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Abstract

Changes in temperature were found to affect the morphology, cell viability, and mechanical 

properties of Staphylococcus epidermidis bacterial biofilms. S. epidermidis biofilms are 

commonly associated with hospital-acquired medical device infections. We observed the effect of 

heat treatment on three physical properties of the biofilms: the bacterial cell morphology and 

viability, the polymeric properties of the extracellular polymeric substance (EPS), and the 

rheological properties of the bulk biofilm. After application of a 1 h heat treatment at 45 °C, cell 

reproduction had ceased, and at 60 °C, cell viability was significantly reduced. Size exclusion 

chromatography was used to fractionate the extracellular polymeric substance (EPS) based on size. 

Chemical analysis of each fraction showed that the relative concentrations of the polysaccharide, 

protein, and DNA components of the EPS were unchanged by the heat treatment at 45 and 60 °C. 

The results suggest that the EPS molecular constituents are not significantly degraded by the 

temperature treatment. However, some aggregation on the scale of 100 nm was found by dynamic 

light scattering at 60 °C. Finally, relative to control biofilms maintained at 37 °C, we observed an 

order of magnitude reduction in the biofilm yield stress after 60 °C temperature treatment. No such 

difference was found for treatment at 45 °C. From these results, we conclude that the yield stress 

of bacterial biofilms is temperature-sensitive and that this sensitivity is correlated with cell 

viability. The observed significant decrease in yield stress with temperature suggests a means to 

weaken the mechanical integrity of S. epidermidis biofilms with applications in areas such as the 

treatment of biofilm-infected medical devices.
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INTRODUCTION

Bacterial biofilms are multicellular communities enclosed within the matrix of an 

extracellular polymeric substance (EPS) that can colonize a variety of water-rich 

environments.1,2 These environments range from natural hot springs and riverbeds to man-

made industrial pipelines and medical devices. In these and other environments, flowing 

fluids impose shear stresses on the biofilms.1–4 The EPS, composed of polysaccharides, 

proteins, and DNA that has been lost from cells into the local environment, is synthesized 

primarily by the bacterial cells.5,6 The EPS has multiple attributes and functions, one of 

which is to enable the biofilm to withstand applied shear forces.7 Another is to slow the 

diffusion of antimicrobial agents, allowing the bacteria to build resistance genetically.8–11

One such biofilm-forming bacterium of medical significance is Staphylococcus epidermidis. 
S. epidermidis is a normal member of the human skin flora. However, this organism is 

prevalent in medical device infections and is among the most common hospital-acquired 

bloodstream infections in the United States. The species is present in approximately 70% of 

all intravascular catheter-related infections.12,13 Current antibiotic treatments to eradicate 

biofilms are not fully effective because antibiotics are not able to penetrate the EPS to sessile 

and slowly metabolizing bacteria deep within it.8,10,14–18 Hence, infections often prompt the 

surgical removal and subsequent replacement of affected devices.8,19,20 Immune-

compromised patients exhibit especially high mortality rates (greater than 30%) from S. 
epidermidis infections.5

As strategies based on antibiotics typically fail in the treatment of infected implanted 

devices, we believe that the physical and mechanical properties of biofilms, not just the 

biochemical and genetic features, should be considered to be therapeutic targets. Previous 

work has determined the mechanical properties of biofilms through various methods.21,22 

The elastic modulus (G′) of S. epidermidis biofilms, found through mechanical rheometry, 

varies widely, from 1 Pa to 8 kPa, depending on factors such as growth conditions and 

analytical methods.23–30 Under conditions that most resemble those in which S. epidermidis 
biofilms cause disease, Pavlovsky et al.31 determined that G′ is approximately 10 Pa. In the 

same study a yield stress of approximately 20 Pa was reported for these biofilms. Size 

exclusion chromatography characterization of the polysaccharide constituent of the S. 
epidermidis EPS, called polysaccharide intercellular adhesion, found a weight-average 

molar mass of (2.01 × 105) ± 1200 g/mol. The radius of gyration of the polysaccharide was 

29.2 ± 1.2 nm.32
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The structure and mechanical properties of S. epidermidis biofilms depend on environmental 

conditions. Stewart et al.33 showed, via confocal laser scanning microscopy (CLSM), that S. 
epidermidis biofilms adopt different density phenotypes depending on the concentration of 

NaCl in the growth media. The NaCl concentration and temperature impact the elastic 

modulus of these biofilms in an analogous way.31 Moreover, a temperature cycle from 5 to 

60 °C was found to decrease the elastic modulus of these biofilms by a factor of 3.31

This reported effect of temperature on the mechanical properties of biofilms is of particular 

interest because of its therapeutic potential. Specifically, in seeking to avoid the surgical 

replacement of implantable devices, altering the elasticity and yield stress of a biofilm might 

allow for mechanical debridement of the infection site without requiring device replacement. 

Because temperature can be varied within the body noninvasively, this variable’s effect on 

biofilms’ physical properties should be more comprehensively investigated. Such 

temperature modulation, for example, has proven effective as an adjuvant therapy for 

cancer.34,35 Thus, in this article, we investigate the effect of temperature treatment on cell 

viability and morphology as well as the polymeric and mechanical properties of S. 
epidermidis biofilms. We hypothesize that, by exposing the biofilm to a temperature 

treatment, we can alter the biofilm morphology, the polymeric properties of its EPS, and the 

mechanical properties of the biofilm.

To study the morphology and viability of bacterial cells, we use two forms of microscopy: 

scanning electron microscopy (SEM) and confocal laser scanning microscopy. With 

scanning electron microscopy, we observe the size and surface characteristics of individual 

bacterial cells. Via confocal microscopy, we distinguish viable and dead cells by differential 

staining with fluorescent dyes.36 We determine the weight-average molecular weight and the 

hydrodynamic radius of components in the EPS using size exclusion chromatography and 

dynamic light scattering, respectively. Finally, we use parallel plate rheometry to study the 

temperature dependence of the rheological properties of the biofilm in situ. The rheological 

properties studied are the yield stress and the elastic modulus.

METHODS AND MATERIALS

Rheometry

Biofilm Growth and Heat Treatment—A biofilm-forming clinical isolate of S. 
epidermidis, strain RP62A, was obtained from the American Type Culture Collection 

(culture 35984). The bacteria were incubated at 37 °C on tryptic soy agar (TSA) overnight. 

An individual colony was used to inoculate approximately 30 mL of a tryptic soy broth 

(TSB) medium supplemented with 1% D-(+)-glucose. This culture was grown overnight on 

a shaker table (Innova 2000 platform shaker, New Brunswick Scientific) at 200 rpm and 

37 °C. The next day, 2 mL of the culture was used to inoculate glucose-supplemented TSB 

on a mechanical-stress-controlled rheometer (AR-G2, TA Instruments), with the Peltier plate 

maintained at 37 °C, as per the procedure described by Pavlovsky et al.31 Briefly, under 

these conditions, the shear stress for growth was 0.1 Pa and the medium’s flow rate was 

approximately 0.5 mL/min. The entirety of the growth phase and the evaluation of biofilm 

uniformity and attachment were conducted as described by Pavlovsky et al.31
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After the growth phase, the temperature in the Peltier plate was changed to a higher 

temperature to stress the biofilm thermally. The temperatures used were 37, 45, and 60 °C, 

which correspond to the control, the maximum temperature safely applicable in the human 

body, and the high-temperature case in which an irreversible decrease in the biofilm elastic 

modulus was previously observed, respectively.31,37 The biofilm was exposed to these 

temperatures for an hour, during which time the rheometer fixture was held stationary.34,35

Rheological Characterization of the Yield Stress—Following treatment, an 

oscillatory strain sweep was conducted to determine the elastic modulus (G′) and yield 

stress of the biofilm. The strain sweep was performed at a constant oscillatory frequency of 

1 Hz (6.283 rad/s) over the range of 0.01–100 dimensionless strain units. This oscillatory 

frequency was selected because it approximates the fundamental frequency of the human 

circulatory system.38 The elastic component of the stress, τElastic, equal to G′ × strain, was 

plotted. The point at which τElastic is a maximum is a well-known measure of the yield stress 

and strain.39

Cell Morphology and Viability. Confocal Laser Scanning Microscopy

Following the oscillatory strain sweep on the rheometer, biofilm samples were removed 

from the Peltier plate and deposited on a glass slide. The biofilm was then stained using a 

fluorescent staining kit (LIVE/DEAD BacLight bacterial viability kit, Molecular Probes) 

with the dye ratio of SYTO 9 to propidium iodide to filter-sterilized deionized water of 3 μL:

3 μL:1 mL.27,36,40 This mixture has a SYTO 9 to propidium iodide ratio of 1:6 by 

concentration, with approximately 3 μL of each dye premixed as required per mL of bacteria 

to be stained. After being stained, the sample was incubated at room temperature in the dark 

for 20 min and then gently rinsed with filter-sterilized deionized water and covered with a 

cover glass.

The sample was imaged (A1RSi confocal laser scanning microscope, Nikon) using two-

channel imaging with laser wavelengths of 488 and 561 nm, consistent with the excitation 

spectra of the live and dead bacterial cell dyes, respectively. These channels used FITC and 

Texas red filters to capture the emission spectra for the live and dead cell dyes of 525 and 

595 nm, respectively. The image size was 31.7 × 31.7 × 10.0 μm3, where the voxel size was 

0.062 × 0.062 × 0.062 μm3. Image analysis was performed using custom codes that make 

use of the Crocker and Grier algorithm to determine the ratios of live to dead cells in a given 

sample.40,41

Scanning Electron Microscopy—In similar experiments, biofilm samples were 

removed from the Peltier plate, deposited on a glass coverslip, and submerged in 4% 

glutaraldehyde (Electron Microscope Systems).14,42 After a minimum of 1 h, the sample 

was then washed and serially dehydrated in increasing concentrations of ethanol. The 

sample was then mounted on an SEM stub, sputter coated with gold, and imaged (AMRAY 

1910 field emission scanning electron microscope, Amray Inc).

Quantitative Growth Culture—Mid-log-growth planktonic S. epidermidis was washed 

and resuspended to a final OD600 nm of 0.1. Ten microliters of culture (approximately 105 
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CFU) was added to 1 mL of TSB. Samples were incubated in a dry bath incubator (Isotemp 

125D, Fisher Scientific) at the desired temperature (37, 45, or 60 °C) for 1 h and then 

quantitatively cultured by serial dilution.

Polymer Properties

EPS Purification—After S. epidermidis was incubated on TSA overnight, an individual 

colony was isolated and used to inoculate 50 mL of TSB + 1% glucose medium in a 50 mL 

conical tube. This culture was grown for approximately 15 h on a shaker table at 60 rpm and 

37 °C. The sample was then scraped from the tube, taking care to extract all of the biofilm, 

and placed in 1 L of TSB + 1% glucose medium for 24 h of growth at 60 rpm and 37 °C. 

After this step, a series of washing and centrifugal concentrating steps (3900g, 3 × 25 min, 

4 °C) were followed as described by Ganesan et al.32 The remaining pellet was then 

resuspended in 20 mL of deionized water, on which sonication was performed (8 × 30 s 

cycles, 60% amplitude) using a point sonicator (model 120 sonic dismembrator, Fisher 

Scientific) to release the polymers from the bacterial cells.32 Centrifugation (9000g, 30 min, 

12 °C) was performed to separate the polymers (supernatant) from the cells (pellet), after 

which the supernatant was further clarified (12 000g, 10 min). The clarified polymer was 

then filter sterilized and concentrated using centrifugal filters with a 10 kDa cutoff 

membrane (Amicon Ultra-15, Millipore). Although this filtration step may remove some 

low-molar-mass components of the matrix, it does collect the high-molar-mass fractions, 

which are the predominant contributor of the polysaccharide to the (weight-average) molar 

mass distribution and biofilm rheology.32 Temperature treatment was applied using a dry 

bath for 1 h.

Size Exclusion Chromatography—Size exclusion chromatography (SEC) was 

conducted using multiple columns in series (Waters Utlrahydrogel 2000 and 250, Waters 

Corp.). Approximately 100 μL of sample was injected (Rheodyne) into an aqueous mobile 

phase of 0.1 M NaNO3 and 0.05% (w/w) NaN3, flowing at a rate of 0.45 mL/min. The outlet 

of the column was connected to a multiangle laser light scattering unit (MALLS; DAWN 

EOS, Wyatt Technology) and a concentration detector (RI; Optilab DSP interferometric 

refractometer, Wyatt Technology). The chemical complexity of the sample did not allow for 

the angle-dependent scattering intensity to be resolved as a distribution of molecular weight 

(Mw) and the z-average radius of gyration (Rg).43,44 However, the SEC experiments do yield 

the mass concentration of the polymers present in each fraction eluting from the column. 

Chemical analysis of each fraction yielded information about any change in the relative 

concentration of its constituents.

Chemical Analysis—In order to determine if the mass concentration of polysaccharide, 

protein, or extracellular DNA components of each fraction eluting from the SEC was 

changing due to the heat treatment, samples that had been fractionated by SEC were 

collected and three chemical assays were conducted. The Smith-Gilkerson assay was used to 

determine the presence of N-acetyl-glucosamine, a major component of the polysaccharide 

intercellular adhesion of the biofilm.32,45 Similarly, a bicinchoninic acid assay (BCA) was 

used to determine the concentration of protein, and a microvolume spectrophotometric assay 
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(Thermo Scientific NanoDrop 2000 spectrophotometer) was used to determine the 

concentrations of nucleic acid as well as protein.46–48

Dynamic Light Scattering—Dynamic light scattering (DLS) was performed on the 

specimens following heat treatment to measure the distribution of hydrodynamic radii (Rh) 

of species present (ALV CGS-3 compact goniometer system). The samples were diluted, if 

necessary, to a total volume of approximately 0.8 mL. A helium-neon laser source (JDS 

Uniphase Corporation) with a wavelength of λ = 633 nm was used, with the DLS detectors 

at a fixed angle of θ = 90°. Experiments were conducted in triplicate, recording the time-

dependent intensity of the scattered light for 4 min intervals after the treated biofilms had 

returned to room temperature. The fluctuations of the scattering intensity due to particle 

motion are processed with an ALV multiple-τ digital correlator (ALV-7004), giving an 

intensity autocorrelation function. The correlation of scattered light is then fit using a 

nonlinear fitting method (constrained regularization) to obtain the DLS relaxation rate which 

is proportional to the scattering vector q = 4πn0/λ sin(θ/2), where n0 is the solvent refractive 

index, via the particle diffusivity, D.49,50 Using the Stokes–Einstein relation (D = kBT/

6πηRh, where kB is Boltzmann’s constant, T is temperature, and η is the viscosity), the 

probability distribution of effective hydrodynamic radii of the scattering specimen is then 

obtained.51 Here, the refractive index and viscosity are that of water at the temperature of the 

measurement. The output of the measurement is the distribution function of the 

hydrodynamic radius of the specimen.

RESULTS AND DISCUSSION

Morphology and Viability of Bacterial Cells

Figure 1a–c reports the scanning electron micrographs of the bacterial cells following 

temperature treatment for 1 h at 37, 45, and 60 °C, respectively. At 37 °C, cells were of a 

normal size and had a smooth surface, and many were in the process of cell division, as 

evident by the large number of dividing planes visible.52 At 45 °C, cell wall defects were 

noted and cell divisions were rare. Following treatment at 60 °C, cell surfaces were visibly 

roughened, which we believe is due to surface coating from the remnants of lysed cells, and 

there was no structural evidence of cell division. Although sample preparation for SEM 

imaging is known to perturb the biofilm structure because of dehydration, the glutaraldehyde 

fixation step may help to preserve the general shape of bacterial cells. Moreover, because the 

specimens subjected to different temperature treatments received the same sample 

preparation, comparative observations are possible.

To corroborate the SEM observations of temperature effects on cell morphology, Figure 1d–f 

shows CLSM imaging of the biofilms under the same three conditions. In this case, live–

dead staining directly yields information about cell viability. Imaging was accomplished 

using two different fluorescent nucleic acid stains: SYTO 9, which penetrates both intact 

(i.e., live, green) and damaged (i.e., dead, red) cell membranes, and propidium iodide, which 

can penetrate only damaged cell membranes and displaces any SYTO 9 present. By 

comparing Figure 1d and Figure 1e, we cannot distinguish a difference in the proportions of 
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live to dead cells at these two lower treatment temperatures. However, at 60 °C, a majority of 

the cells (>70%) are dead. The complete SEM and CLSM results are summarized in Table 1.

Figure 1g confirms this trend. Here, a quantitative growth culture was obtained via serial 

dilutions of treated biofilms, and the colony-forming units (CFU) were counted. The 37 and 

45 °C treatments had almost identical numbers of CFUs: 4.31 ± 1.58 (× 105) and 4.28 ± 1.63 

(× 105), respectively. However, there was greater than a 100-fold decrease in the number of 

colonies present after a 60 °C treatment: 1.43 ± 0.43 (× 103) CFU.

Polymeric Properties of EPS

In Figure 2, we report the results of refractive index (RI) detection in the size exclusion 

chromatography (SEC) of EPS produced by S. epidermidis biofilms. The RI detector signal 

is proportional to the mass of solute eluting from the SEC. Following EPS purification (cf. 

Methods and Materials), SEC was conducted on the heat-treated EPS samples. In SEC, the 

elution time is inversely proportional to the size and molecular weight of the sample; smaller 

species have longer elution times. The signal in this case is proportional to the solute 

concentration passing through the SEC. The concentration profile of material eluting from 

the SEC does not vary for the different temperature treatments. Hence, the mass fraction of 

differently sized species in the EPS is nearly independent of temperature. Any changes in 

mass fraction are smaller than can be detected by the RI instruments of the SEC system.

Four peaks in the RI signal with elution volume are apparent in Figure 2. These peaks reflect 

the chemical heterogeneity of the EPS. Chemical analysis of these elution fractions, as 

discussed subsequently, suggest that from the left to right the first two peaks are from N-

acetyl-glucosamine while the third and fourth peaks are due to both nucleic acid and 

proteins. This result is consistent with Ganesan et al.32 Moreover, the measured molar mass 

is consistent with the literature. Specifically, Ganesan et al.32 found that the second peak in 

the refractive index distribution displayed a mean molecular mass of (2.01 × 105) ± 1200 g/

mol. For comparison, the equivalent measurement for our experiments (second peak after 

37 °C treatment) produces a mean molecular mass of (2.59 × 105) ± 8000 g/mol.

Figure 3a–c shows the SEC elution times of the three major chemical species of the biofilm. 

Fractions from the SEC were collected and assayed for the presence of N-acetyl-

glucosamine (a), nucleic acid (b), and proteins (c) as a function of elution time from the SEC 

and the particular temperature treatment. The protein results are the average of two different 

methods, so as to address the known deficiency of such assays.53 From these chemical 

assays, we learn that the mass distribution of polysaccharide, protein, and DNA in each SEC 

elution fraction does not change appreciably because of the temperature treatment. This 

finding corroborates the results of the SEC RI detector. We therefore conclude that there is 

no change at 60 °C in the elution time of these species, as resolved by these mass detection 

assays. The absence of changes in elution time suggests that none of the three molecular 

species analyzed for polysaccharide, protein, and DNA are undergoing significant 

degradation due to the temperature treatment. If degradation of one of these species had 

occurred, we would have expected that its mass fraction would have shifted to later times 

because the degraded species, now of lower molar mass, would have eluted from the SEC 

column more rapidly.
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Figure 4 shows the probability distribution function (PDF) of the hydrodynamic radius of 

species detected in the purified EPS samples, as quantified by DLS. Without heat treatment 

(i.e., the 37 °C case), a broad distribution of hydrodynamic radii is detected in the EPS, 

spanning from smaller than 10 nm to greater than 100 nm. A similar trend exists for the 

45 °C case, with the additional effects of a slight narrowing of the distribution and a shift 

toward larger hydrodynamic radii. For the 60 °C case, the distribution of hydrodynamic radii 

has narrowed considerably, with a pronounced peak at ~100 nm.

The 100 nm length scale that is the dominant peak detected by DLS at 60 °C is both larger 

than the expected size of the molecular species (e.g., PIA ~30 nm in size32) and smaller than 

the size of individual cells (e.g., S. epidermidis radius is ~500 nm32,54). A number of 

potential explanations for the prominent characteristic size of 100 nm in the 60 °C sample 

are available; however, we do not have sufficient information available to select among 

them. The potential explanations are (i) aggregation and (ii) cellular debris. Aggregation of 

the smaller components of the biofilm may be occurring as materials with Rh < 30 nm 

disappear following the 60 °C treatment. Also, the absence of particles with Rh > 300 nm, 

which are prevalent in the lower-temperature cases, may indicate cell lysis, as shown via 

SEM in Figure 1. In this case, the cellular debris would be smaller than the radius of the cell 

and may account for the increased presence of particles with Rh ≈ 100 nm.

Yield Stress of S. epidermidis Biofilms

Figure 5 reports the measurement used to determine the yield stress of the S. epidermidis 
biofilms as a function of treatment temperature. An oscillatory strain sweep was conducted 

to measure the strain-dependent nonlinear elastic modulus. Figure 5a shows the elastic 

component of the stress (τElastic = G′ × strain) plotted as a function of applied strain 

amplitude for the three different temperature conditions. Previous work has found that the 

stress maximum is a measure of the yield stress.39 By this method, the yield stress was 

found to be 23.3 ± 4.4 Pa for our control case of 37 °C. This value agrees with the yield 

stress found in an earlier study by a different method—nonlinear biofilm creep compliance 

testing. The value found in that study was 18.3 ± 6.0 Pa, a difference of 27%, thereby 

validating the method used in the present study.31 The long duration required for creep 

compliance testing (>5 h) was not conductive to studying the effects of a short-time 

temperature treatment. Hence, the oscillatory strain sweep method was used to reduce 

testing to ~5 min.

The biofilm treated at 45 °C exhibited a yield stress of 19.2 ± 6.2 Pa. This yield stress is not 

statistically different from the control case of T = 37 °C (p = 0.60). However, the yield stress 

of the biofilm treated at 60 °C was significantly lower than the control case: 3.9 ± 1.0 Pa (p 
= 0.006). This same trend is apparent in the measurements of the small strain (linear) G′. 
The linear elastic modulus and yield stress results are summarized in Figures 3 and 5b,c, 

respectively. Thus, following a 60 °C temperature treatment, the S. epidermidis biofilm yield 

occurs at a stress that is an order of magnitude smaller than in the untreated, control case. 

The integrity of the biofilm is therefore significantly weakened by temperature treatment.

Finally, we consider how the individual biofilm components, as quantified in Figures 1–4, 

might be correlated with the observed changes in mechanical properties. First, the 
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morphology measurements indicate that cell reproduction stops by 45 °C and cell death has 

occurred by 60 °C. Second, there is little change in the mass distribution of EPS constituents 

as a consequence of the different temperature treatments, with the exception of the 

appearance of a component of size 100 nm after temperature treatment at 60 °C.

Thus, cellular death and the production of an EPS species of size 100 nm are correlated with 

the observed decrease in biofilm yield stress at 60 °C. Furthermore, we conclude that the 

halt of cell replication at 45 °C is not associated with a change in yield stress because the 

45 °C-treated yield stress was not significantly different than the control case. Finally, the 

yield stress of a mature biofilm can change without being accompanied by significant 

degradation of the polysaccharide, protein, and DNA components of the EPS.

CONCLUSIONS

The effects of antibiotics and antimicrobial agents on bacterial biofilm infections have 

received significant attention in the literature.4,8,17,55 However, little attention has been paid 

to the potential role of physical methods for biofilm treatment. The physical methods that 

have received attention are magnetic fields, ultrasound, and pulsed electrical fields.56–59 

However, heat has been used successfully to treat certain types of cancer. Therefore, it could 

potentially play a role in fighting medical device infections by bacterial biofilms. To 

establish the scope of such a role, we have investigated the impact of heat treatment on the 

two main microscopic structural components of the biofilm matrix: the bacterial cells and 

the extracellular polymeric substance. In our experiments, we found that the application of 

heat caused morphological changes in the bacterial cells present in the biofilm, including a 

drastic decrease in cell viability when the biofilms were exposed to a treatment of 1 h at 

60 °C. Additionally, a new component of size ~100 nm was formed in the EPS after heat 

treatment at 60 °C. Species of this size were largely absent from the control biofilms and 

from the biofilms treated at 45 °C. This ~100 nm species was the only change in the EPS: 

the chemical analysis of fractionated samples designed to monitor the chemical degradation 

of polysaccharide, protein, and DNA constituents of the EPS was unchanged by the 

temperature treatments at 45 and 60 °C.

Bulk rheological characterization correlated strongly with the ratio of live to dead cells in 

the bacterial biofilm. A 60 °C temperature treatment resulted in a significant decrease in the 

yield stress and the small strain elastic modulus of the biofilm. Thus, the effect of 

temperature on cell viability is implicated in the observed weakening of bacterial biofilms 

upon temperature treatment.

We have therefore shown that by exposing the biofilm to a local temperature treatment we 

can weaken the integrity of the biofilm. This reduction of the yield stress supports the idea 

that biofilms are mechanically weakened by short bursts at high temperature and suggests 

that a temperature-treated biofilm might be more easily sheared off of an infected device. If 

validated by future work, this finding would open the door to the treatment of biofilm 

infections via external means such as heat-enhanced ultrasonic vibration and would thereby 

ameliorate the need for surgical intervention in the treatment of biofilm infections on 

medical devices.
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Figure 1. 
Morphology and viability of Staphylococcus epidermidis bacterial cells after temperature 

treatment. Scanning electron microscopy micrographs show the external contours of 

individual cells after treatment at (a) 37, (b) 45, and (c) 60 °C. Confocal laser scanning 

microscopy shows the ratio of live (green) to dead (red) cells after treatment at (d) 37, (e) 45, 

and (f) 60 °C. (g) Quantitative growth cultures show the density of colony-forming units 

present per mL of media following the three different temperature treatments. Each sample 

was tested in triplicate, and error bars represent the standard error of the mean.
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Figure 2. 
Size exclusion chromatography of EPS as a function of temperature. Concentration detector 

curves for the SEC samples. Each temperature treatment was tested in triplicate, while the 

37 °C control case consisted of six replicates. The results were normalized for each sample. 

Error bars represent the standard error of the mean.
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Figure 3. 
Chemical composition of EPS as a function of temperature. The presence of (a) N-acetyl-

glucosamine, (b) nucleic acid, and (c) protein in the SEC effluent fractions is shown as a 

function of temperature, as determined by various chemical assays. N-Acetyl-glucosamine 

assays were conducted in triplicate, while the remaining assays were single experiments. 

The protein is shown as an average concentration of two different assay techniques. The 

points were normalized for each sample. Error bars represent the standard error of the mean.
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Figure 4. 
Probability distribution of the hydrodynamic radius of the polymers in EPS as a function of 

temperature, determined via dynamic light scattering. Each temperature treatment was tested 

in triplicate, while the 37 °C control case consisted of six replicates. Results were 

normalized for each sample. Error bars represent the standard error of the mean.
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Figure 5. 
Rheological characterization of Staphylococcus epidermidis biofilms as a function of 

temperature through parallel plate rheometry. (a) The shear stress (τElastic = G′ × strain) as a 

function of the strain over the three temperatures of interest. The maximum point of each 

curve was taken as the yield stress. (b) The small strain elastic modulus of the biofilms at 37, 

45, and 60 °C. (c) The yield stress (τy) of the biofilms at 37, 45, and 60 °C. Each 

measurement was made in triplicate, and error bars represent the standard error of the mean.
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Table 1

Reproductive Health and Viability of Bacterial Cells Found via SEM and CLSMa

temp (°C) % single cells (SEM) % dividing pairs (SEM) % dead cells (CLSM)

37 42.7 ± 2.3 57.3 ± 2.3 11.0 ± 3.5

45 97.2 ± 0.3   2.8 ± 0.3 10.4 ± 1.1

60 100 ± 0.0   0.0 ± 0.0 73.0 ± 3.4

a
The percentage of single cells and percentage of dividing pairs are from three SEM images per temperature treatment and represent the cells with 

and without a dividing plane, respectively. The percentage of dead cells from the total cells present was determined using CLSM from three 3D 
volumes of biofilm per sample condition. Each result is displayed with the standard error of the mean.
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