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QUESTION 4: Does the timescale of biofi lm formation diff er between bacterial species? 
If so, what is the timescale for common causative organisms?

RESPONSE: Currently, there is no clinical research available to answer whether the timescale in the development of biofi lm formation diff ers 
between bacterial species. In vitro studies show high variability in biofi lm formation based on bacterial strains and conditions. Animal studies 
have demonstrated rapid (minutes to hours) biofi lm formation. The group notes that the timeline of biofi lm formation may not correlate with 
the onset of infection symptoms.

LEVEL OF EVIDENCE: Strong

DELEGATE VOTE: Agree: 100%, Disagree: 0%, Abstain: 0% (Unanimous, Strongest Consensus)

PRE-MEETING RATIONALE

Biofi lms are comprised of single or multiple species of microbial 
aggregates embedded in a self-produced matrix of extracellular poly-
meric substances. Regardless of the bacterial species, biofi lm forma-
tion proceeds in known and well-defi ned steps. The fi rst step or 
stage, adhesion, begins when bacteria sense and att ach to surface of 
a material. The second stage is accumulation, where bacteria aggre-
gate to form a mature biofi lm. The last stage is dispersion or detach-
ment [1]. The duration of each of these steps in biofi lm formation 
varies from nanoseconds to hours to weeks, depending on various 
factors such as size of inoculum, mechanism of colonization (direct 
perioperative inoculation, later direct colonization due to break of 
barrier, bacteremic spread), surface properties of the foreign mate-
rial, bacterial strain and virulence, bacterial species, host immunity, 
prior antibiotic usage and environmental factors, etc. [2–10]. 

For example, Pseudomonas aeruginosa (P. aeruginosa) contains 
several genes that are turned on within 15 minutes of its att ach-
ment to a surface that can be a starting point of biofi lm formation 
[3]. Kanno et al. developed full thickness wounds on the backs of 
rats and inoculated them with P. aeruginosa carrying the green 
fl uorescent protein gene; they found that biofi lms could develop 
within eight hours [4]. When Staphylococcus aureus (S. aureus) was 
inoculated onto animal wounds, researchers found the devel-
opment of clusters of cells (characteristic of a biofi lm) after 
6-24 hours post inoculation [11,12]. Oliveria et al. evaluated the 
time course evolution of biofi lm in mastitis isolates and found 
no signifi cant diff erence between S. aureus and Staphylococcus 
epidermidis. In their study biofi lm forming ability increased with 
incubation period for both species [5]. Hoff man et al. researched 
adhesion patt erns of single bacterium Caulobacter crescentus on 
a glass surface in a microfl uidic device. They showed the impor-
tance of pili for hastening bacterial adhesion. In their study, 
irreversible adhesion events were more frequent in wild-type 
cells (3.3 events/min) compared to pilus-minus mutant cells (0.2 
events/min) [13].

Koseki et al. [6] evaluated the diff erence in early biofi lm forma-
tion of polysaccharide intercellular adhesin (PIA)-positive Staphylo-
coccus epidermidis on fi ve types of biomaterials and found no signifi -
cant diff erence in biofi lm coverage rate at two to four hour incuba-
tion, but at six hours post incubation cobalt-chromium-molyb-
denum alloy (Co-Cr-Mo) had a signifi cantly lower biofi lm coverage 
rate than other materials like titanium alloy (Ti-6Al-4V), commer-
cially pure titanium and stainless steel. In this study authors point 
out a similar degree of smoothness across materials as a reason for 
no signifi cant diff erence between them initially (two to four hours). 
In this study average roughness (Ra) was less than 10 nm [6]. This is 
corroborated by the previous reports that bacterial adhesion is infl u-

enced by the threshold of surface roughness at values more than 200 
nm [14,15].

Some evidence suggests that bioactive substances such as 
hydroxyapatite may be more prone to bacterial adhesion than 
bioinert metals, such as titanium alloys and stainless steel [7]. Further 
studies have demonstrated that polymethyl methacrylate (PMMA) 
is capable of hosting biofi lms that can cause acute, chronic and 
delayed-onset infections [8,9].

Biofi lm adherence to biological or synthetic materials and 
foreign cells and resistance to antimicrobials are poorly understood. 
As biofi lm formation can proceed through diff erent pathways and 
time ranges, its detection may diff er according to the time of obser-
vation. Investigational models to determine how environmental 
factors, such as surface geometry, physical and chemical characteris-
tics, and local blood fl ow and immune system aff ect biofi lm develop-
ment on prosthetic joints are essential to further understand various 
bacterial biofi lms and provide insight to therapeutic strategies. 

REFERENCES
[1] Belas R. Biofi lms, fl agella, and mechanosensing of surfaces by bacteria. 

Trends Microbiol. 2014;22:517–527. doi:10.1016/j.tim.2014.05.002.
[2] Singh PK, Parsek MR, Greenberg EP, Welsh MJ. A component of innate 

immunity prevents bacterial biofi lm development. Nature. 2002;417:552–
555. doi:10.1038/417552a.

[3] Costerton JW, Stewart PS. Batt ling biofi lms. Sci Am. 2001;285:74–81.
[4] Kanno E, Toriyabe S, Zhang L, Imai Y, Tachi M. Biofi lm formation on rat skin 

wounds by Pseudomonas aeruginosa carrying the green fl uorescent protein 
gene. Exp Dermatol. 2010;19:154–156. doi:10.1111/j.1600-0625.2009.00931.x.

[5] Oliveira M, Nunes SF, Carneiro C, Bexiga R, Bernardo F, Vilela CL. Time 
course of biofi lm formation by Staphylococcus aureus and Staphylococcus 
epidermidis mastitis isolates. Vet Microbiol. 2007;124:187–191. doi:10.1016/j.
vetmic.2007.04.016.

[6] Koseki H, Yonekura A, Shida T, Yoda I, Horiuchi H, Morinaga Y, et al. Early 
Staphylococcal Biofi lm Formation on Solid Orthopaedic Implant Materials: 
In vitro Study. PLoS ONE. 2014;9:e107588. doi:10.1371/journal.pone.0107588.

[7] Oga M, Arizono T, Sugioka Y. Bacterial adherence to bioinert and bioac-
tive materials studied in vitro. Acta Orthop Scand. 1993;64:273–276. 
doi:10.3109/17453679308993623.

[8] Trampuz A, Zimmerli W. Diagnosis and treatment of infections associ-
ated with fracture-fi xation devices. Injury. 2006;37:S59–66. doi:10.1016/j.
injury.2006.04.010.

[9] Neut D, van de Belt H, Stokroos I, van Horn JR, van der Mei HC, Busscher 
HJ. Biomaterial-associated infection of gentamicin-loaded PMMA beads 
in orthopaedic revision surgery. J Antimicrob Chemother. 2001;47:885–891. 
doi:10.1093/jac/47.6.885.

[10] Arnold W V, Shirtliff  ME, Stoodley P. Bacterial biofi lms and periprosthetic 
infections. Instr Course Lect. 2014;63:385–391.

[11] Akiyama H, Kanzaki H, Tada J, Arata J. Staphylococcus aureus infection on 
cut wounds in the mouse skin: experimental staphylococcal botryomy-
cosis. J Dermatol Sci. 1996;11:234–238. doi:10.1016/0923-1811(95)00448-3.

[12] Gurjala AN, Geringer MR, Seth AK, Hong SJ, Smeltzer MS, Galiano RD, et al. 
Development of a novel, highly quantitative in vivo model for the study 
of biofi lm-impaired cutaneous wound healing. Wound Repair Regen. 
2011;19:400–410. doi:10.1111/j.1524-475X.2011.00690.x.



966 Part XI   Biofi lm

[13] Hoff man MD, Zucker LI, Brown PJB, Kysela DT, Brun Y V., Jacobson SC. 
Timescales and frequencies of reversible and irreversible adhesion events 
of single bacterial cells. Anal Chem. 2015;87:12032–12039. doi:10.1021/acs.
analchem.5b02087.

[14] Quirynen M, Bollen CM. The infl uence of surface roughness and surface-
free energy on supra- and subgingival plaque formation in man. A review of 
the literature. J Clin Periodontol. 1995;22:1–14.

[15] Busscher HJ, Uyen MH, van Pelt AW, Weerkamp AH, Arends J. Kinetics of 
adhesion of the oral bacterium Streptococcus sanguis CH3 to polymers 
with diff erent surface free energies. Appl Environ Microbiol. 1986;51:910–
914.

•    •    •    •    •
Authors: Dustin Williams, Kenneth Urish

QUESTION 5: Do bacteria form biofi lm on the surface of cement spacer in a similar fashion to a 
metallic implant?

RESPONSE: Yes. While the vast majority of studies have been in vitro, there is clinical evidence that majority of bacteria are able to form biofi lm 
on the surface of cement spacer. 

LEVEL OF EVIDENCE: Strong

DELEGATE VOTE: Agree: 100%, Disagree: 0%, Abstain: 0% (Unanimous, Strongest Consensus)

PRE-MEETING RATIONALE

The majority of data assessing biofi lm growth on polymeric mate-
rials and smooth surfaces has been collected from in vitro experi-
ments [1]. As a general outline, microbial adherence to materials 
occurs in the following order: latex > silicone > PVC > Tefl on > poly-
urethane > stainless steel > titanium [1,2]. This hierarchy of mate-
rials to bacterial adherence suggests that biofi lms may develop 
more readily on polymer-based versus metallic material surfaces. 
Roughness may play a role in this [3]. However, time is also an 
important factor to consider. Verran et al. showed that Candida albi-
cans adhered to a greater degree on roughened surfaces compared 
to smooth [4]. In their experiment, polymeric samples were incu-
bated for one hour, and then assessed for adhesion profi les. Similar 
work was performed by Taylor et al. on cobalt-chrome materials 
with the same conclusion [5]. Although a one-hour incubation 
period may be benefi cial to determine initial adherence profi les, it 
would be diffi  cult to compare test criteria such as these to clinical 
scenarios where implanted materials are present for days, weeks, 
months or years. Wolcott  et al. have shown that time may play an 
important role in biofi lm maturation and antibiotic tolerance 
[6]. Biofi lms are well-known to condition surfaces and make them 
conducive to their growth requirements [3]. Perhaps one of the 
most well-known examples of this is Streptococcus mutans, which 
conditions the enamel surface that allows adherence for hundreds 
of other bacterial species [7]. Given enough time, biofi lms may 
fl ourish on surfaces in many environments and on surfaces that 
may otherwise be considered less culturable [3,8,9]. In-house 
experiments that are in process of publication have shown that 
even amongst the same species, varying strains can diff er in rates 
of biofi lm formation on titanium surfaces, but over time degree of 
biofi lm formation is similar in bench-top conditions.

The principles and problem of biofi lm formation apply to 
bone cement and metallic surfaces used in orthopaedic applica-
tions. Biofi lms have been shown to develop on both material types 
and adversely aff ect clinical outcomes [10–13]. A seminal paper 
published by Gristina et al. provided one of the fi rst indications of 
biofi lm growth on an implanted metallic implant that was found to 
contribute to biofi lm-related infection [14]. More recently, Stoodley 
et al. directly observed biofi lms on antibiotic-loaded bone cement 
associated with an infected total elbow arthroplasty [12]. McCo-

noughey et al. have also identifi ed bacterial biofi lms on implanted 
components [15]. Shaw et al. observed biofi lm, via methylene blue 
staining, that had developed on a tibial tray and other total joint 
components during revision surgery [16]. In multiple cases, biofi lm 
has been observed directly on clinical samples. Due to the hetero-
geneous and at times diffi  cult nature of collecting clinical samples, 
more highly controlled, albeit confi rmatory outcomes of biofi lm 
growth on metallic and cement materials have been obtained from 
in vitro and in vivo experiments. 

Minelli et al. showed the ability of multiple staphylococcal 
bacterial strains to form biofi lm on bone cement samples in all cases 
[17]. Neut et al. observed that slime-producing Pseudomonas aerugi-
nosa can readily form biofi lm on cement material, and in the biofi lm 
phenotype it may be more tolerant to antibiotics loaded in cement 
than planktonic bacteria [18]. Ensing et al. assessed biofi lm growth 
on cement material and the potential of ultrasound to remove its 
presence [19]. More recently in a study by Ma et al., polymethyl-
macrylate spacers that were removed at the time of reimplanta-
tion following treatment of infected total knee arthroplasty were 
shown to have high levels of bacterial DNA despite extended expo-
sure to antibiotics [20]. Biofi lm formation on metal surfaces is also 
well-documented [21–24]. Nishitani et al. have also observed growth 
of biofi lms on metallic implants in mice [25]. Williams et al. have 
shown that over multiple days of growth in a CDC Biofi lm Reactor, 
polymicrobial biofi lms of methicillin-resistant Staphylococcus aureus 
and Bacillus subtilis grow similarly on smooth or rough titanium 
surfaces [26]. 

In summary, indications that biofi lm forms on bone cement 
and metallic surfaces in a similar fashion are present from clinical 
samples as well as in vitro and in vivo animal studies. There are indi-
cations that bacterial cells may adhere to and form biofi lms more 
quickly on rough/porous materials, but over time bacteria may 
condition material surfaces that are smoother in nature such as 
metal and allow biofi lm to form to a similar degree. 
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