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Staphylococcus epidermidis biofilm formation is responsible for the persistence of orthopedic implant infections. Previous stud-
ies have shown that exposure of S. epidermidis biofilms to sub-MICs of antibiotics induced an increased level of biofilm persis-
tence. BODIPY FL-vancomycin (a fluorescent vancomycin conjugate) and confocal microscopy were used to show that the pene-
tration of vancomycin through sub-MIC-vancomycin-treated S. epidermidis biofilms was impeded compared to that of control,
untreated biofilms. Further experiments showed an increase in the extracellular DNA (eDNA) concentration in biofilms preex-
posed to sub-MIC vancomycin, suggesting a potential role for eDNA in the hindrance of vancomycin activity. Exogenously
added, S. epidermidis DNA increased the planktonic vancomycin MIC and protected biofilm cells from lethal vancomycin con-
centrations. Finally, isothermal titration calorimetry (ITC) revealed that the binding constant of DNA and vancomycin was 100-
fold higher than the previously reported binding constant of vancomycin and its intended cellular D-Ala-D-Ala peptide target.
This study provides an explanation of the eDNA-based mechanism of antibiotic tolerance in sub-MIC-vancomycin-treated S.
epidermidis biofilms, which might be an important factor for the persistence of biofilm infections.

Medical device infections are often associated with the forma-
tion of Staphylococcus epidermidis biofilms and are difficult

to eradicate, because compared to planktonic cells, biofilm cells
are more resistant to antibiotics and host immune attack (1). Re-
cent evidence has shown that subinhibitory concentrations of var-
ious antibiotics induced biofilm formation of S. epidermidis (2–4),
which in part may explain some of the resistance to antibiotic
therapy. In addition, although various antibiotics were able to
reduce the biomass of S. epidermidis biofilms at sub-MICs, these
biofilms exhibited an increased level of resistance to dicloxacillin,
tetracycline, and rifampin (5). Collectively, these findings suggest
that exposure to antibiotics at sub-MICs induces an increased
level of biofilm persistence in S. epidermidis.

Sub-MIC antibiotic exposure is a clinically relevant issue, since
some antibiotics undergo interactions with blood serum proteins,
as in the case of vancomycin and immunoglobulin A (6), possibly
resulting in a diluted concentration of the antibiotic reaching the
infection site. Furthermore, despite high concentration levels in
the surrounding environment, antibiotics at sub-MICs may exist
in the internal parts of the biofilm, because of the physical and
chemical barriers to the penetration of antibiotics provided by the
biofilm matrix (3).

The biofilm matrix contributes to antibiotic tolerance by either
acting as a physiochemical barrier to penetration or by inactivat-
ing the antibiotic during its transport through the biofilm (7). To
date, complete diffusion through biofilms has been observed for
ciprofloxacin in Klebsiella pneumoniae (8) and Pseudomonas
aeruginosa biofilms (9) and for rifampin and vancomycin in S.
epidermidis biofilms (10, 11), suggesting that the physical presence
of the matrix is not necessarily a barrier to the penetration of

antimicrobials into the biofilm. However, while there can be con-
vective flow through channels in the biofilm, flow through the cell
clusters is by diffusion (12), so it is possible that antibiotics can
penetrate rapidly through the biofilm via channels but may be
hindered locally in reaching cells within the extracellular poly-
meric substance (EPS) matrix. The length of time taken to reach
MICs in the interior of the biofilm is dependent on the effective
diffusion coefficient in the biofilm (De) and the square of the bio-
film thickness (L) (13). Mass transport studies generally show
that, depending on the solute, De is reduced by 20 to 80%. How-
ever, it is possible that transport could be limited further if sub-
MIC antibiotics stimulate biofilm bacteria to produce more EPS
material. The extra EPS might bind or react with the target threat
or increase the thickness of the biofilm clusters and thus the length
of the diffusive path. The role of the EPS in the interference of
antimicrobial affectivity is demonstrated by alginate and Psl, two
EPS polysaccharides of P. aeruginosa biofilms which can bind to-
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bramycin (alginate) (14) and sequester a range of positively and
negatively charged antibiotics (Psl) (15).

One of the major matrix components of S. epidermidis biofilms
is known as polysaccharide intercellular adhesin (PIA) and is pro-
duced by the enzymes encoded by the ica operon (16). The expres-
sion of ica is environmentally regulated (17) and has been associ-
ated with a number of functions within the biofilm, including
abiotic surface attachment, intercellular adhesion, virulence, bio-
film formation, and antibiotic tolerance (18). However, staphylo-
cocci can employ PIA-independent mechanisms of biofilm for-
mation through the use of extracellular matrix binding protein
(Embp) and extracellular DNA (eDNA) release (19).

In S. epidermidis biofilms, the production of eDNA is con-
trolled largely by the AtlE autolysin, which causes lysis of a sub-
population of biofilm cells, resulting in the release of DNA into the
matrix (20). In the matrix, eDNA acts as a structural component
(21–23), a facilitator of cell-to-cell aggregation (24), a surface-
based structural adhesin, a nutrient source, and a trader of genetic
information among the microbial community (25). Moreover, S.
epidermidis mutants lacking the atlE gene formed biofilms with a
lower abundance of eDNA than the wild type and exhibited a
significant decrease in the ability to cause in vivo infections (26),
suggesting that eDNA may contribute to the pathogenesis of S.
epidermidis biofilms. Furthermore, the chelation of divalent cat-
ions by eDNA can lead to increased antibiotic tolerance, whereas
chelation of cationic antimicrobial peptides protects the biofilm
from host defenses (27).

Previous studies have shown that preexposure to methicillin and
vancomycin at sub-MICs induced an eDNA-dependent mechanism
of biofilm formation in Staphylococcus aureus and S. epidermidis,
respectively (23, 28). In the absence of antibiotics, while eDNA
acts as a major structural adhesin in S. aureus biofilms, it is only a
minor matrix component of S. epidermidis biofilms (29). Given
the sensitivity of sub-MIC-vancomycin-treated S. epidermidis
RP62A (or ATCC 35984) biofilms to DNase (23), we hypothesized
that eDNA could impact the transport of vancomycin through
sub-MIC-vancomycin-treated biofilms. Although the role of bio-
film eDNA in shielding against aminoglycosides has been demon-
strated previously (30), little is known about the effects of eDNA
against glycopeptide antibiotics such as vancomycin.

Thus, this study examined whether a change in the abundance
of eDNA and PIA in S. epidermidis ATCC 35984 biofilms preex-
posed to sub-MIC vancomycin could affect the transport of van-
comycin through biofilms. Furthermore, we looked for a correla-
tion between preexposure to vancomycin and eDNA production,
as well as the ability of DNA to inhibit the activity of vancomycin.

MATERIALS AND METHODS
Strain and biofilm growth conditions. S. epidermidis ATCC 35984, a
common laboratory strain that is ica positive and a good biofilm former
(31), was used for all biofilm experiments. Biofilms were grown in 100%
tryptic soy broth (TSB) (Sigma-Aldrich, United Kingdom) at the bottom
of 96-well, 12-well, or 24-well microplates from an overnight culture of S.
epidermidis diluted to a final concentration of 106 CFU/ml. Biofilms were
incubated at 37°C and 5% CO2 for a total period of 72 h. Every 24 h of the
total growth period, biofilms were rinsed with phosphate-buffered saline
(PBS) and medium was replenished. For the sub-MIC-vancomycin-
treated biofilms at 48 h of the total growth period, fresh medium was
supplemented with 2 �g/ml vancomycin and grown for a further 24 h.
The described protocol applies to all the experiments presented in this
work, unless stated otherwise.

MIC determination. To study the transport of vancomycin in bio-
films, we used a fluorescently conjugated form of the antibiotic (BODIPY
FL-vancomycin). To determine the MIC of both BODIPY FL-vancomy-
cin and vancomycin, a 2-fold dilution series of vancomycin (Sigma-Al-
drich, United Kingdom) and BODIPY FL-vancomycin (Invitrogen,
United Kingdom) was prepared in 100% TSB, resulting in the following
test concentrations (�g/ml): 2, 4, 8, and 16. The tubes were inoculated
with a diluted overnight culture of S. epidermidis to achieve a final con-
centration of 105 CFU/ml. The cultures were grown at 37°C for 24 h. The
MIC was determined as the minimum concentration of the antibiotic at
which no visible growth occurred. The MICs for vancomycin and
BODIPY FL-vancomycin were 4 �g/ml and 8 �g/ml, respectively (data
not shown), suggesting that the attachment of the BODIPY FL fluoro-
phore slightly decreased the potency of vancomycin to S. epidermidis cells.

Based on these results, we chose 2 �g/ml of vancomycin as a sub-MIC
for all subsequent experiments. In addition, we chose 2 �g/ml of BODIPY
FL-vancomycin as the secondary vancomycin treatment for the transport
experiments, because this concentration provided images with good,
quantifiable fluorescence using our imaging protocol.

Imaging of vancomycin and PIA in biofilms. The transport of vanco-
mycin through biofilms was measured using BODIPY FL-vancomycin by
confocal laser scanning microscopy (CLSM). Control and sub-MIC-van-
comycin-treated biofilms were grown in 12-well microplates and stained
with propidium iodide (PI) (Invitrogen, United Kingdom) at a final con-
centration of 30 �M for the visualization of the biofilm biomass. Follow-
ing 20 min of staining with PI, biofilms were washed twice with sterile
H2O and subsequently stained with BODIPY FL-vancomycin. BODIPY
FL-vancomycin was prepared according to the manufacturer’s instruc-
tions and added to the biofilms directly at a final concentration of 2 �g/ml.
The plates were then incubated in the dark at room temperature (RT) for
30 min. Following a rinse with PBS, the samples were imaged on an up-
right confocal microscope (Axioplan 2 LSM 510 Meta system; Zeiss) using
a 40� immersion objective. Both stains were excited using the 488-nm
laser. The fluorescent signals from PI and BODIPY FL-vancomycin were
collected at �560 nm and 505 to 530 nm, respectively. Images were ac-
quired in 10 different locations, and each experiment was repeated 3
times.

PIA in the biofilm was visualized using Alexa Fluor wheat germ agglu-
tinin (WGA) (Invitrogen, United Kingdom), which stains N-acetylgluco-
samine residues. The WGA was prepared according to the manufacturer’s
instructions and applied to control and sub-MIC-vancomycin-treated
biofilms at a final concentration of 500 �g/ml for 30 min. In this set of
experiments, biofilm biomass was visualized using the autofluorescent
properties of the biofilm. Biofilms were excited with 543-nm, 488-nm,
and 633-nm lasers simultaneously. WGA fluorescence was collected at
�650 nm, and biofilm autofluorescence was collected in the orange re-
gion of the spectrum (560 to 650 nm).

Image analysis was performed with ImageJ (32). Line fluorescence
profiles were obtained from 8 locations (25 �m apart) within an XZ con-
focal image. Each fluorescence profile was used to calculate the depth of
the fluorescent layer in the image, as shown in Fig. S1 in the supplemental
material.

Detection of eDNA in control and sub-MIC-vancomycin-treated
biofilms. To quantify the relative eDNA concentration in control and
sub-MIC-vancomycin-treated S. epidermidis biofilms, we measured the
rate of DNase activity in control and sub-MIC-vancomycin-treated bio-
films. The rate of DNase activity, measured as a decrease in optical density
at 600 nm (OD600) with time, corresponds to the rate of biofilm removal.
Classic enzyme kinetics relates the rate of an enzyme’s activity to the
concentration of the enzyme’s substrate (33); thus, the rate of DNase
activity can provide semiquantitative information about the concentra-
tion of its substrate. We assume that within the biofilm, DNase will be
acting only on eDNA, and thus the rate of dissolution of the biofilm will be
directly related to eDNA concentration.

To determine the rate of DNase activity in control and sub-MIC-
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vancomycin-treated biofilms, we performed the following experiment.
DNase I from bovine pancreas (Sigma-Aldrich, United Kingdom) was
prepared and stored according to the manufacturer’s instructions. Two
sets of control and sub-MIC-vancomycin-treated S. epidermidis biofilms
were grown in 96-well microplates for 72 h. One set of control and sub-
MIC-vancomycin-treated biofilms was then exposed to DNase I at a final
concentration of 100 �g/ml, while the other set of biofilm samples was
treated with PBS, which was used as a control for the enzyme. OD600

measurements of both sample sets were recorded simultaneously at 37°C
and 15-min intervals for a total of 180 min using a FLUOstar Omega Plus
plate reader (BMG Labtech, United Kingdom). To calculate the rate of
DNase I activity, the largest change in OD600 was divided by the time taken
for that change to occur for each biofilm sample.

To quantify extracted eDNA, duplicate 72-h control and sub-MIC-
vancomycin-treated biofilms were grown in petri plates, and eDNA was
extracted as described previously (34). DNA concentration was quantified
using a NanoDrop spectrophotometer (Thermo Scientific, United King-
dom) OD260/OD280 function, and the average DNA concentration was
determined from three independent experiments.

Fluorescence-based detection of eDNA. Previous studies have shown
that the diffuse fluorescence exhibited in biofilms stained with 4=,6-di-
amidino-2-phenylindole (DAPI) is eDNA specific (35, 36); thus, we chose
DAPI for our studies of eDNA in biofilms. We considered PI as an ineffi-
cient stain for eDNA, because it was previously shown to not detect all the
eDNA in a biofilm (37).

A ready-to-use kit of cell-impermeable DAPI stain (NucBlue fixed-cell
ReadyProbes reagent; Invitrogen, United Kingdom) was prepared as per
the manufacturer’s instruction. To confirm the cell impermeability of the
DAPI kit, an overnight culture was pelleted, washed with PBS, and either
left untreated or permeabilized via a 10-min 70% ethanol treatment. Cells
were incubated with DAPI for 30 min and imaged using a 20� air objec-
tive and a cooled monochrome charge-coupled-device (CCD) camera
(Olympus XM10) operated through Olympus Soft Imaging Systems
(OSIS)’s xCellence software and analyzed using ImageJ. Dead, permeab-
ilized cells stained with DAPI, while untreated cells did not (see Fig. S2A in
the supplemental material), demonstrating that DAPI did not enter intact
cells.

To determine the specificity of DAPI staining for eDNA (as opposed to
cytoplasmic DNA), 48-h control biofilms and biofilms treated for 30 min
with 100 �g/ml DNase I were stained with DAPI for 30 min and then
imaged as described above. The application of DNase I to S. epidermidis
control biofilms resulted in a substantial loss of biofilm structure (see Fig.
S2B in the supplemental material), demonstrating that our biofilms con-
tained eDNA. Furthermore, control biofilms treated with DNase exhib-
ited a large decrease in the abundance of the diffuse staining (see region y
in Fig. S2C) and exhibited only fluorescence of high intensity (see region
x in Fig. S2C), suggesting that in our experiments diffuse fluorescence of
DAPI-stained biofilms was due to eDNA.

Since the diffuse staining of eDNA appeared to be of lower fluores-
cence intensity, we hypothesized that there may be a binary distribution of
fluorescence. This was not the case with regard to the overall fluorescence
(see Fig. S3A in the supplemental material), but regions of interest con-
taining possible fluorescence from eDNA and cytoplasmic DNA did ex-
hibit binary distribution of fluorescence (see Fig. S3B). This analysis sug-
gested that a value of 124 gray scale units (GSU) (see Fig. S3B) could be
used as a threshold to quantitatively separate the fluorescence of eDNA
and cytoplasmic DNA in dead cells.

However, in order to validate this method, we quantified the range of
eDNA and cytoplasmic DNA fluorescence intensity based on morpholog-
ical characteristics of the two regions of interest. Regions of interest with
suspected fluorescence of cytoplasmic DNA were selected on the basis of
the following criteria: circle-shaped aggregates that contain distinctive
points of fluorescence (Fig. 1A). Regions of interest with suspected fluo-
rescence of eDNA were selected on the basis of the following criteria:
fluorescence of diffuse appearance without an undefined structure

(Fig. 1B) or point of origin which at low magnification exhibits the ap-
pearance of strand-like appendages. ImageJ was used to select and obtain
the modal fluorescence intensity value of 70 sample areas across 30 differ-
ent images.

This analysis revealed that the maximum fluorescence intensity of
regions suspected to contain eDNA fluorescence was 80 GSU. Therefore,
we defined the fluorescence of cytoplasmic DNA in dead cells as fluores-
cence of �95 GSU and the fluorescence of eDNA as that of 80 GSU or less
(Fig. 1C). Although the binary distribution of fluorescence suggested a
threshold value of 124 GSU, we chose 80 GSU in order to more sufficiently
eliminate any interference of fluorescence of cytoplasmic DNA (Fig. 1C)
in the quantification of eDNA fluorescence.

After establishing that we could use DAPI to distinguish eDNA, we
applied the following protocol to the staining of vancomycin-treated bio-
films. Biofilms were grown in 6-well microplates for 24 h and treated with
vancomycin (0, 2, 4, and 8 �g/ml) for 24 h (total growth period of 48 h).
Biofilms were washed once with PBS and stained with DAPI for 30 min.
The stain was washed off with PBS, and the biofilms were imaged as
described above. To quantify the eDNA fluorescence as a function of
vancomycin concentration, we calculated the fluorescence intensity (FI)
of 10 different eDNA regions (taken from 10 images in triplicate treated
and nontreated biofilms, for a total of 30 values) for each vancomycin
concentration. If the average FI of a chosen eDNA region exceeded the
threshold limit of 80 GSU, then this region was discarded and another was
selected.

Since images of biofilms at different vancomycin concentrations may
have the same average FI (e.g., 80 GSU) but different numbers of pixels
exhibiting the said average fluorescence, we normalized the data to ac-
count for the number of pixels corresponding to the average fluorescence
intensity of eDNA. We calculated fluorescence intensity of eDNA for each
pixel and divided the average fluorescence intensity of eDNA by the num-
ber of pixels at the average FI.

Assessment of S. epidermidis cell growth in the presence of exoge-
nous DNA. We extracted extracellular DNA from planktonic cultures of
S. epidermidis ATCC 35984 as described previously (24). The DNA

FIG 1 Regions of low DAPI fluorescence in S. epidermidis biofilms correspond
to eDNA. Representative micrographs of 48-h control S. epidermidis biofilms
depicting regions of high fluorescence intensity in the cocci (yellow arrow),
attributed to cytoplasmic DNA in dead cells (A), and regions of low fluores-
cence intensity and undefined structure, attributed to eDNA (B). Scale bar �
30 �m. (C) The bimodal fluorescence intensity of DAPI obtained from regions
attributed to dead-cell DNA and eDNA as determined from 10 different sam-
ple regions per image, per sample (small triangles). Box and whiskers, mini-
mum and maximum recorded modal fluorescence intensity for DAPI-bound
dead-cell DNA and eDNA fluorescence. The horizontal line across the box is
the median fluorescence intensity of dead-cell cytoplasmic DNA and eDNA.
The solid squares are the average of the modal fluorescence intensity recorded
for dead-cell DNA and eDNA fluorescence. The dashed red line is the maxi-
mum cutoff value for the fluorescence intensity of DAPI bound to eDNA.
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concentration was determined using the NanoDrop spectrophotometer.
To test the effects of exogenous DNA on the growth of S. epidermidis, TSB
medium was supplemented with vancomycin (0, 2, 4, and 8 �g/ml) alone,
exogenous DNA (0, 5, and 16 �g/ml) alone, or both vancomycin and
DNA. Vancomycin (made up in sterile H2O) and DNA (resuspended in
Tris-EDTA [TE] buffer) were preincubated for 30 min before the addition
of cells. Finally, S. epidermidis was added to all samples at a final concen-
tration of 105 CFU/ml and incubated at 37°C for 24 h. OD600 at 24 h was
recorded on a 96-well microplate using a FLUOstar Omega Plus (BMG
Labtech, United Kingdom) plate reader. The protocol outlined above was
also repeated with salmon sperm DNA (0, 5, and 16 �g/ml) and vanco-
mycin (0, 2, 4, and 8 �g/ml).

To determine if exogenous DNA could protect bacterial cells in an S.
epidermidis biofilm from lethal vancomycin concentrations, S. epidermi-
dis ATCC 35984 biofilms were grown in TSB, in large petri dishes (90-mm
diameter) (Fisher Scientific, United Kingdom), for a total period of 72 h.
The biofilms were then washed thoroughly with PBS and treated with
exogenous DNA (16 �g/ml) and vancomycin (2 mg/ml) separately and in
combination. The DNA-vancomycin solution was preincubated at 25°C
for 30 min before the addition to biofilm cells. All reagents were added to
the biofilms directly, at 1 ml, and pipetted slowly around the entire surface
area. All biofilms were incubated at 37°C and 5% CO2 for 2 h.

Measurements of DNA and vancomycin binding. We used isother-
mal titration calorimetry (ITC) to measure the thermodynamic parame-
ters of binding interactions between vancomycin and DNA. To ensure
that the DNA was pure, we used commercially available salmon sperm
DNA (Sigma-Aldrich, United Kingdom). Both the salmon sperm DNA
and vancomycin were made up in ultrapure water at the final concentra-
tions of 0.005 mM and 0.075 mM, respectively, and divided into 9 injec-
tions with an interval of 200 s after each injection. All measurements were

performed using the MicroCal ITC 200 at 25°C, with a stirring speed of
800 rpm and a reference power of 10 mcal/s. Data were analyzed using
Origin 7.0 software (MicroCal) and fitted to the “one-site binding
model.” The measured thermodynamic parameters, such as binding af-
finity (Ka) and enthalpy changes (�H), are representative of three inde-
pendent experiments. Gibbs free energy changes were calculated using
�G � �H � T�S, T is temperature in Kelvin and �S represents a change
in entropy.

RESULTS
Penetration of BODIPY FL-vancomycin is reduced in biofilms
treated with sub-MIC vancomycin. In this experiment, we aimed
to determine if there is a difference in the ability of vancomycin to
penetrate through sub-MIC-vancomycin-treated and control
biofilms. To test this hypothesis, control and sub-MIC-vancomy-
cin-treated biofilms were stained with PI and BODIPY FL-vanco-
mycin, to visualize the biofilm biomass and vancomycin penetra-
tion, respectively.

PI fluorescence results revealed no significant differences (P �
0.227, n � 30 from 10 images from each of three replicate bio-
films) in the biofilm biomass thickness of control (41 � 3 �m) and
sub-MIC-vancomycin-treated (43 � 4 �m) biofilms; thus, sub-
MIC vancomycin at 2 �g/ml did not induce biofilm formation
(Fig. 2A). BODIPY FL-vancomycin fluorescence, however, pene-
trated 6 �m deeper in control biofilms than in sub-MIC-vanco-
mycin-treated biofilms (Fig. 2B), equating to a 19% (�5% stan-
dard error [SE]) (P 	 0.05) reduction in the penetration depth of
BODIPY FL-vancomycin over a 30-min period (Fig. 2C).

FIG 2 Vancomycin penetrates through sub-MIC-vancomycin-treated biofilms less than in control biofilms. Representative micrographs of 72-h control and
sub-MIC-vancomycin-treated S. epidermidis biofilms. Biofilms treated with sub-MIC vancomycin were grown in 2 �g/ml of vancomycin for the last 24 h of the
total 72-h growth period. (A) Biofilm biomass of control and sub-MIC-vancomycin-treated biofilms as visualized by propidium iodide (PI) fluorescence. (B)
Penetration of secondary vancomycin treatment in control and sub-MIC-vancomycin-treated biofilms after a 30-min exposure visualized by BODIPY FL-
vancomycin fluorescence. Scale bar � 25 �m. (C) Average depth of PI and BODIPY FL-vancomycin fluorescence in control and sub-MIC-vancomycin-treated
S. epidermidis biofilms. Error bars, standard errors of the mean (n � 30 from 10 images from each of three replicate biofilms). Asterisk indicates statistically
significant results (P 	 0.05) as determined by the Student t test.
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The relative abundance of PIA does not differ between con-
trol and sub-MIC-vancomycin-treated biofilms. Kaplan and
colleagues showed that sub-MIC-vancomycin-treated S. epider-
midis ATCC 35984 biofilms were sensitive to dispersin B (23), an
enzyme which degrades PIA. This suggests that the matrix of sub-
MIC-vancomycin-treated S. epidermidis biofilms contains a high
quantity of PIA. Therefore, we performed an experiment to deter-
mine any possible differences in the relative abundance of PIA
between control and sub-MIC-vancomycin-treated biofilms. In
this particular set of experiments, we used confocal microscopy
and biofilm autofluorescence to assess biofilm biomass and an
Alexa Fluor-conjugated wheat germ agglutinin (WGA) lectin to
visualize PIA within the biofilm.

In agreement with our previous findings using PI fluorescence,
the biofilm thickness from autofluorescence showed that biofilms
treated with sub-MIC vancomycin did not differ in thickness from
control biofilms (Fig. 3A). Moreover, WGA fluorescence was con-
centrated mainly in highly fluorescent aggregates at the biofilm-
liquid interface in both control and sub-MIC-vancomycin-
treated biofilms (Fig. 3B). There was no significant difference in
the depth of WGA fluorescence between control (19 � 0.9 �m)
and sub-MIC-vancomycin-treated (20 � 0.9 �m) biofilms (P �
0.05) (Fig. 3C), showing that the relative abundance of PIA in S.
epidermidis biofilms is the same in control and sub-MIC-vanco-
mycin-treated biofilms.

Biofilms treated with sub-MIC vancomycin contain a greater
abundance of eDNA. Work from Kaplan and colleagues suggests
that S. epidermidis biofilms treated with sub-MIC vancomycin

contain more eDNA than untreated controls (23). To determine if
biofilms exposed to sub-MIC vancomycin contained a greater
amount of eDNA, we used a combination of enzymatic and ab-
sorbance methods.

A DNase enzyme assay provided a means of assessing eDNA
concentration within biofilms and was based on the rate of DNase
I removal of control and sub-MIC-vancomycin-treated biofilms.
We confirm that during our experiments, DNase I was active,
because OD600 of biofilms exposed to DNase I decreased during
the course of the experiment, indicating the removal of biomass
from the well. Alternatively, OD600 of biofilms exposed to PBS
(used as a control treatment for the enzyme) remained fairly stable
(see Fig. S4 in the supplemental material). In addition, using a
skimmed milk casein assay, we showed that DNase I was protease
free (see Text S1 and Fig. S5 in the supplemental material), sug-
gesting that the biofilm removal observed in our experiments was
due to the activity of DNase I alone.

Compared to control biofilms, the rate of DNase I activity in
sub-MIC-vancomycin-treated biofilms was 17% higher (Fig. 4A),
increasing from 0.0007 AU min�1 (�3.7 � 10�5 SE) (control) to
0.0009 AU min�1 (�2.7 � 10�5 SE), a statistically significant
increase (P 	 0.05). Similarly, quantification of extracted eDNA
showed that in comparison to control biofilms, sub-MIC-vanco-
mycin-treated biofilms contained a significantly greater concen-
tration of eDNA than control biofilms (P 	 0.05) (Fig. 4B).

Higher vancomycin concentrations stimulate eDNA pro-
duction in the biofilm matrix. To determine if higher concentra-
tions of vancomycin could stimulate a greater production of

FIG 3 Treatment with sub-MIC vancomycin does not affect the amount of PIA in biofilms. Representative micrographs of 72-h control and sub-MIC-
vancomycin-treated S. epidermidis biofilms. Biofilms treated with sub-MIC vancomycin were grown in 2 �g/ml of vancomycin for the last 24 h of the total 72-h
growth period. (A) Biofilm biomass of control and sub-MIC-vancomycin-treated biofilms as visualized by autofluorescence. (B) Aggregates of PIA in control and
sub-MIC-vancomycin-treated biofilms as visualized by WGA fluorescence. Scale bar � 25 �m. (C) Average depth of autofluorescence and WGA fluorescence in
control and sub-MIC-vancomycin-treated S. epidermidis biofilms. Error bars, standard errors of the mean (n � 30 from 10 images from each of three replicate
biofilms).
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eDNA within the biofilm matrix, we used DAPI to stain eDNA
within control biofilms and biofilms pretreated with a range of
vancomycin concentrations. We showed that the low-intensity
diffuse DAPI fluorescence was due to eDNA and established a
threshold that enabled the quantification of this fluorescence (see
Materials and Methods).

DAPI fluorescence of eDNA and cytoplasmic dead-cell DNA in
biofilms preexposed to various vancomycin concentrations is
shown in Fig. 5A. In general, there is an increasing trend in eDNA
fluorescence intensity with increasing vancomycin concentration
(Fig. 5B), suggesting that biofilms exposed to 8 �g/ml vancomycin
contain a greater amount of eDNA than those not exposed to
vancomycin. We normalized these data to account for the number
of pixels that exhibited fluorescence at the average intensity for
each vancomycin concentration (see Materials and Methods).

Biofilms treated with vancomycin exhibited a significant in-
crease in the average fluorescence intensity per pixel (analysis of
variance [ANOVA] P � 0.001) of eDNA fluorescence, with the
highest value of 0.43 � 0.05 (SE) occurring at 8 �g/ml (Fig. 6).
Furthermore, the results showed that fluorescence intensity of
eDNA per pixel was directly proportional to vancomycin concen-
tration (R2 � 0.9556) used to pretreat the biofilm.

Exogenous DNA reduces the antimicrobial activity of vanco-
mycin. Our results show that the penetration of BODIPY FL-
vancomycin is retarded in biofilms treated with sub-MIC vanco-
mycin and that vancomycin stimulates the production of eDNA
within the S. epidermidis biofilm matrix. So in order to determine
whether eDNA can block the penetration of vancomycin through
a direct interaction with the antibiotic, we incubated exogenous
extracted S. epidermidis DNA with vancomycin for 30 min and

compared its effect on planktonic S. epidermidis cell growth to that
of vancomycin or DNA alone.

In agreement with previous studies (38), exogenous DNA
alone reduced the growth of S. epidermidis at both of the tested
concentrations (Fig. 7). However, the addition of 16 �g/ml of
exogenous DNA to 2 �g/ml of vancomycin significantly affected
the 24-h OD600 of S. epidermidis compared to that for just vanco-
mycin alone (P � 0.005) or 16 �g/ml of DNA alone (P � 0.002)
(Fig. 7). Preincubating vancomycin with exogenous DNA reduced
the ability of both vancomycin and DNA to inhibit S. epidermidis
cell growth. The 24-h OD600 of S. epidermidis treated with the
DNA and vancomycin mixture (16 �g/ml DNA and 4 �g/ml van-
comycin) was 0.690 (�0.019 SE) but only 0.0421 (�0.0013 SE)
when grown in 4 �g/ml of vancomycin alone (previously estab-
lished MIC). Preincubation of 4 �g/ml vancomycin with DNA
caused a significant increase in growth of planktonic S. epidermidis
(P 	 0.05) and an increase in vancomycin MIC. Similarly, the
24-h OD of planktonic S. epidermidis at 4 �g/ml vancomycin in
the presence of salmon sperm DNA was at 60% of that of the

FIG 4 Biofilms treated with sub-MIC vancomycin contain more eDNA than
control biofilms. (A) Average rate of activity (OD600 min�1) over 180 min for
a 100-�g/ml DNase treatment to control and sub-MIC-vancomycin-treated S.
epidermidis biofilms. The rate of DNase I activity was calculated as a change in
OD600 over a change in time. (B) Concentration of eDNA extracted from
control and sub-MIC-vancomycin-treated biofilms. Error bars, standard er-
rors of the mean, n � 3. Asterisks indicate statistically significant difference
(P 	 0.05) as determined by the Student t test.

FIG 5 Vancomycin treatment increases the amount of eDNA in biofilms. (A)
Representative micrographs of 48-h control and 48-h S. epidermidis biofilms
preexposed to various concentrations of vancomycin, showing low fluores-
cence intensity due to DAPI-bound eDNA (white arrows) and high fluores-
cence intensity due to DAPI staining of dead-cell cytoplasmic DNA (yellow
arrows). Scale bar � 80 �m. (B) Fluorescence intensity of DAPI-bound eDNA
shown as a function of vancomycin concentration used to pretreat S. epider-
midis biofilms. Box and whiskers, minimum and maximum fluorescence in-
tensity for DAPI-bound eDNA fluorescence. The horizontal line across the
box is the median fluorescence intensity of eDNA fluorescence at each vanco-
mycin concentration. The solid squares are average fluorescence intensities
recorded for DAPI-bound eDNA fluorescence.
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control DNA-free culture (see Fig. S6 in the supplemental mate-
rial); thus, salmon sperm DNA also increased vancomycin MIC.
These results suggest that the inhibitory effects on vancomycin did
not arise from any contaminants accumulated during the DNA
extraction process. Consequently, we hypothesized that DNA and
vancomycin undergo a chemical interaction that blocks the anti-
microbial activity of each.

Exogenous DNA protects biofilm cells from vancomycin.
Our results show that DNA can protect planktonic cells from van-
comycin. To test whether exogenously added DNA could protect
biofilm cells, S. epidermidis biofilms were exposed to an MBC level
of vancomycin with and without the presence of exogenous DNA.
In agreement with results obtained from planktonic cultures, data
from biofilm plate counts showed that exogenous DNA alone re-
duced the growth of S. epidermidis cells in the biofilm by up to
35%, while vancomycin alone caused a 62% reduction in the
number of biofilm cells (Fig. 8). Interestingly, preincubation of
the same vancomycin concentration with DNA significantly re-
duced the antimicrobial effects of vancomycin on biofilm cells
(P � 0.0007), causing only a 21% reduction in the number of
biofilm cells compared to the 62% observed for vancomycin alone
within the same time frame. Furthermore, no statistical differ-
ences were observed in the number of cells remaining between

control, untreated biofilms and those treated with the DNA-van-
comycin solution (P � 0.163).

DNA and vancomycin binding. Our results suggest that vanco-
mycin directly interacts with DNA. To quantify this interaction, we
used ITC to obtain thermodynamic binding parameters with pure
DNA and vancomycin (Fig. 9). These parameters indicate a relatively
high-affinity constant (Ka) of 1.9 � 107 M�1, suggesting strong bind-
ing between vancomycin and DNA. In addition, the results showed
that the reaction between vancomycin and DNA is spontaneous, as
indicated by the Gibbs free-energy value (�G); thus, the binding of
vancomycin and DNA is a thermodynamically favorable reaction
that does not require external energy for initiation.

DISCUSSION

Previous studies have shown that preexposure of staphylococcal
biofilms to antibiotics at sub-MICs can induce biofilm formation
(2) and enhance antibiotic tolerance (5, 28). In addition, the work
of Kaplan and colleagues suggests that the same strain of S. epider-
midis as used in the present study produced an eDNA-enriched
biofilm matrix upon exposure to sub-MIC vancomycin (23).
Therefore, we investigated if the altered matrix composition of
sub-MIC-vancomycin-treated S. epidermidis ATCC 35984 bio-
films could affect the penetration of vancomycin. We used
confocal microscopy and a fluorescent vancomycin derivative
(BODIPY FL-vancomycin) for transport studies (39, 40) to show
that the transport of BODIPY FL-vancomycin is significantly in-
hibited in sub-MIC-vancomycin-treated S. epidermidis biofilms.
Moreover, a correlation between the inhibition of vancomycin
transport and an increase in eDNA concentration within the bio-
film matrix of sub-MIC-vancomycin-treated biofilms was ob-
served. Our results also showed that DNA binds vancomycin;
therefore, we conclude that the increased eDNA concentration in
the matrix of sub-MIC-vancomycin-treated S. epidermidis bio-
films impedes the transport of vancomycin through binding.

In agreement with the work of Daddi Oubekka and colleagues
(40), our results show that in control, antibiotic-free biofilms,

FIG 6 The abundance of eDNA in S. epidermidis biofilms was directly pro-
portional to vancomycin concentration. Average DAPI fluorescence intensity
per pixel of eDNA in S. epidermidis biofilms, as a function of the vancomycin
pretreatment concentration. Error bars, standard errors of the mean; n � 16.

FIG 7 Exogenous S. epidermidis DNA interferes with vancomycin activity.
Average 24-h OD600 of S. epidermidis planktonic culture exposed to exogenous
S. epidermidis DNA alone, vancomycin alone, and a mixture of exogenous S.
epidermidis DNA and vancomycin. Error bars, standard errors of the mean;
n � 10. Statistically significant results (P 	 0.05) between samples are indi-
cated by identical symbols.

FIG 8 Exogenous S. epidermidis DNA protects biofilm cells from vancomycin.
Number of cells obtained from 72-h S. epidermidis biofilms treated with 2
mg/ml vancomycin, 16 �g/ml of exogenous S. epidermidis DNA, and a solu-
tion of DNA and vancomycin (at the same concentrations) preincubated prior
to addition to the biofilm. All biofilms were exposed to the treatments for 2 h.
Control biofilms were exposed to PBS treatment. Error bars, standard errors of
the mean; n � 4. Asterisk indicates statistically significant results (P 	 0.05)
between the two marked samples as determined by the Student t test.
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BODIPY FL-vancomycin reached a biofilm depth of approxi-
mately 30 �m within 30 min. In biofilms treated with sub-MIC
vancomycin, however, BODIPY FL-vancomycin reached a depth
of only 20 �m in 30 min (Fig. 2). Since we observed no significant
variations in biofilm thickness between control and sub-MIC-
vancomycin-treated biofilms (Fig. 2C and 3C) in six sets of inde-
pendent biofilm samples and two different staining protocols, the
difference in vancomycin penetration was not simply due to a
difference in physical depth of the biofilm. While our results
showed an average biomass thickness of only 6 �m, which was not
accessed by BODIPY FL-vancomycin in sub-MIC-vancomycin-
treated biofilms, this difference may be clinically significant. Al-
though this is only a small proportion of the entire biofilm, a
monolayer S. epidermidis ATCC 35984 biofilm grown on a 96-well
plate can contain up to 107 CFU/ml of cells (41). Therefore, it is
possible that thin layers or small protected pockets in the biofilm
might be enough to allow regrowth once the surrounding antibi-
otic drops to below therapeutic levels.

Previous studies have shown a negative correlation between
the amount of biofilm biomass induced by sub-MIC vancomycin
and the natural biofilm-forming ability of the strain (23). Since S.
epidermidis is a good biofilm former (31), the amount of biofilm
induced by sub-MIC vancomycin can be limited. Thus, we con-
sidered possible changes in the composition of the biofilm matrix
upon treatment with sub-MIC vancomycin. Our results showed
that treatment with sub-MIC vancomycin stimulated a greater
production of eDNA but had no effect on the relative abundance
of PIA within S. epidermidis biofilms (Fig. 3 and 4). Our results,
therefore, suggest that eDNA and not PIA is responsible for the
decreased penetration of vancomycin in sub-MIC-vancomycin-
treated biofilms. Although similar results have been found regard-
ing the role of PIA on BODIPY FL-vancomycin transport through
biofilms in S. aureus ica mutants (39), we needed to account for
the role of PIA in our experiments given the variation in bacterial
species and antibiotic concentrations.

Furthermore, we showed that DNA reduced the potency of
vancomycin (Fig. 7), supporting the idea that DNA directly inter-
feres in the ability of vancomycin to travel through sub-MIC-
vancomycin-treated biofilms. Similar conclusions were drawn by
Daddi Oubekka and colleagues, who observed interactions of van-
comycin with eDNA-rich regions of an S. aureus biofilm (40).
Furthermore, since vancomycin is a largely positive molecule and
DNA can act as a powerful ion chelator (38), we decided to test
whether DNA directly interacts with vancomycin.

ITC results confirm that, in addition to the ability to bind, DNA
and vancomycin binding is thermodynamically favorable. Further-
more, the results showed a high-affinity constant (Ka) with a repre-
sentative value of 1.9 � 107 M�1 (Fig. 9). Previously reported affinity
constants for the binding of vancomycin to the D-Ala-D-Ala peptide,
the intended substrate of vancomycin within the bacterial cell wall,
were in the region of 7.3 � 105 M�1 (42, 43), suggesting that the
binding affinity of vancomycin for eDNA is up to 100-fold higher
than the intended cellular substrate of vancomycin. Collectively,
these findings suggest that within the biofilm environment, vanco-
mycin may compete with eDNA and the cell-based D-Ala-D-Ala pep-
tide, since the affinity of vancomycin for eDNA is stronger so that
vancomycin may struggle to reach biofilm cells.

In conclusion, our data show that sub-MIC vancomycin expo-
sure increases the abundance of eDNA in the biofilm and reduces
the average depth of vancomycin penetration by 6 �m (19% of the
biofilm) in a 30-min time period. In addition, we show that DNA
and vancomycin exhibit thermodynamically favorable binding
and that exogenous DNA can reduce the potency of vancomycin
in a planktonic culture of S. epidermidis, also within a 30-min time
period. Taken together, these data suggest that sub-MIC vanco-
mycin increases biofilm tolerance to subsequent vancomycin at-
tack by increasing eDNA production, which in turn reduces the
penetration of vancomycin, because negatively charged DNA
binds to and interacts with positively charged vancomycin.
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