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Abstract

Background Hyperglycemia is a risk factor for nosoco-

mial infections with known host effects. Increased glucose

levels also increase pathogenicity of infecting microbes

through greater biofilm formation. The dose response of

biofilm formation to glucose concentration is not known.

Questions/purposes We asked: What is the relationship

between the amount of biofilm formed by Staphylococcus

epidermidis and Staphylococcus aureus and change in

glucose concentration in the clinically important range of

20 to 300 mg/dL?

Methods This experiment studied biofilm formation by S

epidermidis and S aureus in Lennox broth medium sup-

plemented with increasing glucose concentrations from 0

to 320 mg/dL in 20 mg/dL intervals. Biofilm was grown

for 24 hours for S epidermidis and 48 hours for S aureus.

Biofilms were heat fixed, stained with 0.1% crystal violet,

and washed with deionized water. The dye was then

extracted with 30% acetic acid. Visual light absorption of

the extracted crystal violet dye at 600 nm was used to

quantify the biofilm biomass. The effect of glucose con-

centration on the amount of biofilm mass produced was

analyzed using ANOVA and Tukey’s test.

Results Biofilm mass was increased at higher glucose

concentration for both species with a threshold response at

0 to 20 and 160 to 200 mg/dL for S epidermidis and 200 to

240 mg/dL for S aureus.

Conclusions Increased biofilm growth by S aureus and S

epidermidis has a threshold response at clinically important

concentrations.

Clinical Relevance Postoperative hyperglycemia may

increase the risk for implant infection through increased

pathogenicity of intraoperative wound contaminants in

addition to compromising host immune status.

Introduction

Diabetes mellitus has been linked to postoperative infec-

tions and nosocomial infections [1, 10, 13, 14, 22].

Pomposelli et al. [19] reported a 2.7-fold increase in nos-

ocomial infection rate when blood glucose levels were

more than 220 mg/dL. Endogenous glycation from ele-

vated blood glucose leads to cellular dysfunction in soft

tissues that must heal after surgery and decreased immune

response, both cellular and humeral [1, 8, 16, 23], thus

compromising a host’s ability to prevent intraoperative

contamination from developing a surgical site infection.

It is known that implant infections are caused by bio-

film-forming bacteria [12]. The amount of biofilm bacteria

form in vitro is reported to be increased with increased
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glucose concentration through the accessory gene regu-

lator (agr) pathway. Studies that use fluorescent microbes

document increased biofilm thickness on confocal

microscopy [7, 18]. Low pH of the local cellular envi-

ronment in the presence of glucose has also been shown

to increase biofilm formation through decreased agr

expression [20]. However, not all bacteria exhibit the

same magnitude of increased biofilm formation in

response to high glucose levels. Kwasny and Opperman

[17] found that the increase in biofilm production is dif-

ferent across individual strains of several different

bacterial species when exposed to high glucose concen-

trations (1000 mg/dL). Reśliński and Dabrowiecki [21]

reported an increase in the number of cells in the biofilms

of Staphylococcus aureus with exposure to glucose at 100

or 200 mg/dL, but they did not see a similar increase for

Escherichia coli. Croes et al. [11] reported greater biofilm

formation by methicillin-resistant Staphylococcus aureus

than methicillin-susceptible Staphylococcus aureus at 250

and 500 mg/dL glucose in vitro. These reported data

establish that biofilm formation increases when bacteria

are grown in the presence of higher glucose concentra-

tions; however, few concentrations were studied that span

the hyperglycemic range of 100 to 500 mg/dL without

incremental detail to determine the dose response of

biofilm formation to glucose levels throughout the clini-

cally important range of 20 to 300 mg/dL. It is important

to know how the severity of abnormal glucose levels,

high or low, affect microbe pathogenicity.

We therefore asked the following question: What is the

relationship between the amount of biofilm formed by S

epidermidis and S aureus and change in glucose

concentration in the clinically important range of 20 to

300 mg/dL?

Materials and Methods

Bacteria Selection

Two highly characterized bacterial strains representative

of orthopaedic pathogens were selected: S epidermidis

(ATCC 35984) and S aureus (ATCC 49230, UAMS-1). S

epidermidis and S aureus account for approximately 50%

of orthopaedic infections [9]. UAMS-1 is a clinical iso-

late reference strain commonly used for investigations

related to orthopaedic infections [18]. ATCC 35984 is

known to be a robust and rapid biofilm-forming organism

[17]. Both ATCC 35984 [4] and UAMS-1 [6] are known

to be slime-producing organisms carrying the intercellular

adhesion (ica) operon, as determined by the Congo red

agar test [5].

Biofilm Growth

Biofilms were grown in accordance with the methods

reported by Kwasny and Opperman [17]. The growth

medium used in our study was Lennox broth (Alfa Aesar,

Ward Hill, MA, USA), a glucose-free medium suitable for

bacterial growth. We added known amounts of glucose to

produce specific glucose concentrations. Bacteria were

grown overnight in glucose-free Lennox broth and then

diluted 100-fold in Lennox broth containing one of 17

glucose concentrations from 0 to 320 mg/dL in 20-mg/dL

intervals. Two hundred milliliters of the bacterial suspen-

sion of each bacterial species, for each glucose

concentration, was seeded in 96-well tissue culture-treated

plates (Sarstedt, Newton, NC, USA) and incubated at

37 �C without shaking. S epidermidis was incubated for 24

hours and S aureus for 48 hours; the longer time was

necessary to produce enough biofilm mass for assay.

Control groups that had no glucose supplementation or no

bacteria present were included for each arm of the exper-

iment. The medium was removed from each well, and the

adherent biofilm was washed four times by gentle immer-

sion in deionized water, heat fixed at 60 �C for 1 hour, and

stained with 0.2 mL of 0.1% crystal violet dye (Best Sci-

ence Supplies, Big Pine Key, FL, USA) for 15 minutes

[17]. The crystal violet dye was removed from the wells

and the excess dye washed from the surface of the biofilm

four times by gentle immersion in deionized water. Finally,

the crystal violet dye was extracted from the stained bio-

film using 0.2 mL of 30% acetic acid for 15 minutes. A

0.2-mL sample of the extracted crystal violet dye was

transferred to unused wells in the 96-well plate and quan-

tified by light absorbance at 600 nm using a FLUOstar

Omega Multiplate Reader (BMG Labtech, Cary, NC,

USA).

Statistical Analysis

Differences in the amount of biofilm formed (absorbance at

600 nm) were analyzed using ANOVA and post hoc Tu-

key’s tests for multiple comparisons to determine which

concentrations were significantly different from each other.

Thresholds were determined based on post hoc groupings

generated by Tukey’s test for multiple comparisons.

Groupings identified by Tukey’s test are reproduced

(Table 1). Where applicable for ANOVA analysis, stan-

dard normal plots of residuals were constructed to

determine whether the ANOVA model was well behaved

[3]. All analyses were performed using Minitab 15 (Mini-

tab Inc, State College, PA, USA).
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Results

The amount of biofilm formed was dependent on both glu-

cose concentration and bacterial species. Biofilm formation

was affected by bacterial species more than twice as much as

by glucose concentration (Table 1). S epidermidis was a

more robust biofilm former than S aureus at all glucose

concentrations (mean absorbance: 2.6 at 1 day for S epide-

rmidis versus 0.4 at 2 days for S aureus, p \ 0.001). Both

species tested formed more biofilm at higher glucose con-

centration with a threshold response (Table 1). The S

epidermidis threshold was at glucose concentrations of 0 to

20 and 160 to 200 mg/dL, as shown by crystal violet staining

(Fig. 1) and crystal violet absorbance (Fig. 2); the increase

in biofilm formation was 36% and 26%, respectively. The S

aureus threshold occurred at a glucose concentration of 200

to 240 mg/dL, as shown by crystal violet staining (Fig. 3)

and crystal violet absorbance (Fig. 4), and was associated

with 196% increase in biofilm formation. There was no

biofilm formation or surface accumulation of solids from the

medium in controls where bacteria were absent.

Discussion

Increased biofilm formation by staphylococcal species has

been reported in response to increased glucose concentrations.

This finding is clinically relevant because biofilm production

is related to pathogenicity of organisms causing implant

infections. The published data span the hyperglycemic range

(100–500 mg/dL) without sufficient detail to fully understand

the relationship between biofilm formation and glucose con-

centration throughout the range encountered in clinical

practice (20–300 mg/dL) [11]. Accepting the association

Table 1. Comparison of biofilm growth (as measured by crystal violet absorbance) at varying glucose concentrations in the two bacterial strains

Glucose

concentration (mg/dL)

Crystal violet absorbance*

Staphylococcus

epidermidis

Tukey grouping

(p \ 0.05)

Staphylococcus

aureus

Tukey grouping

(p \ 0.05)

0 1.6 (1.55–1.75) A 0.19 (0.14–0.24) A

20 2.19 (1.99–2.39) B 0.18 (0.13–0.23) A

40 2.35 (2.15–2.55) BC 0.18 (0.14–0.24) A

60 2.35 (2.15–2.55) BC 0.21 (0.16–0.26) A

80 2.60 (2.15–2.55) BC 0.24 (0.19–0.29) A

100 2.39 (2.19–2.59) BC 0.20 (0.16–0.26) A

120 2.49 (2.26–2.69) BC 0.19 (0.14–0.24) A

140 2.47 (2.26–2.67) BC 0.18 (0.12–0.23) A

160 2.38 (2.18–2.58) BC 0.19 (0.14–0.24) A

180 2.54 (2.34–2.74) BCD 0.21 (0.17–0.27) A

200 3.01 (2.81–3.21) D 0.23 (0.19–0.29) A

220 2.61 (2.41–2.81) BCD 0.57 (0.51–0.62) B

240 2.85 (2.65–3.05) CD 0.68 (0.63–0.73) B C

260 2.93 (2.72–3.13) D 0.76 (0.70–0.80) C

280 2.72 (2.51–2.92) CD 0.75 (0.69–0.80) C

300 2.92 (2.72–3.12) D 0.68 (0.63–0.73) B C

320 2.84 (2.64–3.04) CD 0.72 (0.66–0.76) C

* Values are expressed as mean, with 95% CI in parentheses; because of the large number of pairwise comparisons, individual p values are not

reported; glucose concentrations that do not share a letter had statistically different amounts of biofilm growth at an a level of 0.05.

Fig. 1A–B Images illustrate S epidermidis growth after 24 hours of

exposure. (A) The biofilms present in the wells after removal of the

medium are shown. (B) The resultant stain with crystal violet is

shown.
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between hyperglycemia and increased risk of nosocomial

infections, it is important to know how the severity of

abnormal glucose level, high or low, is related to microbe

pathogenicity. We therefore determined the relationship

between the amount of biofilm formed by S epidermidis and S

aureus and change in glucose concentration in the clinically

important range of 20 to 300 mg/dL. We found that biofilm

mass was increased at higher glucose concentration for both

species with a threshold response at 0 to 20 and 160 to 200 mg/

dL for S epidermidis and 200 to 240 mg/dL for S aureus.

There are several limitations to this study. First, biofilm

formation was only studied in vitro. Our study was per-

formed using a culture medium that does not include many

of the dissolved proteins or antibacterial peptides present in

human blood and extracellular fluid. It is not known what

effect these proteins would have on the findings. Secondly,

we did not track the glucose level or pH of the growth

medium. Glucose level and pH likely decreased during

incubation for biofilm formation. While other authors

report that increased biofilm formation may in part be due

to changes in pH when glucose is present [20], most reports

do not document these variables. We focused on the

behavior of the microbes in response to starting glucose

concentration. Some of the increase we measured in bio-

film growth may be due to decreasing pH, and decreasing

glucose concentration likely reduced the effect caused by

high glucose levels. Documenting or controlling pH and

glucose level throughout the incubation period would be

warranted in future work. Thirdly, we only studied two

staphylococcal species. There are many other clinically

relevant bacteria. Our findings (threshold increased in

biofilm formation from increased glucose concentration)

are the response for single strains of two staphylococcal

species. The response in other bacterial pathogens may not

be the same [22]. Reśliński and Dabrowiecki [21] reported

an increase in the number of viable bacteria and an increase

in the proportion of strains that were heavy biofilm formers

caused by increased glucose concentration (100 and

200 mg/dL) for 70 strains of S aureus but the opposite for

70 strains of E coli. Croes et al. [11] reported an increasing

Fig. 2 A graph shows S epidermidis growth as a function of glucose

concentration. There are increases in biofilm formation at glucose

concentration thresholds of 0 to 20 and 160 to 200 mg/dL. Horizontal

line = median; box = 25% and 75% of data; whiskers = 1.5 9 box

height; * = outliers.

Fig. 3A–B Images illustrate S aureus growth after 48 hours of

exposure. (A) The biofilms present in the wells after removal of the

medium are shown. (B) The resultant stain with crystal violet is

shown.
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percentage of S aureus strains that were heavy biofilm

formers with increasing glucose concentration (100, 250,

500 mg/dL) in 280 strains of S aureus. Agarwal and Jain

[2] reported increased biofilm production by clinical iso-

lates of Staphylococcus regardless of the presence of the

ica operon. Considering the threshold response found in

our more incremental data, these previously published data

can be explained by a threshold relationship in each strain

that occurs at a different concentration, leading to a dif-

ferent proportion of the strains that are heavy biofilm

formers at differing concentrations. Fourth, we studied

single-organism biofilms. Clinical infections are frequently

polymicrobial even when only a single pathogen is iso-

lated. It is unknown how the presence of other organisms

would affect the biofilm formation response to glucose

concentration.

The relatively slower biofilm production of the UAMS-1

strain of S aureus compared to S epidermidis in our study is

also interesting. Although Nelson et al. [18] reported

UAMS-1 readily formed biofilm in vivo, our experience

[17] is that establishing in vivo infection in rabbits is highly

site specific when using UAMS-1. Even with higher

inoculums than those used by Nelson et al. [18], an active

infection may not establish at some anatomic locations or in

the absence of a surface (implant/devascularized bone) [18].

UAMS-1 is not a heavy biofilm former, despite its ability to

form slime and its clinical virulence [15]. Increased biofilm

formation occurred at a threshold increase in glucose con-

centration for both staphylococcal species that we studied.

This threshold response was unexpected yet was confirmed

on multiple replicates. The threshold occurred at a lower

glucose concentration and the increase in biofilm formation

was less pronounced for S epidermidis than for S aureus.

This difference may be a real variation between species or it

may be attributable to growth saturation in the S epide-

rmidis biofilm at 24 hours. A shorter culture period may

have detected a greater increase in biofilm formation with

high glucose levels.

The important finding in this in vitro study is that two

staphylococcal species have increased biofilm production

at a threshold increase of glucose concentration in the

clinically important range of 20 to 300 mg/dL. The asso-

ciation between postoperative hyperglycemia and

increased postoperative infection rates has generally been

attributed to the consequences of hyperglycemia on host

immune status. Hyperglycemia-induced pathogenicity of

staphylococcal species through increased biofilm formation

may also play a role in the increased infection rate.
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