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ABSTRACT 

Biofilms are recalcitrant to both study and infectious disease treatment as it requires not only 
the study or management of single organism behavior, but also many dynamical interactions 
including but not limited to bacteria-bacteria, bacteria-host, bacteria-nutrients, and bacteria-
material across multiple time scales. This study performs comparative and quantitative research of 
two materials used in biofilm research, TSA agar and skin epidermal, to reveal how adhesion 
effects viscoelastic properties of biofilms at long time scales. We show that the host surface 
stressors, such as wettability and surface energy, impact the biofilm's mechanical integrity and 
viscoelastic properties. While it is known that the bacteria-material interface influences initial 
biofilm formation and external stress influences mature biofilm function, this study examines the 
influence of the bacteria-material interface on mature biofilms. These mechanical viscoelastic 
properties have the potential to determine metabolite and pathogenesis pathways which means that 
the platform researchers use to study impacts the outcome.  

 
KEYWORDS: Staphylococcus epidermidis, Cutibacterium acnes, Biofilm, Viscoelastic, Skin 
Infection 
 
I. Introduction 
 We are headed towards the antibacterial resistance cliff, a point where common medical 
procedures will run the risk of deadly infections, expected to occur between 2030 – 2050, without 
much public awareness, funding, or new tools to handle it when failure is estimated to cost over 
$1 trillion annually.1, 2 Of particular concern are acute, chronic infections like diabetic foot ulcers 
or burn wound infections.3, 4 What is promising was a shift in scientific focus from strategies 
targeting planktonic bacteria to bacterial biofilms.5-10 This shift was key because bacteria primarily 
exist in a biofilm, bacteria grouped together in a viscoelastic matrix of polymers, sugars, proteins, 
and extracellular DNA, and  are more recalcitrant to removal in this state.  
 Even still, there is less of an understanding of the distinct biofilm phenotypes, relative to 
planktonic phenotypes and how these phenotypes change over the course of several days. Biofilm 
phenotypes have been distinguished as a reversible attachment, irreversible attachment, 
development, maturation, and dispersion.10 Attachment occurs when planktonic bacteria approach 
a surface and adhere to the surface using structures such as pili, fimbriae, or flagella.11 Irreversible 
attachment occurs when the bacterial cytoplasm moves closer to the surface through bacteria cell 
wall deformation enabling weak attractive Lifshitz-van der Waals forces and when extracellular 
polymeric substances (EPS) are produced.12, 13 Development and maturation have less quantitative 
distinctions, dependent on levels of EPS, quorum sensing, and other public goods production and 
levels of metabolic activity. Maturation and dispersion may even be transitory or cyclic 
complicating this. However, these stages may serve as a better or necessary intervention point. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 15, 2023. ; https://doi.org/10.1101/2023.02.10.527933doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.10.527933
http://creativecommons.org/licenses/by-nd/4.0/


 2 

While most interventions and studies of bacteria-material interfaces have focused on the reversible 
attachment phase, 14, 15 here we characterize the mechanical properties as a function of the biofilm-
material interface due to the presence of post-attachment biofilms for wound treatment and chronic 
infections. 

Interventions and studies on post-attachment biofilms with respect to skin infections are largely 
performed on murine or porcine models. Animal models have distinct temperature regulatory 
systems from humans, different commensal microbiota, and clear bacterial infections faster.16, 17 
Commercially available skin models are a promising alternative, providing a multilayered immune 
response for high-throughput screens. Here we compare biofilms grown on a commercially 
available skin construct to biofilms grown on tryptic soy agar. Tryptic soy agar is designed to be 
biocompatible, nutrient-rich, hydrated, and hydrophilic. Human skin is a harsh environment for 
microbes, slightly acidic, oleophilic, with a high neutrophil density. Part of this is due to 
commensal bacteria organisms. For example, Staphlyococcus epidermidis synthesizes phenol-
soluble modulins (PSM) using alpha-helical structures, destroying the c1 membrane of pathogens 
and protecting skin against colonization by foreign bodies.18 While Cutibacterium acnes produces 
lipases that hydrolyze the lipids present in sebum and acidify the skin surface by releasing free 
fatty acids and creating an unfavorable environment for colonization by pathogens. 18-20 While 
most skin bacteria work with immune cells and keratinized skin cells for immune barrier 
functioning, dysbiosis in the skin microbiome contributes to disease states.21 

Unlike the attachment phase, most mechanical and viscoelastic measurements of post-
attachment biofilms are taken as either dependent functions of bacterial species, nutrient or 
chemical stress conditions or hydrodynamic conditions, not the material they are grown on. 
Polymers from biofilms are extracted, purified, and tested for their storage or loss moduli from 
rheology experiments.22  Tensile and compressive strength of those polymers are measured using 
AFM measurements. Elastic moduli have been measured as functions of overexpression or 
deficient production of specific EPS components.23, 24 Simulations show both the shape 
(commonly known fluffy or smooth profiles) and removal efficiency are functions of the 
viscoelastic properties of biofilms,25, 26 while we have shown previously that nutrient transport and 
overall viability is a function of shape and applied shear. 27 Furthermore, signaling that modifies 
biofilm growth and EPS production can also come from both internal cues like quorum sensing 
compounds and EPS28-30and external cues,31 including nutrient gradients, hydrodynamic shear 
gradients,32 electrical surface charge,33 and nanotexture. 
 Here, we describe the dependence of viscoelastic properties of post-attachment Staphylococcus 
epidermidis and Cutibacterium acnes biofilms on tryptic soy agar and commercially available 
EpiDerm™ reconstructed human epidermis. We also analyze the storage and loss modulus 
behavior of deformation in biofilms of these species dependent on surface energy. 
 
II. Materials & Methods 
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Figure 1a. 
Experimental 
methodology for 
measuring physical 
properties of 
bacteria biofilms. 
Figure 1b. C. acnes 
and S. epidermidis  
on EpiDerm™ 
human epidermis in 
6-well polystyrene 
culture plates. 

 
 

a. Skin Culture 
Reconstructed human epidermis, Epi-200, were purchased from MatTek. The EpiDerm™ 

System consists of normal, human-derived epidermal keratinocytes (NHEK) cultured to form a 
multilayered, highly differentiated model of the human epidermis.  Upon receiving the tissues, 
tissues are transferred into the assay medium via tissue inserts and incubated for 1 h at 37±1°C, 
5±1 % CO2 , and 90% ± 10% relative humidity (RH) in accordance with the manufactures protocol.  
b. Biofilm Cultivation 

The commensal bacteria of the skin microbiome, Staphylococcus. epidermidis Fussel NCTC 
11047, and Cutibacterium acnes NCTC 737 (ATCC) are inoculated 24 h before dosing using a 
single colony at static condition inside a CO2 incubator at 27 oC. S. epidermidis is cultured in the 
standard Tryptic soy Broth (Bacto®, BD Difco, US), while C. acnes is cultured in Bacto® 
Thioglycolate broth media (Bacto®, BD Difco, US). Then, substrates (TSA, Epi-200 skin) are 
dosed with 100 µL of bacteria inoculation. Biofilms are grown statically in 6-well polystyrene 
tissue culture plates (Avantor) at 24h, 48h, and 72h. 
c. Surface Energy Measurements  

Goniometer and sessile drop method were employed to measure the hydrophobicity 
(wettability) and surface energy of substrates at room temperature. Biofilm was grown on these 
materials by introducing a 24h inoculated bacteria suspension and 24h incubation at 37±1°C, 5±1 
% CO2 in the air, and 90% ± 10% relative humidity (RH).  
d. Thickness and Viscoelastic Measurements 

Biofilm samples grown on TSA substrate were cut into 8 mm diameter disks. Skin samples 
were removed from their insert using a sterilized scalpel. Dynamic rheological measurements were 
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carried out on a rheometer (Anton-Paar) using parallel plate PP08/P-PTD200 geometry (8 mm 
diameter; zero gap) at the room temperature. Measurements were carried out immediately after 
placing the samples on the plate. All experiments were carried out in three technical and four 
biological replicates, and slippage of biofilm due to applied stress was carefully avoided by 
selecting appropriate operating parameters.  
III. Results 
a. Surface Energy & Adhesion 

The challenge in targeting biofilms via the extracellular matrix is due to the immense diversity 
in the mechanisms by which bacteria interact with the material to form biofilms.34 Adhesion and 
wettability (hydrophobicity or hydrophilicity) are directly connected to surface energy. Surface 
energy reveals information about the interactions of a biofilm with the material at its contact point. 

Table 1. Contact angel measurement and Surface energy calculation 

Substrate Surface Surface Energy (mJ.m-2) Contact Angle (o) 
DI-Water Ethylene Glyco 1-Bromonapthalene 

TSA Agar 301.23 24.94 28.04 65.04 
Skin  36.5 35 - - - 
Surface energy analysis of these platforms indicates a significant difference in the surface level 

on these platforms. Comparing TSA agar with the Epi-200 human epidermis model shows the 
human epidermis has an order of magnitude lower surface energy. This indicates that surface 
tension and hence adhesion forces at the bacteria-material interface with human epidermis are 
lower than the tested TSA platform. Moreover, depending on the hydrophilicity of the bacteria 
strain and the mechanism used for attachment, the adherence to the surface can significantly vary. 
For instance, S. aureus cells adhere to the hydrophobic surface by many weakly binding 
macromolecules, while their adherence to the hydrophilic surface is through strong but few 
macromolecules 36. In S. epidermidis, the initial attachment is mediated by cell surface proteins 
that bind to the mammalian extracellular plasma proteins.13  

The nature of bacteria and the surface interaction dictates their adhesion to the surface and, in 
turn, the density and distribution of a bacterium colony, especially in the case of multispecies 
biofilm. Next, we discuss the implication of surface physiochemical properties in biofilm beyond 
their interfacial interaction using rheometric techniques and investigate their viscoelastic response.   

  
Figure 2. Thickness of biofilms for S. epidermidis and C. acnes on TSA made using a rheometer. Results 
reported relative to level surface of the same uncultured agar. 
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b. Implication of Viscoelasticity  
Once bacteria irreversibly adhere to a material surface, development, maturation, and 

dispersion all present with different components of EPS. EPS plays an important role in the 
recalcitrance toward chemical and mechanical changes and in producing phenotypes that differ 
from their planktonic counterparts 37. Mechanical force on the biofilm may exceed the acting force 
between the different organisms in a biofilm, resulting in an overload and cohesive failure. When 
the force exceeds the adhesion force between the biofilm and the substratum surface induces 
adhesive failure, and the biofilm dislodges from the surface. In a biofilm, EPS composition and 
distribution contribute to its structural integrity and resistance to chemical challenges such as 
antibacterial and antibiotic treatments. The transport of chemicals and access to nutrients is limited 
by the composition of EPS. EPS of biofilms is adaptable both in space and time to its 
environmental conditions, acting as a major impediment to nutrient deprivation resulting in the 
development of altered phenotypes.37 Viscoelastic characteristics of biofilms are a combination of 
composition and structural properties. Viscoelasticity is a material property that exhibits both 
viscous and elastic behaviors. Elastic materials deform instantaneously to relieve stress and return 
to their original state, while viscous materials deform irreversibly over time. Viscoelastic materials 
deform under stress and return to a similar state to their original state over time, but not identical. 
Elasticity is the result of bond stretching. On the other hand, viscosity is the result of atomic and 
molecular flow. Biological materials are complex and cannot be explained by elasticity, viscosity, 
or a single combination of elasticity and viscosity.  

  
Figure 2a. Storage modulus of S. epidermidis and C. 
acnes grown on TSA. Each data point is a biological 
replicate (𝑛 = 4) average of 𝑛 = 3 technical 
replicates. 

Figure 2b. Loss modulus of S. epidermidis and C. 
acnes grown on TSA. Each data point is a biological 
replicate (n = 4) average of 𝑛 = 3 technical replicates. 

Figures 2a and 2b show the storage and loss modulus, respectively, of S. epidermidis and C. 
acnes on TSA. Storage modulus represents the ability of a material to store energy or deformation 
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elastically. While loss modulus represents the ability of a material to dissipate stress as a heat.  
Additionally, the storage modulus (G’) and loss modulus (G”) describes the rigidity and fluidity 
of the material.38The viscoelastic behavior of biofilm and its impact on the integrity of the growth 
platform is dependent on the bacteria species and unique to its interaction with the substrate. This 
is likely due to the composition of each biofilms’ EPS composition. Both S. epidermidis and C. 
acnes biofilm showed a reduction of the storage and loss modulus when grown on TSA. However, 
there was a greater reduction of storage and loss modulus for S. epidermidis than the C. acnes 
biofilm on TSA. On the other hand, as shown in Figure 3a and 3b, S. epidermidis growth on Epi-
200 reduced the storage and increased the loss modulus while C. acnes growth reduced both the 
storage and loss moduli compared to the Epi-200. 

 

  
Figure 3a. Storage modulus of S. epidermidis and C. acnes 
grown on Epi-200. Each data point is a biological replicate (𝒏 =
𝟒) average of (𝒏 = 𝟑) technical replicates. 

Figure 3b. Loss modulus of S. epidermidis and C. acnes grown 
on Epi-200. Each data point is a biological replicate (𝒏 = 𝟒) 
average of (𝒏 = 𝟑) technical replicates. 

  
IV. Discussions 

Biofilm development generally follows a process of reversible adhesion, irreversible adhesion, 
development maintenance, and dispersion to form biofilm.10, 39 Most research on bacteria-material 
interaction focuses on adhesion, reversible or irreversible.37, 40-50 Experimental timepoints in this 
experiment are targeted towards the development and maintenance stages of biofilm growth, what 
we collectively refer to as post-attachment, in interaction with specific materials. The comparison 
of rheological behavior of biotic and abiotic materials in these studies are aimed at providing 
indicators of specific material-biofilm interactions. Rheological behavior, represented by storage 
and loss moduli are aimed at ultimately representing the viscoelasticity of biofilms.38  

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 15, 2023. ; https://doi.org/10.1101/2023.02.10.527933doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.10.527933
http://creativecommons.org/licenses/by-nd/4.0/


 7 

Storage and loss moduli are part of bacterial biofilms’ viscoelastic properties, and thus their 
capability to resist mechanical deformation. Ultimately, the viscoelastic properties of a biofilm, 
are a measure of the biofilm's capacity to demonstrate elastic behavior, and revert to its shape 
before a force application, or flow with viscosity according to shear stress application. While 
heterogenous micro-environments within a biofilm complicate the understanding of viscoelastic 
measurements and generalizations for a biofilm, viscoelasticity is a strong indicator for mass 
transport models within these regions of a biofilm. Demonstrated in our experiments, unique 
material surface interactions lead to mechanically different biofilms, indicating transport of 
infectious disease treatment conditions, and model systems aimed at studying infectious disease 
treatment, may vary significantly in accuracy depending on material surface structure, especially 
structures of biotic versus abiotic materials. Research in the field of biofilm adhesion has proven 
differential growth patterns of biofilms dependent on nanostructure and roughness, or curvature of 
a surface.51 Distinct growth patterns of our bacterium, in particular C. acnes in response to the 
implementation of several variables, including the morphology of keratinocytes and fibroblasts in 
culture according to EpiDerm™ tissue indicates skin commensal strains within our experiments 
may also vary in growth depending on these factors. 

Mass transport models of biofilms, typically understood as a quantification of elastic behavior, 
which is then associated diffusion through a solid, versus that of viscous flow through a fluid,52 a 
biofilm's primary models for mass transfer, are essential for studies in the movement of treatment 
antibiotics and nanoparticles, immune cells, proteins or nutrients. The implementation, however, 
of analyzing a biofilm with respect to rheology, along with imaging of skin commensals in culture 
with keratinocytes and fibroblasts, would be necessary to provide novel insight on the mechanical 
properties of bacteria that establish commensal relationships with the human epidermis.  

Particularly, Cutibacterium acnes demonstrably minimizes variation in viscoelastic behavior 
when compared to viscoelastic behavior of its other skin commensal counterpart, Staphylococcus 
epidermidis, and is provided with a platform for biofilm development in the presence of specific 
attachment with commercially available skin cell models. Given C. acnes and its presence as an 
anaerobe often associated with opportunistic pathogen behavior53 we observe that C. acnes specific 
maintenance with skin is an essential component of its ability to form biofilms, where biofilm 
behavior and cell proliferation is most predictable. Given C. acnes' fledgling capacity within our 
experimental parameters to develop biofilms and proliferate at all in anaerobic conditions without 
the implementation of mammalian cells, and the maintained growth of C. acnes in planktonic 
cultures, it can reasonably be inferred that there is an essential component of C. acnes biofilm 
development represented in mammalian cells cultures of EpiDerm™. While the mechanism by 
which C. acnes proliferates in the presence of human epidermal keratinocytes and fibroblasts may 
also be an element represented in other systems for attachment, this carries great implications in 
both the fields of basic microbiology, as well as medical health applications. Reduction of C. acnes 
biomass may lie in modification of surfaces, such as those involved in medical device implantation 
that do not conserve those elements of mammalian keratinocytes and fibroblasts in culture that 
provide adequate surfaces for biofilm development. Further analyses on whether C. acnes 
demonstrates these patterns on keratinocyte and fibroblast surfaces that do not mimic surface 
morphology of in vivo experiments, as EpiDerm™ does, and comparison of conserved 
transcriptomic and proteomic signatures of C. acnes cells in biofilms would allow research to 
further support the conclusion and distinctions on whether biofilm formation for this bacterium is 
predominantly as a function of mechanical behavior and attachment surface potential, or rather the 
actual production of proteins in response to metabolites in mammalian cells, or some other 
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variable. Given the commonality of C. acnes and S. epidermidis in the commensal microbiota, 
there exists extensive genetic classification, and so analysis of the transcriptome would be likely 
to reveal variation in well-studied proteins, whose functions are understood. Development of 
biofilms in similar commensals often results in stark differences related to metabolism, efflux 
pumps, and other genes related to adhesins. The viscoelastic behavior here, of low standard error 
also demonstrate that C. acnes more than likely demonstrates comparatively more homogenous 
biofilm structures and microenvironments, than, say, S. epidermidis, whose variation may 
reasonably be due to regions of varying viscoelasticity, which our methods would not have 
robustly identified. 

While definite trends in biofilm development on different surfaces, particularly in C. acnes 
cultures which do not form significant biofilm in our experimental conditions outside of 
commercially available skin, show that biofilms do in fact respond to their environment, our 
hypotheses are broad and awaiting further experimentation that may provide a key element to 
further understanding biofilm antibiotic resistance within biofilms. Furthermore, explicit 
distinction between biofilm growth patterns and genetic signaling allow us to more robustly define 
biofilm-similar genetic profiles for the identification of biofilms with phenotypes that carry an 
increased likelihood to slow metabolism, conduct gene transfer, and up-regulate efflux pumps 
prior to accumulation of biofilm-associated metabolites, which is especially important in those 
contexts within pores or wound beds where the accumulation of these metabolites and specific 
EPS structures may not be feasible. 

Biofilm formation in chronic and acute wounds has made medical treatment very challenging 
due to disruption in the innate immune system and the penetration body’s physical barrier. Most 
common treatments are ineffective in eradicating biofilm or preventing its formation, implying the 
need for innovative and effective techniques. Recently, the nanotechnology-based mechanism for 
drug delivery has been the focus of treatment for wound and implant biofilm infections11. 
Moreover, bacteria can exhibit a symbiotic relationship with their hosts and are in constant 
communication with the host immune system, hence involved in wound healing 21. However, other 
studies have suggested contradictory data; for instance, the absence of commensal skin organisms 
has improved macroscopic wound healing and closure rate 21, 54.  

While the results presented in this paper cannot approximate the implications of biofilm on the 
skin for wound healing applications, it does show the importance of more skin like models for 
representing properties of biofilm infections. Future skin models should consist of multiple highly 
regulated but interdependent phases of inflammation, proliferation, epithelialization, angiogenesis, 
remodeling, and scarring 11, 55 Then studies of bacterial biofilm infections can be integrated with 
disruption during this cascade and more proper methods of healing and treatment can be pursued. 
11  

 
V. Conclusion  

 
We showed that the bacteria-material interface impacts the viscoelastic characteristic of 

biofilms post-attachment. We found that the surface energy of materials commonly used for 
biofilm research vary significantly from that of commercially available reconstructed human 
epidermis, an order of magnitude less. However, while the magnitude difference in storage 
modulus for S. epidermidis is consistent with the drop in surface energy across materials, the 
variation in loss modulus is not consistent. Furthermore, the variation in storage and loss modulus 
for C. acnes properties is not consistent across material platforms.  

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 15, 2023. ; https://doi.org/10.1101/2023.02.10.527933doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.10.527933
http://creativecommons.org/licenses/by-nd/4.0/


 9 

 
Acknowledgments  

Research reported in this publication was supported by the National Institute of General 
Medical Sciences of the National Institutes of Health under Award Number NIH R35 GM142898 
and by the National Institute of Environmental Health Sciences of the National Institutes of Health 
under Award Number T32ES021432 (Duke University Program in Environmental Health). The 
content is solely the responsibility of the authors and does not necessarily represent the official 
views of the National Institutes of Health. 

 
References 
1. Ventola CL. The antibiotic resistance crisis: part 1: causes and threats. P T. 
2015;40(4):277-83. PubMed PMID: 25859123; PMCID: PMC4378521. 
2. Dadgostar P. Antimicrobial Resistance: Implications and Costs. Infect Drug Resist. 
2019;12:3903-10. Epub 20191220. doi: 10.2147/IDR.S234610. PubMed PMID: 31908502; 
PMCID: PMC6929930. 
3. Jneid J, Cassir N, Schuldiner S, Jourdan N, Sotto A, Lavigne JP, La Scola B. Exploring the 
Microbiota of Diabetic Foot Infections With Culturomics. Front Cell Infect Microbiol. 2018;8:282. 
Epub 20180814. doi: 10.3389/fcimb.2018.00282. PubMed PMID: 30155447; PMCID: 
PMC6102383. 
4. Altoe LS, Alves RS, Sarandy MM, Morais-Santos M, Novaes RD, Goncalves RV. Does 
antibiotic use accelerate or retard cutaneous repair? A systematic review in animal models. PLoS 
One. 2019;14(10):e0223511. Epub 20191010. doi: 10.1371/journal.pone.0223511. PubMed 
PMID: 31600279; PMCID: PMC6786583. 
5. Sutherland I. The biofilm matrix – an immobilized but dynamic microbial environment. 
Trends in Microbiology. 2001;9(5):222-7. doi: 10.1016/s0966-842x(01)02012-1. 
6. Costerton JW, Stewart PS. Battling biofilms. Sci Am. 2001;285(1):74-81. doi: 
10.1038/scientificamerican0701-74. PubMed PMID: 11432197. 
7. Evolving perspectives of biofilm structure, (1999). 
8. Lewis K. Riddle of Biofilm Resistance. Antimicrobial Agents and Chemotherapy. 
2001;45(4):999-1007. doi: 10.1128/aac.45.4.999-1007.2001. 
9. Bacterial Adhesion: Seen Any Good Biofilms Lately?, (2002). 
10. Stoodley P, Sauer K, Davies DG, Costerton JW. Biofilms as complex differentiated 
communities. Annu Rev Microbiol. 2002;56:187-209. Epub 20020130. doi: 
10.1146/annurev.micro.56.012302.160705. PubMed PMID: 12142477. 
11. Dhar Y, Han Y. Current developments in biofilm treatments: Wound and implant 
infections. Engineered Regeneration. 2020;1:64-75. doi: 
https://doi.org/10.1016/j.engreg.2020.07.003. 
12. Zheng S, Bawazir M, Dhall A, Kim HE, He L, Heo J, Hwang G. Implication of Surface 
Properties, Bacterial Motility, and Hydrodynamic Conditions on Bacterial Surface Sensing and 
Their Initial Adhesion. Front Bioeng Biotechnol. 2021;9:643722. Epub 20210212. doi: 
10.3389/fbioe.2021.643722. PubMed PMID: 33644027; PMCID: PMC7907602. 
13. Limoli DH, Jones CJ, Wozniak DJ. Bacterial Extracellular Polysaccharides in Biofilm 
Formation and Function. Microbiology Spectrum. 2015;3(3):3..29. doi: 
doi:10.1128/microbiolspec.MB-0011-2014. 
14. Stojkovic B, Sretenovic S, Dogsa I, Poberaj I, Stopar D. Viscoelastic properties of levan-
DNA mixtures important in microbial biofilm formation as determined by micro- and 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 15, 2023. ; https://doi.org/10.1101/2023.02.10.527933doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.10.527933
http://creativecommons.org/licenses/by-nd/4.0/


 10 

macrorheology. Biophys J. 2015;108(3):758-65. doi: 10.1016/j.bpj.2014.10.072. PubMed PMID: 
25650942; PMCID: PMC4317537. 
15. Xu H, Murdaugh AE, Chen W, Aidala KE, Ferguson MA, Spain EM, Nunez ME. 
Characterizing pilus-mediated adhesion of biofilm-forming E. coli to chemically diverse surfaces 
using atomic force microscopy. Langmuir. 2013;29(9):3000-11. Epub 20130219. doi: 
10.1021/la304745s. PubMed PMID: 23421314; PMCID: PMC3590879. 
16. Skop V, Guo J, Liu N, Xiao C, Hall KD, Gavrilova O, Reitman ML. Mouse 
Thermoregulation: Introducing the Concept of the Thermoneutral Point. Cell Rep. 
2020;31(2):107501. doi: 10.1016/j.celrep.2020.03.065. PubMed PMID: 32294435; PMCID: 
PMC7243168. 
17. Reitman ML. Of mice and men - environmental temperature, body temperature, and 
treatment of obesity. FEBS Lett. 2018;592(12):2098-107. Epub 20180510. doi: 10.1002/1873-
3468.13070. PubMed PMID: 29697140. 
18. Skowron K, Bauza-Kaszewska J, Kraszewska Z, Wiktorczyk-Kapischke N, Grudlewska-
Buda K, Kwiecinska-Pirog J, Walecka-Zacharska E, Radtke L, Gospodarek-Komkowska E. 
Human Skin Microbiome: Impact of Intrinsic and Extrinsic Factors on Skin Microbiota. 
Microorganisms. 2021;9(3). Epub 20210305. doi: 10.3390/microorganisms9030543. PubMed 
PMID: 33808031; PMCID: PMC7998121. 
19. Flowers L, Grice EA. The Skin Microbiota: Balancing Risk and Reward. Cell Host 
Microbe. 2020;28(2):190-200. doi: 10.1016/j.chom.2020.06.017. PubMed PMID: 32791112; 
PMCID: PMC7444652. 
20. Grice EA, Segre JA. The skin microbiome. Nature Reviews Microbiology. 2011;9(4):244-
53. doi: 10.1038/nrmicro2537. 
21. Boxberger M, Cenizo V, Cassir N, La Scola B. Challenges in exploring and manipulating 
the human skin microbiome. Microbiome. 2021;9(1):125. Epub 20210530. doi: 10.1186/s40168-
021-01062-5. PubMed PMID: 34053468; PMCID: PMC8166136. 
22. Kovach K, Davis-Fields M, Rodesney C, Gordon V. Measuring the mechanics of biofilms 
at multiple lengthscales. SPIE Newsroom. 2015. doi: 10.1117/2.1201503.005754. 
23. Wang H, Wilksch JJ, Strugnell RA, Gee ML. Role of Capsular Polysaccharides in Biofilm 
Formation: An AFM Nanomechanics Study. ACS Appl Mater Interfaces. 2015;7(23):13007-13. 
Epub 20150602. doi: 10.1021/acsami.5b03041. PubMed PMID: 26034816. 
24. Horvat M, Pannuri A, Romeo T, Dogsa I, Stopar D. Viscoelastic response of Escherichia 
coli biofilms to genetically altered expression of extracellular matrix components. Soft Matter. 
2019;15(25):5042-51. doi: 10.1039/c9sm00297a. PubMed PMID: 31179461. 
25. Duddu R, Chopp DL, Moran B. A two-dimensional continuum model of biofilm growth 
incorporating fluid flow and shear stress based detachment. Biotechnol Bioeng. 2009;103(1):92-
104. Epub 2009/02/13. doi: 10.1002/bit.22233. PubMed PMID: 19213021. 
26. Klapper I, Rupp CJ, Cargo R, Purvedorj B, Stoodley P. Viscoelastic fluid description of 
bacterial biofilm material properties. Biotechnol Bioeng. 2002;80(3):289-96. doi: 
10.1002/bit.10376. PubMed PMID: 12226861. 
27. Jones AD, Buie CR. Continuous shear stress alters metabolism, mass-transport, and growth 
in electroactive biofilms independent of surface substrate transport. Sci Rep. 2019;9(1):2602. Epub 
20190222. doi: 10.1038/s41598-019-39267-2. PubMed PMID: 30796283; PMCID: 
PMC6385357. 
28. Frederix M, Downie JA. Chapter 2 - Quorum Sensing: Regulating the Regulators. In: Poole 
RK, editor. Advances in Microbial Physiology: Academic Press; 2011. p. 23-80. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 15, 2023. ; https://doi.org/10.1101/2023.02.10.527933doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.10.527933
http://creativecommons.org/licenses/by-nd/4.0/


 11 

29. Wu L, Luo Y. Bacterial Quorum-Sensing Systems and Their Role in Intestinal Bacteria-
Host Crosstalk. Frontiers in Microbiology. 2021;12. doi: 10.3389/fmicb.2021.611413. 
30. Preda VG, Săndulescu O. Communication is the key: biofilms, quorum sensing, formation 
and prevention. Discoveries (Craiova). 2019;7(3):e100. Epub 20190930. doi: 10.15190/d.2019.13. 
PubMed PMID: 32309618; PMCID: PMC7086079. 
31. Persat A, Nadell CD, Kim MK, Ingremeau F, Siryaporn A, Drescher K, Wingreen NS, 
Bassler BL, Gitai Z, Stone HA. The mechanical world of bacteria. Cell. 2015;161(5):988-97. Epub 
2015/05/23. doi: 10.1016/j.cell.2015.05.005. PubMed PMID: 26000479; PMCID: PMC4451180. 
32. Sanfilippo JE, Lorestani A, Koch MD, Bratton BP, Siryaporn A, Stone HA, Gitai Z. 
Microfluidic-based transcriptomics reveal force-independent bacterial rheosensing. Nat 
Microbiol. 2019;4(8):1274-81. Epub 20190513. doi: 10.1038/s41564-019-0455-0. PubMed 
PMID: 31086313; PMCID: PMC6656604. 
33. Jones AD, 3rd, Buie CR. In situ continuous electrochemical quantification of bacterial 
adhesion to electrically polarized metallic surfaces under shear. Biointerphases. 
2022;17(2):021001. Epub 20220310. doi: 10.1116/6.0001585. PubMed PMID: 35272464. 
34. Okshevsky M, Regina VR, Meyer RL. Extracellular DNA as a target for biofilm control. 
Curr Opin Biotechnol. 2015;33:73-80. Epub 20141218. doi: 10.1016/j.copbio.2014.12.002. 
PubMed PMID: 25528382. 
35. Marsh LH, Coke M, Dettmar PW, Ewen RJ, Havler ME, Nevell TG, Smart JD, Smith JR, 
Timmins B, Tsibouklis J, Alexander C. Adsorbed poly(ethyleneoxide)-poly(propyleneoxide) 
copolymers on synthetic surfaces: spectroscopy and microscopy of polymer structures and effects 
on adhesion of skin-borne bacteria. Journal of biomedical materials research. 2002;61 4:641-52. 
36. Maikranz E, Spengler C, Thewes N, Thewes A, Nolle F, Jung P, Bischoff M, Santen L, 
Jacobs K. Different binding mechanisms of Staphylococcus aureus to hydrophobic and hydrophilic 
surfaces. Nanoscale. 2020;12(37):19267-75. Epub 20200916. doi: 10.1039/d0nr03134h. PubMed 
PMID: 32935690. 
37. Peterson BW, He Y, Ren Y, Zerdoum A, Libera MR, Sharma PK, van Winkelhoff AJ, 
Neut D, Stoodley P, van der Mei HC, Busscher HJ. Viscoelasticity of biofilms and their 
recalcitrance to mechanical and chemical challenges. FEMS Microbiol Rev. 2015;39(2):234-45. 
Epub 2015/03/01. doi: 10.1093/femsre/fuu008. PubMed PMID: 25725015; PMCID: 
PMC4398279. 
38. Charlton SGV, White MA, Jana S, Eland LE, Jayathilake PG, Burgess JG, Chen J, Wipat 
A, Curtis TP. Regulating, Measuring, and Modeling the Viscoelasticity of Bacterial Biofilms. J 
Bacteriol. 2019;201(18). Epub 20190822. doi: 10.1128/JB.00101-19. PubMed PMID: 31182499; 
PMCID: PMC6707926. 
39. Archer NK, Mazaitis MJ, Costerton JW, Leid JG, Powers ME, Shirtliff ME. 
Staphylococcus aureus biofilms: properties, regulation, and roles in human disease. Virulence. 
2011;2(5):445-59. Epub 20110901. doi: 10.4161/viru.2.5.17724. PubMed PMID: 21921685; 
PMCID: PMC3322633. 
40. Busscher HJ, van der Mei HC. Microbial adhesion in flow displacement systems. Clin 
Microbiol Rev. 2006;19(1):127-41. Epub 2006/01/19. doi: 10.1128/CMR.19.1.127-141.2006. 
PubMed PMID: 16418527; PMCID: PMC1360269. 
41. Busscher HJ, van der Mei HC, Subbiahdoss G, Jutte PC, van den Dungen JJ, Zaat SA, 
Schultz MJ, Grainger DW. Biomaterial-associated infection: locating the finish line in the race for 
the surface. Sci Transl Med. 2012;4(153):153rv10. doi: 10.1126/scitranslmed.3004528. PubMed 
PMID: 23019658. 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 15, 2023. ; https://doi.org/10.1101/2023.02.10.527933doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.10.527933
http://creativecommons.org/licenses/by-nd/4.0/


 12 

42. Measurement of the surface free energy of bacterial cell surfaces and its relevance for 
adhesion., (1984). 
43. Carniello V, Peterson BW, van der Mei HC, Busscher HJ. Physico-chemistry from initial 
bacterial adhesion to surface-programmed biofilm growth. Adv Colloid Interface Sci. 2018;261:1-
14. Epub 20181024. doi: 10.1016/j.cis.2018.10.005. PubMed PMID: 30376953. 
44. Analysis of the Interfacial Properties of Fibrillated and Nonfibrillated Oral Streptococcal 
Strains from Electrophoretic Mobility and Titration Measurements:  Evidence for the 
Shortcomings of the ‘Classical Soft-Particle Approach&apos;, (2005). 
45. Hizal F, Choi CH, Busscher HJ, van der Mei HC. Staphylococcal Adhesion, Detachment 
and Transmission on Nanopillared Si Surfaces. ACS Appl Mater Interfaces. 2016;8(44):30430-9. 
Epub 20161027. doi: 10.1021/acsami.6b09437. PubMed PMID: 27750009. 
46. Miller V, Busscher HJ, van der Mei HC. How Do Bacteria Know They Are on a Surface 
and Regulate Their Response to an Adhering State? PLoS Pathogens. 2012;8(1). doi: 
10.1371/journal.ppat.1002440. 
47. Nejadnik MR, van der Mei HC, Busscher HJ, Norde W. Determination of the Shear Force 
at the Balance between Bacterial Attachment and Detachment in Weak-Adherence Systems, Using 
a Flow Displacement Chamber. Applied and Environmental Microbiology. 2008;74(3):916-9. doi: 
10.1128/aem.01557-07. 
48. Determination of the shear force at the balance between bacterial attachment and 
detachment in weak-adherence systems using a flow displacement chamber, (2007). 
49. Influence of shear on microbial adhesion to PEO-brushes and glass by convective-diffusion 
and sedimentation in a parallel plate flow chamber, (2005). 
50. Muhammad MH, Idris AL, Fan X, Guo Y, Yu Y, Jin X, Qiu J, Guan X, Huang T. Beyond 
Risk: Bacterial Biofilms and Their Regulating Approaches. Front Microbiol. 2020;11:928. Epub 
20200521. doi: 10.3389/fmicb.2020.00928. PubMed PMID: 32508772; PMCID: PMC7253578. 
51. Cao Y, Su B, Chinnaraj S, Jana S, Bowen L, Charlton S, Duan P, Jakubovics NS, Chen J. 
Nanostructured titanium surfaces exhibit recalcitrance towards Staphylococcus epidermidis 
biofilm formation. Sci Rep. 2018;8(1):1071. Epub 20180118. doi: 10.1038/s41598-018-19484-x. 
PubMed PMID: 29348582; PMCID: PMC5773551. 
52. Billings N, Birjiniuk A, Samad TS, Doyle PS, Ribbeck K. Material properties of biofilms-
a review of methods for understanding permeability and mechanics. Rep Prog Phys. 
2015;78(3):036601. Epub 2015/02/27. doi: 10.1088/0034-4885/78/3/036601. PubMed PMID: 
25719969; PMCID: PMC4504244. 
53. Mayslich C, Grange PA, Dupin N. Cutibacterium acnes as an Opportunistic Pathogen: An 
Update of Its Virulence-Associated Factors. Microorganisms. 2021;9(2). Epub 20210202. doi: 
10.3390/microorganisms9020303. PubMed PMID: 33540667; PMCID: PMC7913060. 
54. Canesso MC, Vieira AT, Castro TB, Schirmer BG, Cisalpino D, Martins FS, Rachid MA, 
Nicoli JR, Teixeira MM, Barcelos LS. Skin wound healing is accelerated and scarless in the 
absence of commensal microbiota. Journal of immunology. 2014;193(10):5171-80. Epub 
20141017. doi: 10.4049/jimmunol.1400625. PubMed PMID: 25326026. 
55. Sorg H, Tilkorn DJ, Hager S, Hauser J, Mirastschijski U. Skin Wound Healing: An Update 
on the Current Knowledge and Concepts. Eur Surg Res. 2017;58(1-2):81-94. Epub 20161215. doi: 
10.1159/000454919. PubMed PMID: 27974711. 

 

.CC-BY-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 15, 2023. ; https://doi.org/10.1101/2023.02.10.527933doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.10.527933
http://creativecommons.org/licenses/by-nd/4.0/

