and replication is very high on polymethylmethacrylate.66 The adherence of Mycobacterium tuberculosis to
stainless steel and titanium is poor, which make them a better
substitute in the case of spinal tuberculosis.67
Cardiac implants
Prosthetic valves, ventricular-assisted devices and coronary stents are
some of the predominant cardiac implants. The environment of most
of these implants is blood. Coagulase-negative Staphylococcus aureus is
a primary causative agent in the case of heart valves and ventricularassisted devices. Staphylococcus aureus, Streptococcus sp., Gram-negative Bacilli, Enterococci, Pseudomonas aeruginosa are other colonizers
found in these implants.68 CoNS, a normal skin flora, also adhere
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Table 1 List of materials used and their corresponding environment and primary colonizers
Parts

Materials

Environment

Colonizers

Central venous catheters

Polyurethane214

Blood

Staphylococcus epidermidis,215 Staphylococcus aureus,
Pseudomonas aeruginosa, Klebsiella pneumoniae and

Hemodialysis catheters

PTFE216

Blood

Enterococcus faecalis 214
Staphylococcus aureus and few Gram-negative

Blood

anaerobes216
Coagulase-negative Staphylococci, Enterobacter

Catheters

Pulmonary artery catheters

Polyurethane

cloacae, Serratia marcescens, Aeromonas hydrophila,
Pseudomonas aeruginosa, Acinetobacter
cakoaceticus 217
Escherichia coli,89 Enterococcus faecalis, Enterococcus

Urinary catheters

Silicone, polyurethane,81,218 silicone81

Urine

Peritoneal dialysis

Silicone219

Blood, fluid and
dissolved solids

Staphylococcus epidermidis, Staphylococcus aureus 219

Enteral feeding tubes

Poly vinyl chloride and polyurethane220

Fluids

Cronobacter sakazakii, Salmonella serovars,
Enterobacteriaceae, Acinetobacter spp.220

Gastrostomy tubes

Silicone, polyurethane221

Intestinal fluids

Enterococci, Staphylococci, Escherichia coli,
Lactobacilli, Bacilli 222

Endotracheal tubes

PVC, silicone, stainless steel223

Oropharyngeal
secretions, air

Streptococcus sp., Prevotella sp., Neisseria sp.224

PVC, silicone225

Air

Staphylococcus epidermidis 226

Spinal implant

Titanium, stainless steel227

Fluids

Propionibacterium acnes and coagulase-negative
Staphylococci,168 Mycobacterium tuberculosis

Penile implant
Breast implant

Silicone228
Silicone, polyurethane230

Urine, fluids
Body fluids

Gram-positive rods, cocci229
CoNS231

Femor: titanium, cobalt chromium alloys

Blood, synovial fluid

Staphylococcus aureus, Staphylococcus

faecium, 90 Proteus mirabilis 81,184

Tracheostomy tubes
Implants

Orthopedic prosthesis
Knee implant

epidermidis. 232

Patella: polyethylene
Tibia: UHMWPE or PE with metal stem (titaHip prosthesis

nium, cobalt chromium alloys)
Acetabulum: UHMWPE,233 cobalt chromium,
aluminum oxide
Femoral head: cobalt chromium, aluminum

Synovial fluid,

CoNS, Staphylococcus aureus 234

blood

oxide
Stem: stainless steel
Dental implants

Crown: porcelain,235 metal (gold)
Abutment: titanium,235 zirconia,235 PTFE.236

Fluids, immunoglobulins, blood

Gram-negative anaerobic rods52,54

Fluids

Staphylococcus aureus,238 Staphylococcus epidermidis

Polytetrafluorethylene, polyethylene,

Biliary drains

Escherichia coli, Enterococcus faecalis 239

polyurethane239
Copper240

Endometrial cavity

Staphylococcus aureus, Staphylococcus epidermidis,

Implant: titanium237
Defibrillators
Devices
Biliary stent
IUD

Pseudomonas aeruginosa, Escherichia coli, Neisseria
Mechanical heart valves

Cage: titanium and cobalt alloys

Blood

gonorrhoeae 240
Staphylococcus aureus, Pseudomonas aeruginosa,
Staphylococcus. epidermidis 71

Occluder: silicone rubber and pyrolytic carbon
Sewing ring: PET, PTFE, PP241
Vascular grafts

PTFE, Dacron76

Blood

Staphylococcus aureus, Staphylococcus epidermidis 76
MRSA79

Coronary stents

316L Stainless steel,242 cobalt chromium
alloy,243 tantallum,242 pure Fe244

Blood

Escherichia coli, Staphylococcus aureus

Intraoccular lens

Silicone, PMMA, acrylic245,246

Fluid

Staphylococcus aureus,245 Staphylococcus
epidermidis 246

Intracranial pressure devices
Suture material

Silicone247
Polyglycolic acid, polyglactin, cat gut248

Cerebrospinal fluid

CoNS, Propionibacterium acnes 247
Staphylococcus aureus, Enterococcus faecalis 249,250

Abbreviations: CoNS, coagulase-negative Staphylococcus aureus; MRSA, methicillin-resistant Staphylococcus aureus; PE, polyethylene; PET, polyethylene terephthalate; PMMA,
polymethylmethacrylate; PP, polypropylene; PTFE, polytetrafluoroethylene; PVC, polyvinyl chloride; UHMWPE, ultra high-molecular weight polyethylene.
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Figure 3 Peri-implantitis indicated by bleeding in a male. A full color
version of this figure is available at Polymer Journal online.

Figure 4 Infected fracture plate of a male—post-internal fixation. A full
color version of this figure is available at Polymer Journal online.

to the medical devices and to the adjacent tissues, predominantly to
fibronectin.69 Staphylococcus aureus, which is a nasopharyngeal and
nosocomial pathogen, produces multiple toxins that degrade the
tissues and stimulate the host immune response.68
Mechanical prosthesis and bioprosthesis are used extensively to
replace heart valves. The placement of these implants result in
physical abrasions of the tissues, resulting in the accumulation of
platelets and fibrin. This accumulation serves as a substrate for
bacterial colonization.69 The predominant colonizers include
Staphylococcus, Streptococcus sp., Gram-negative rods and
Enterococci.70 In case of prosthetic valves, adherence of bacteria is in
the following order: Staphylococcus aureus, Pseudomonas aeruginosa
and Staphylococcus epidermidis.71 The risk of endocarditis (Figure 5) is
similar for mechanical or bioprosthetic valves.72,73 Prosthetic valves
infected with Streptococcus are treated with intravenous or
intramuscular antibiotics (parenteral antibiotics).74 Infection other
than Streptococcal warrants a valve replacement procedure.75
Vascular graft
Prosthetic vascular grafts are used to replace blocked or nonfunctional
blood vessels to ensure the proper flow of blood. The grafts are
classified as either small- or large-diameter vascular grafts. The grafts
are primarily made of expanded polytetrafluoroethylene (ePTFE) and
Dacron.76 The likelihood of infection in case of a prosthetic vascular

Figure 5 Prosthetic valve endocarditis with a paravalvar leak. A full color
version of this figure is available at Polymer Journal online.

graft is between 2 and 6%.77 Adherence of Staphylococcus aureus,
mucin- and nonmucin-producing Staphylococcus epidermidis, and
Escherichia coli is higher in knitted Dacron and ePTFE vascular
grafts. Adherence of Staphylococcus epidermidis to knitted Dacron and
ePTFE significantly increases with mucin production.76 Adherence of
Escherichia coli is lower in ePTFE than that of Staphylococcus
epidermidis in ePTFE. Nevertheless, no significant difference was
observed between the adherences of Escherichia coli and
Staphylococcus epidermidis to Dacron. In case of vascular graft
infection, the colonization of Staphylococcus epidermidis is not easily
detected.78 Despite successful treatment with antibiotics, methicillinresistant Staphylococcus aureus is also reported in vascular graft
infections.79 Although it is believed that the translocation of
bacterial cells along the pores of the graft has an important role in
infection, methicillin-resistant Staphylococcus aureus and Escherichia
coli do not exhibit such a behavior.80
Urological implants
Major urological implants include permanent and temporary ureteral
stents, penile implants and catheter tubes. The primary function of a
stent is to aid the proper flow of urine and to reduce early
(approximately o1 week) and late (41 month) complications due
to encrustation and bacterial adhesion. Synthetic polymers, which
include polyurethane, silicone, polyisobutylene, self-reinforced polylactic acid, self-reinforced polyglycolic acid, polystyrene, polymethylmethacrylate and poly (2-hydroxyethyl methacrylate), have been
tested as ureteral stents. Out of these, polyurethanes are the most
widely used material in ureteral stents because they are more
biocompatible than the other polymers.81 The colonization of
Gram-negative pathogens is the main issue related to infection in
ureteral stents (Figure 6). Hydrophilic Escherichia coli exhibit lower
adhesion, whereas hydrophobic Enterococcus faecalis exhibit higher
adhesion onto this partially hydrophobic surface.81 Despite
postoperative antimicrobial treatment, in most cases, small and
large microcolony biofilms are formed, of which 77% are Grampositive cocci, 15% are Gram-negative rods and 8% are Candida.82
The colonization of bacteria onto ureteral stents is 100% in case of
patients with permanent stents and 69% in stents that remain in the
body for a few weeks to few months.83
Adherence of Staphylococcus epidermidis84 and Staphylococcus sp.85
onto silicone elastomer in penile implants is well documented.
Biofilm formation has been observed even in noninfected healthy
Polymer Journal
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Figure 6 Severely encrusted double j-pigtail ureteral stent. A full color
version of this figure is available at Polymer Journal online.

individuals with penile implants.86 Catheters are small plastic tubes
that help to drain urine from the bladder. The colonization of bacteria
in the bladder in the case of UTI follows growth, maturation and
detachment within the urinary tract. This leads to the formation of
biofilms on the drainage catheters.87,88 The majority of the infection is
due to uropathogenic Escherichia coli,89 whereas 15–30% of catheterassociated UTI are due to Enterococcus faecalis and Enterococcus
faecium.90
Nonimplant-associated biofilms
Not all infection is due to the presence of an implant. The formation
of a native biofilm is due to the presence of viable bacteria in the
blood and its duration of growth (physiological bacteremia period).64
Although implant-associated biofilms have been well documented,
the nonimplant-associated biofilms leading to infection are
not well studied. Patients with cystic fibrosis, in which lung
sections have been reported with a dense colony of Pseudomonas
aeruginosa with a well-defined EPS alginate,91 is an example of a
nonimplant-associated biofilm. The exact role of alginate in the
biofilm architecture and in antimicrobial resistance is not well
established.92,93 Otitis media is another infection that is likely to
be caused by biofilms.94 Haemophilus influenzae, Streptococcus
pneumoniae and Moraxella catarrhalis are responsible for the
infection of the middle ear.95
The formation of dental plaque involves five different phases as
follows: (i) salivary pellicle formation, (ii) bacterial attachment, (iii)
young supragingival formation, which involves colonization of Grampositive and Gram-negative cocci and rods, (iv) aged supragingival
formation, which involves a higher percentage of Gram-negative
anaerobes, and (v) subgingival plaque formation, which is either
attached to the tooth (primarily Gram-positive and Gram-negative
rods) or attached to the epithelial (primarily Gram-negative rods and
spirochetes).43 Approximately 500 different bacterial strains have been
isolated from dental biofilm. Periodontitis is another nonimplantassociated infection, which arises due to the presence of an
oral biofilm, particularly containing Gram-negative bacteria.
Porphyromonas gingivalis, a Gram-negative pathogen, together with
primary tooth colonizers co-aggregate and produce protease, which
interferes with the host cytokine signaling pathway.96 Salmonella
enterica, Shigella sp. and Yersinia sp. are the infectious agents of
arthritis.64
Colonization of uropathogens, for example, Escherichia coli,
in the urinary tract causes UTI.97 Staphylococcus lugdunensis,
Polymer Journal

Enterococcus durans, Streptococci and HACEK organisms (Hemophilus parainfluenzae, Actinobacillus actinomycetemcomitans, Cardio
bacterium hominis, Eikenella sp. and Kingella sp.) cause endocarditis,
an inflammation of the native heart valve.98 Staphylococcus aureus
is the predominant joint infection pathogen that colonizes around
joints, especially the hip joints. Other Gram-positive agents that
lead to joint infection include Streptococcus pyogenes, Enterococcus
faecalis, and Corynebacteria sp., and Gram-negative rods that
include Salmonella enterica, Shigella sp. and Yersinia sp.64 Bacterial
prostitis is an ascending UTI, which is an inflammation of the
prostate gland.99 Escherichia coli, Pseudomonas aeruginosa,
Klebsiella, Proteus and Bacteroides are some of the species
responsible for chronic bacterial prostitis.70 These biofilms serve as
a reservoir for the cells to rejuvenate and repeatedly colonize along the
infected sites.

ANTIBIOTIC RESISTANCE
Most of the cells in the biofilm matrix are in the dormant state or
replicate slowly, so the minimum bactericidal concentration of
antimicrobial agents to eradicate the bacteria in the biofilm is higher
than the amount required for free-floating ones.100 For a 1000-times
reduction in the colony of Escherichia coli present in a biofilm, a three
times higher dose of ampicillin is required, compared with the
amount required when they are in the sessile form.101 To achieve a
1000-times reduction in the colony of Staphylococcus aureus in a
biofilm, more than 10 times the minimum bactericidal concentration
of vancomycin is required.102 These bacteria are in the stationary
phase or starved state, and thus only a few cells respond to the lethal
effect of the antibiotic.24
Material properties have no effect on the antibiotic resistance
acquired by the microbes. The antimicrobial resistance is either (i)
inherent, which depends on the mode of growth of the biofilm, or (ii)
acquired, which is gained by the exchange of resistant plasmids. Some
of the ways by which a bacterium develops inherent bacterial
resistance include the changes in the phenotype, and inactivation of
antimicrobials by the extracellular polysaccharide, and the enzymes
present.23 For example, the binding of EPS to tobramycin reduces the
susceptibility of bacteria present in the biofilm to the drug.103 The
transport of antibiotics into the biofilm matrix also decreases when
bacterial cells inside the biofilm have a slow growth rate. In a
Staphylococcus epidermidis biofilm, an increase in the growth rate of
the strain results in increased susceptibility of the bacteria to
antibiotics.104 The environment also protects the cell against
antibiotics. For example, Escherichia coli entrapped within agar is
less susceptible to aminoglycoside derivatives than those in free
form.105 Newly formed daughter cells are more susceptible to
antibiotics than the parent cells.106 Inherent resistance is
multifactorial, and so multiple approaches should be adopted for
the eradication of a biofilm.
Close proximity and greater probability of contact between the cells
in the biofilm facilitate enhanced gene transfer. Higher cell densities in
the biofilm lead to an increased local concentration of DNA. This
increased concentration provides the way for horizontal gene transfer
by the competence mechanism, that is, normal transformation.107
This leads to antibiotic resistance, particularly among nosocomial
pathogens,108 for which DNA is the major component of the matrix.
Antibiotic resistance mediated by horizontal gene transfer by a
plasmid conjugal mechanism is reported in Escherichia coli.109
Conjugational plasmid transfer in the biofilm has been widely
reported among the Gram-negative microorganisms.110
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FACTORS INFLUENCING BIOFILM FORMATION
Three important factors that influence biofilm formation include (i)
the nature of bacteria, (ii) the host and (iii) the surface properties of
the material.
Bacterial adhesins involved in biofilm formation
Biofilm formation consists of two important stages, namely the
adhesion stage, which involves firm adherence of the bacteria to the
implant surface, and the maturation stage, which leads to intercellular
adhesion.111
Adhesion stage. Adhesins are proteinaceous substances generally
secreted by the colonizing organisms, and they are the key regulators
in the adhesion stage. Adhesins bind to specific receptors on the host
tissue. Adhesins are linked directly to the cell surface or to the
components of the cell surface that include the pili.112 The specificity
of these adhesins depends on the receptor–ligand interaction. Adhesion of Staphylococcus epidermidis to the native or the implant surface
is mediated by the polysaccharide adhesins,113 and their expressions
are regulated by the intracellular adhesion operon.114 Different parts
of the body are affected by Streptococcal infection because they have
multiple adhesins that help them to colonize everywhere.115
Attachment of Streptococcus mutans, which is primarily an oral
pathogen, is also responsible for endocarditis.116 Recognition of
galactose-containing moieties is necessary for the formation of an
oral biofilm.117 Serine-rich repeat surface proteins are expressed on
the surface of the Gram-positive pathogens. These proteins have a
vital role in the adhesion process in the case of pneumococcal
infection in the lungs.118 Gram-positive organisms, for example,
Staphylococcus aureus, follow two different approaches: (i) at low cell
densities, they produce adhesins that aid them to adhere to the
implant surface, and (2) at high cell densities, they repress the
regulator gene and produce more toxins to damage the tissues and
enzymes, which would help them to detach from the biofilm and
colonize different sites upstream.119 In addition to polysaccharide,
DNA, another polymeric molecule, is found to be a part of the matrix
in case of infection with Streptococcus pneumoniae,120 Pseudomonas
aeruginosa121 and Enterococcus faecalis122 biofilms, and is also
responsible for holding the bacterial cells in the biofilm. The exact
role of DNA in a biofilm matrix is not well established, but it is

believed that, being negatively charged, it binds to the positively
charged polysaccharides.123
Maturation stage. Quorum sensing (QS) is a cell-to-cell communication system and it is the key regulator that helps in the
maturation of the biofilm.111 QS has an important role in
communication within and between the bacterial cells.124 QSmediated response involves the production, release and detection of
small molecules called pheromones or auto inducers, such as acyl
homoserine lactones (AHL). The auto inducers are secreted by the
bacteria when they are above a threshold concentration. The QS
system includes LuxI/LuxR and its analog, which are mainly used by
Gram-negative bacteria. AHL is produced by the bacterium, by the
enzyme AHL synthase. At high cell densities, the concentration of
AHL reaches above a threshold value, which initiates the signaling
mechanism.125
Gram-positive bacteria regulate cell-to-cell signaling with the help
of peptides,126 involving two-component adaptive response proteins
for the detection of the auto inducers, which involves a series of
phosphorylation and dephosphorylation.
Molecular mechanism. Molecular mechanism controls the assembly
of the extracellular matrix, the spatio-temporal organization in the
biofilm, and the cellular differentiation processes within the biofilm.127 Polysaccharide intercellular adhesin leads to pathogenicity in
Staphylococcus epidermidis,128,129 whereas it does not contribute to the
pathogenicity of the Staphylococcus aureus.130 In case of Staphylococcus
epidermidis isolated from polymer-associated septicemic disease, a
direct correlation is observed between the formation of a biofilm and
an ica gene cluster.131 The gene locus, agr, in Staphylococcus aureus
and Staphylococcus epidermidis, encode an amino acid toxin (hld),
which aids in the detachment of the biofilm at high cell density and
downregulates its formation. The agr mutants form a pronounced
biofilm, clearly indicating the role of the genes.132,133 Nonfunctional
agr mutants are reported from strains that cause joint prosthetic
infection.134 Expression of agr is activated by another gene, sarU.29 In
case of cystic fibrosis, mucoid strains overproduce alginate, which
aids in the formation of a biofilm.135,136 Biofilm formation by
Staphylococcus epidermidis involves two stages: the primary
attachment and the maturation stage. The first step is mediated by

Figure 7 Molecular mechanism of the initial attachment during biofilm formation in Gram-positive Staphylococcus epidermidis.
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Figure 8 Molecular mechanisms during the maturation stage in Gram-positive Staphylococcus epidermidis.

the action of the genes ica loci, ssp, altE and fbe. The proteins
synthesized by each of these genes differ in the mode of attachment.
The ica gene loci and the altE genes are negatively regulated by the QS
system. Figures 7 and 8 represent the type of genes and proteins
involved and their mode of action in biofilm formation.137,138
In most of the Gram-negative bacteria, the AHL regulator genes
are either expressed or suppressed based on the amount of AHL
synthesized, which in turn depends on the cell densities. Binding of
AHL to its receptor proteins regulates the signaling system.125 Gene
sadB synthesizes a protein that is responsible for flagellar reversals and
EPS secretion, and inversely regulates the biofilm formation and
motility.139 In case of Salmonella typhimurium, there are genes
responsible for the production of efflux pumps. With the increase
in EPS production, Salmonella typhimurium develops resistance.140
Literature studies indicate that the formation and maturation of a
biofilm is controlled by several molecular mechanisms; thus, a
thorough understanding of the effect of cell surface regulators
(adhesin), QS molecules and hydrophobicity of the surface would
help in the eradication of biofilms.
Role of host factors
After they adhere to the native or the implant surface, bacterial cells
immediately gain access to the host binding molecules, including
fibrinogen, host extracellular matrix proteins, fibronectin and components of the blood plasma.141,142 These biomolecules act as
mediators in the adhesion of the bacterium. As mentioned earlier,
serum proteins compete with bacterial cells to attach onto the
material surface. They also provide a number of specific and
nonspecific sites for the binding of bacterial adhesins,16 which
increases the cell density within 24 h. The amount of bacterial
cells during the various stages in the biofilm formation regulates
the expression of host innate immunity genes, particularly
the antimicrobial peptides, human b-defensin-2, psoriasin,
ribonuclease-7 and inflammatory mediators.143
The immunocompromised state generally contributes to biofilm
formation and infection. This state ranges from leukopenia (decrease
in the number of white blood cells) to malnutrition in the
patient.144,145 Joint replacement, diabetes and psoriasis also increase
the risk of infection. The maintenance of a constant physiological
Polymer Journal

state (homeostasis) at the implant site has an important role in
providing a proper defense mechanism against infection. Optimum
blood flow in tissues, oxygen tension and cellular arrangement
enhances the host defense mechanism. Tissue coverage over the hip
and knee implant surface is necessary to prevent bacterial adhesion.
Predisposing factors in the case of ureteral stent infection include the
in-dwelling time, the patient’s sex and the presence of other systemic
diseases, including diabetes mellitus, chronic renal failure and diabetic
nephropathy.146
Substrate characteristics
Hydrophobicity, roughness, surface chemistry and surface free energy
of the implants have an important role in the attachment of bacteria
and in biofilm formation. In majority of cases, hydrophobic and
rough surfaces favor biofilm formation.147 An increase in the surface
energy also enhances bacterial adherence to the implant surface.148,149
An increase in the surface roughness above a certain threshold
(approximately 0.2 m) facilitates biofilm formation.150,151 Polishing
can decrease surface roughness, and hence decrease the attachment of
bacteria. However, polishing can also alter the physico-chemical
properties of the implant. Attempts to polish composite resin used
in dental implants make it more inorganic and rough, and increase
bacterial adhesion.152 On the other hand, bacterial adhesion is
greatly reduced on a polished stainless steel microtopography.153
A microcavity is another important factor that affects bacterial
adhesion. In vitro results have reported that bacterial cells exhibit
reduced adhesion to titanium and resorbable polylactide plates, which
is attributed to the surface charge and smoothness.154 This reduced
adhesion is also consistent with the reduced incidence of infection in
case of patients who received implants made of these materials.
Bacterial adherence to the surface of the implants is mediated by
hydrophobic and electrostatic interactions.155 Hydrophobic organisms
adhere well onto hydrophobic surfaces,156 and hydrophilic Escherichia
coli binds well onto hydrophilic catheters.157 Pseudomonas aeruginosa
adheres well onto hydrophilic, electrically neutral and smooth
polymeric surfaces.158 This indicates that surface hydrophobicity
alone does not determine the bacterial adhesion. Electrostatic
interactions have an important role in determining the attraction or
repulsion of bacterial surface to the implant. This varies with respect
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to the type of strain and the material involved.159 Medical implants
that are primarily embedded in a fluid environment gains an
additional layer of organic matrix, a conditioning layer, which
completely masks its properties.20 Although differences in the
thickness of biofilm formation and amount of bacterial attachment
could be attributed to the surface properties of the implant, it is clear
that these properties have no effect on the antibacterial resistance
acquired by the biofilm. Nevertheless, researchers have observed that
antibacterial resistance is also related to the material properties
because of the degree of colonization of the bacteria. This, in turn,
depends on the surface chemistry and properties of the
implant.66,160,161
In case of metallic implants, surface charge has an important role in
the adhesion of bacteria. An optimum surface charge enhances the
adherence of soft tissue, thereby reducing infection at the implant
site.162 An in vitro postoperative contamination study has observed
that critical cell coverage is an important factor to prevent bacterial
adhesion.163 Enhanced cell adhesion, in turn, depends on the surface
characteristics of the implant. The chemical composition and the
design of the implant also have an important role in bacterial
adhesion.148 Increased bacterial adhesion on anionic surfaces in the
first 24 h compared with that on cationic surface has been observed.
At later time, intercellular adhesion has a more important role
than the surface effects.16 A positively charged surface exerts an
antibacterial effect on the Gram-negative strains, whereas the initial
attachment of bacteria is slow on negatively charged surfaces, but the
rate of growth of bacteria later is high on this surface.164
DIAGNOSTIC METHODS FOR THE IDENTIFICATION OF
BIOFILMS
Culture detection
Most bacteria in the biofilm matrix escape the standard microbiological culture techniques. The aseptic loosening of joint prosthesis
could be attributed to bacteria that are not detected by the
conventional microbiological techniques.165 The ultrasonication
method aids in the detection and enhances the identification of
these bacteria.165 Tools such as 16S ribosomal RNA detection with
PCR,166 or reverse-transcriptase PCR167 and histopathological analysis
of the tissues provide the most accurate approach for the detection of
the microorganism.
Vortexing and water bath sonication of the retrieved implants to
dislodge bacterial cells from the biofilm matrix, followed by culturing,
is used to detect the bacteria. This is more sensitive than the
conventional peri-implant tissue culture analysis.168 Sonication is a
valuable method in the detection of ureteral stent colonization.
Estimation of C-reactive protein provides a screening test to
diagnose infection in the case of postoperative hip and knee
implants,169 and in cardiac surgery.170 Measurement of interleukin6 can be used in deep implant infections.171 Procalcitonin and TNFa
are also very specific in detecting infection, but have very low
sensitivity.
Imaging studies
In addition to the conventional microbiological analysis, plain X-ray
and ultrasound sonography is also used to study biofilm. These
methods are not sensitive or accurate in detecting the type of
microorganism, but they give a clear picture of the morphology of
the biofilm and hence help to understand the extent of infection.5 For
example, aseptic loosening, which is generally attributed to
nondetectable bacterial colonization, could be analyzed using these
techniques. Nuclear imaging analysis with 99mTc (Technetium-99m)-

labeled monoclonal antibodies5 is an accurate method for the
detection of infection. For example, 99mTc-WBC is widely used in
the diagnosis of vascular graft infection. Computed tomography and
magnetic resonance imaging provide additional information about
the anatomical features in case of infected implants, but the
disadvantage of these techniques are interferences caused by the
metals used in the implants, which restricts their applications to soft
tissue abnormalities.5 Positron emission tomography–computed
tomography is used in the detection of implant-based osteomyelitis.172 An echocardiogram is used to diagnose endocarditis in the case
of prosthetic valve infection. The combination of these imaging
studies helps in minimizing false diagnosis and provides a composite
picture.
CURRENT TREATMENT STRATEGIES
Several physical, chemical and biological methods are practiced to
modify the implant surface to improve its biocompatibility and
reduce bacterial adhesion. Different approaches are practiced for
different materials, including polymers, metals and ceramics, which is
schematically represented in Figure 9. The modification is intended to
alter only the surface without affecting the bulk properties of the
material. There is no single strategy that can be used for any material
and for all situations. The modification strategy also depends on the
duration the implant is in the body. Despite a number of therapeutic
approaches, there is no single successful treatment strategy for
infected dental implants. Current strategies include mechanical
removal of the infected part, creating anaerobic conditions by correct
anatomical positions, using systemic and local antibiotics,173 and
surgical interventions.174 Delaying surgical interventions after tooth
extraction with random pre- and postoperative antibiotic treatment
reduces biofilm formation.175 In contrast, in orthopedic implants,
resection arthroplasty, which involves definitive removal of infected
tissues and implants parts, followed by antibiotic treatment for 4–6
weeks, is practiced successfully.62 The success rate in the eradication of
infection is 60–100% in case of total hip arthroplasty, whereas it is
89% in case of total knee arthroplasty.176
The use of antimicrobial impregnated cement for local drug
delivery,177,178 initial debridement of infected tissues followed by
antibiotic treatment, polishing the implant surface to reduce surface
roughness, and the use of antibiotic impregnated devices are some of
the strategies currently employed for knee179 and hip implants.180 In
case of stable implants, an antimicrobial treatment regime is used for
short-term infection.181 Maintaining an adequate concentration of
prophylactic antibiotics in the perigraft tissues throughout the
duration of the procedure prevents vascular graft infection.182 The
use of a muscle flap greatly reduces the risk associated with graft
infection.183 In case of a urological implant, because the sensitive
urine culture is low, Ciprofloxacin is used as prophylaxis before stent
insertion, whereas amino glycosides are administered in case of
symptomatic patients.184
FUTURE TRENDS TO ADDRESS FACTORS INFLUENCING
MEDICAL BIOFILMS
The development of biofilms is not thoroughly understood; hence,
designing surfaces to prevent bacterial attachment is a challenging
area of research. There are several methods by which this problem
could be approached.
Targeting bacteria
The correlation between biofilm formation and bacterial persistence is
well established;162 more potent drugs that target biofilm formation
Polymer Journal
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Figure 9 Strategies to prevent biofilm formation on implants.

and act against sessile bacteria need to be designed.185 Bacterial
biofilm formation can be addressed at three levels: (i) preventing
receptor binding, (ii) inhibiting bacterial adhesion and (iii) targeting
the QS signaling molecules.
Exposing the planktonic cells to a biofilm-preventing stress factor
reduces the risk of their attachment to surfaces. Nonsteroidal antiinflammatory drugs, molecules secreted by bacteria and QS inhibitor
molecules are some of the stress factors widely used to prevent biofilm
formation.186 Most of the biofilm inhibitor molecules target either the
auto inducer molecule that aid in QS or directly the QS molecule. The
QS inhibitor molecules include polypeptides that inhibit the RNAIII
activator protein of the QSQ1 in Gram-positive bacterium,187
furanones that are active against swarming Proteus mirabilis and
Serratia,188–190 and AHL analogs with various substitutions that
repress the QS activity.191,192 Most natural compounds, including
furanones, are found to be active against environmental biofilm,193
but there is no clinical evidence for the successful application of these
in humans. Adhesins stabilize the biofilm both in the growth phase
and in the maturation phase. Immunizing the individual against
bacterial adhesins would prevent biofilm formation and even bacterial
adhesion,194 for example, preclinical studies with vaccines with
FimH adhesin and other conserved adhesin from a uropathogenic
Escherichia coli have proven that the immune response against
the adhesin can prevent bacterial adhesion and colonization.195,196
Pharmaceutical companies spend billions of dollars on discovery of
new drugs, but less attention is directed towards designing new
compounds that would prevent biofilm formation on surfaces. The
current trend has been to test the efficacy of existing drugs as possible
candidates for biofilm prevention rather than discover specific ones
that are based on the molecular level interaction between the bacteria
and the abiotic surface.
Polymer Journal

Material design
Engineering the surface roughness197 to obtain the desired
topographical features that inhibit biofilm formation is another
approach. A passive polymer coating reduces bacterial adhesion to
the implant surface by altering the surface chemistry of the
implant.198 Coating the surface with antimicrobial agents could lead
to resistant strains. Non-antimicrobial modification of the implant
surface includes the use of nonsteroidal anti-inflammatory agents,
hydroxyapatite, hydrophilic polymer, gelatin and surfactants. There is
no well-documented clinical evidence for the benefits of this type
of modification to the implant surface. Active polymer coatings
with antimicrobials greatly reduce bacterial adhesion. Nitric oxide
modifies the bacterial cell membrane and disperses biofilm
formation.199 Materials that release nitric oxide, unlike conventional
antibiotics, have also been successful. Biodegradable antimicrobialcoated implants with a controlled release that provide high local
concentration without systemic toxic effects helps to reduce infection
at the implant site.200
The coating of a nonpathogenic strain on polymeric implants helps
to prevent the formation of biofilm by other bacteria, provided the
potential risk in introducing these strains is addressed. For example,
coating of polymer with Lactobacillus acidophilus decreases the
adherence of Staphylococcus epidermidis and E. coli.201 Similarly, in
case of patients with spinal cord injury, inoculating their bladder with
nonpathogenic E.coli protects them against the symptomatic UTI.202
Binding specific antimicrobial peptides to metallic surfaces,203 and
antibody-coated and biomimmetic stents are novel ideas in the field
of biocovered polymers. For example, biomimmetic polymers coated
with poly (2-methacryloyloxyethyl phosphorylcholine) resists the
adsorption of plasma protein, irrespective of its charge and size [A].
Such an approach is adopted to improve the biocompatibility and
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hemocompatibility of different medical materials [B][C]. This poly
(2-methacryloyloxyethyl phosphorylcholine), when conjugated with
protein, increases the half life of the latter in the blood [D]. Hydrogels
are inert polymeric networks that are suitable as carriers of
antimicrobial agents.204,205 Iron-oxide nanoparticles are used to
depolymerize EPS, inactivate enzymes and damage DNA.206
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Computational approach
The growth of biofilms based on the nutrient supply can be
mathematically modeled. Confocal laser scanning microscope and
RNA target probes can provide information about the morphology,
architecture and function of the biofilm, which can be used for
validating such models. The earlier one-dimensional model207,208 is
improved with three-dimensional models of biofilms. The biofilm is
considered as a biological gel consisting of EPS and water.209
Interspecies antagonistic effects that are mediated by certain
molecules is also modeled. For example, siderophore-mediated
antagonism in dual-species biofilms, which chelates iron, is
established through modeling.210 The effect of EPS on biofilm
structure and function is also simulated using one ammonia and
nitrite oxidizing species. EPS production is found to decrease the
growth of producers and stimulate the growth of nonproducers.211
Simulation studies to analyze the effect of probiotic biofilms on
pathogenic biofilms indicate that the attachment of probiotics in the
flow channel is crucial for success and efficacy of the probiotic control
mechanism.212 The viscoelastic fluid property of biofilms is modeled
in response to the mechanical forces.213 Such a study can provide
insight into the effect of external forces on the stability of biofilm.
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CONCLUSION
Implant-associated bacterial infection has a pernicious role in
medicine. Despite various findings on the physical and biochemical
parameter of the bacteria and the surface characteristics of the
implant, the need for an ideal material still exists. Use of computational and modeling tools to simulate the interaction of bacterial
proteins and other biomolecules with synthetic and abiotic surfaces
can provide insight for understanding the early stages in the
formation of biofilm. These techniques can also elucidate some of
the lacunae observed in the in vitro and in vivo studies. Once these
simulation tools are well established, with combined genetic and
biochemical techniques one could identify the molecular regulatory
circuits that govern the transition from motile cells to matrixenclosed, implant-surface-associated bacteria. This identification
would help in designing biomaterials that function correctly in the
first instance when tested in the laboratory, thereby accelerating the
product development phase. Such simulation tools may also help in
suggesting the best surface modification strategy for a given
environment.
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45 Adell, R., Lekholm, U., Rockler, B. & Brånemark, P. A 15-year study of osseointegrated previous term implants next term in the treatment of the edentulous jaw. Int. J.
Oral Surg. 10, 387–416 (1981).
46 Renvert, S., Samuelsson, E., Lindahl, C. & Persson, G. Mechanical non surgical
treatment of peri implantitis: a double blind randomized longitudinal clinical study.
I: clinical results. J. Clin. Periodont. 36, 604–609 (2009).
47 Balaji, S. M. Textbook of Oral And Maxillofacial Surgery. 1 edn (Elsevier, India,
2007).
48 Saxton, C. Scanning electron microscopy study of the formation of dental plaque.
Caries Res 19, 111–123 (1973).
49 Maximo, M. B., de Mendonca, A. C., Renata Santos, V., Figueiredo, L. C., Feres, M. &
Duarte, P. M. Short term clinical and microbiological evaluations of peri implant
diseases before and after mechanical anti infective therapies. Clin. Oral Implan. Res.
20, 99–108 (2009).
50 Rams, T. E. & Link, Jr C. C. Microbiology of failing dental implants in humans:
electron microscopic observations. J. Oral Implantol. 11, 93 (1983).
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