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Abstract

The main goal of this study was to determine the effectiveness of antibiotic on Staphylococcus
epidermidis biofilms with different proportions of dormant bacteria, using clinical and commensal
isolates. The ability of S. epidermidis isolates to develop a dormant state was determined. The
susceptibility of biofilms with prevented and induced dormancy to antibiotics was evaluated by
enumeration of viable and cultivable cells, and confocal microscopy. Dormancy was observed in the
majority of tested strains. Tetracycline and rifampicin enhanced the development of a viable but noncultivable state within biofilms. Biofilms with induced dormancy were more likely to survive to
rifampicin. Furthermore, we found that the reduction of cultivable cells is not sufficient to reach definite
conclusions about antimicrobial effectiveness.

Introduction

Metabolic heterogeneity of cells within biofilms contributes to a distinct antibiotic susceptibility [1],
protection against host immune response [2] and relapsing infections [3]. Most antibiotics act against
growing bacteria. Although widely used as therapeutic agents, some antibiotics are known to be
important environmental factors inducing the generation of persister cells [4-6]. Persister and dormant
cells are recognized as cells that sustain viability and survive exposure to high doses of antibiotics
[7,8]. Furthermore, these cells can be used as an experimental model to evaluate therapeutics,
despite the difficulties in distinguishing and characterizing them [9,10].
S. epidermidis has a strong ability to adhere to biomedical devices [11]. As such, S. epidermidis is
among the most common causative agents of biofilm-associated infections [12]. An in vitro model was
described to modulate dormancy in S. epidermidis biofilms [13]. In this model, the culture medium
acidification due to the glucose metabolism, was responsible for inducing bacteria into a dormant
state, which could be prevented by the addition of magnesium to the culture medium. This was shown
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by culturing the same number of viable cells (determined by flow cytometry). A significant reduction of
the number of cultivable cells in the absence of magnesium was observed, indicating the presence of
viable but non-cultivable bacteria. However, this model was only tested on a limited number of strains,
and until now, it was not known if S. epidermidis biofilm dormancy could be a widespread condition in
this species. This leads us to test the hypothesis that both clinical and commensal S. epidermidis
isolates might be capable of entering a dormant state. In addition, we assessed the effect of different
classes of antibiotics on the culturability (by cfu’s), viability (by flow cytometry) and structure (by
confocal laser scanning microscopy (CLSM)) of S. epidermidis biofilms with induced and prevented
dormancy. This strategy allowed us to evaluate and define, with greater accuracy, the effect of
antibiotics on S. epidermidis biofilms, thus contributing to understanding how biofilm dormancy
contributes to antibiotic tolerance.

Material and Methods
Bacterial strain collection
Clinical S. epidermidis isolates were collected at Hospital Geral de Santo António (Porto, Portugal)
and commensal isolates were collected from healthy donors from the region of Minho, that reported
not attending a hospital neither taken any antimicrobial therapy in the 6 months before isolation [14].
S. epidermidis strain 9142 (isolated from blood culture by Mack et al. [15]) was also included in this
study. Isolates were identified by rpoB sequencing. All volunteers gave written informed consent. This
study was approved by the Ethics Subcommission for Health and Life Sciences (process SECVS
002/2013) of the University of Minho, Portugal and, the Ethics Committee Board of Hospital de Santo
António, Porto Hospital Centre, Portugal (Reference 015/09: 014-DEFI/014-CES). A total of 19 clinical
and 24 commensal S. epidermidis isolates were included in this study.
Biofilm formation
Bacteria were used to establish biofilms with induced and prevented dormancy, as previously
described [13]. Briefly, one colony of a given S. epidermidis strain was inoculated in Tryptic Soy Broth
(TSB) (LiofilChem) and incubated at 37 ºC in an orbital shaker at 80 rpm for 18 h. The overnight
culture was adjusted to an optical density at 640 nm of 0.250 (±0.05) and 10 µL of the suspension was
transferred into a 24-well plate (ThermoScientific) containing 1 mL of TSB supplemented with 0.4%
glucose (0.4%G) (v/v) (Merck) or TSB 0.4%G enriched with 20 mM magnesium chloride (MgCl2)
(Merck). The culture plates were then incubated at 37 ºC in an orbital shaker at 80 rpm for 24 h. After
this period, the culture medium was removed and replaced by fresh TSB supplemented with 1%
2+
glucose (1%G) (v/v) or TSB 1%G containing 20 mM MgCl2 (1%G + Mg ). Biofilms were then allowed
to grow in the same conditions for an additional 24 h. Finally, biofilm culture medium was removed
from each well and washed twice with phosphate-buffered saline (PBS).
Antibiotic susceptibility of in vitro S. epidermidis biofilms
To assess antibiotic susceptibility in in vitro S. epidermidis biofilms (including strain 9142, 2 clinical
and 2 commensal strains which were randomly selected), the biofilm culture medium was removed
from each well (24-well plate) and replaced with 1 mL of TSB or 1 mL of TSB with one of the studied
antibiotics at the Peak Serum concentration (40, 16 and 10 µg/mL for vancomycin, tetracycline and
rifampicin (Sigma-Aldrich), respectively) [16]. Then, biofilms were incubated at 37 ºC in an orbital
shaker at 80 rpm. Every 2 h, up to 8, biofilm culture medium from one replicate of each condition,
including controls, was removed. Immediately, biofilms were washed twice with PBS and briefly
sonicated, as previously optimized, in order to avoid cell death [17].
Confocal laser scanning microscopy of biofilms upon contact with antibiotics
The number of cultivable cells was determined by performing 10-fold serial dilutions of biofilm
suspension and plating on tryptic soy agar. Simultaneously, the number of viable cells was determined
by flow cytometry. As previously described [18], SYBR® staining intensity was correlated with S.
epidermidis respiratory activity, as demonstrated by co-staining studies using SYBR® and the redox
dye 5-cyano-2,3-ditolyl tetrazolium chloride (CTC). Therefore, we used SYBR® as a fluorescent probe
to evaluate physiological changes of S. epidermidis bacteria. More precisely, 30 µL of cell suspension
was added to 270 µL of PBS containing 5 µg/mL of Propidium Iodide (PI) (Sigma-Aldrich) and SYBR®
Safe (Invitrogen) diluted at 1:5000. Then, 3 µL of fluorescent counting beads (Invitrogen) were added
to allow bacteria quantification in flow cytometer (COULTER® EPICS® XL™ Flow Cytometer,

Author version
Beckman Coulter). Data were acquired using Expo 32 ADC XL 4 Color. SYBR® fluorescence was
detected on the FL1 channel, while PI fluorescence was detected on the FL3 channel. The absence of
significant cell clusters after sonication was further confirmed during the flow cytometry analysis. To
determine the antibiotic efficacy, the reduction of viable or cultivable cells in each timepoint (given by
Δlog) was calculated by subtracting the log10 bacteria/mL recovered after antibiotic incubation from the
log10 bacteria/mL recovered in untreated biofilm (control). This experiment was repeated 3 to 4 times,
including two biological replicates in each experiment. For CLSM analysis, S. epidermidis biofilms with
induced and prevented dormancy formed by strain 9142 were grown on 13 mm of diameter sterile
plastic coverslips (Thermanox®, Nunc) (previously added to the 24-well culture plates). CLSM
analysis was performed with biofilms challenged during 6 h with antibiotic peak serum concentrations,
at 37 ºC and 80 rpm. Biofilm cell viability was determined with Live/Dead BacLight Bacterial Viability kit
(Molecular Probes), following the manufacturer’s instructions. A live bacterial control, without
incubation with antibiotics was analyzed at the same time. A dead-bacteria control was included, by
incubating the biofilm with 96% ethanol for 2 h. Both controls were used to define the CLSM laser
intensity threshold. Live and undamaged cells were defined by the green dye, dead cells in red, and
cells with damaged cell wall were defined by the orange dye [19]. Images were acquired in Confocal
Scanning Laser Microscope Olympus BX61, model FluoView1000. Syto9 was detected using a filter
with excitation wavelength of 485 nm and an emission filter of 498 nm. PI was detected using a filter
with excitation wavelength of 536 nm and an emission filter of 617 nm. Biofilms were observed using a
40× water-immersion objective, in at least three different regions of two independent surfaces and
images were acquired with 640 × 640 resolution. This experiment was repeated twice.
Statistics
GraphPad Prism Software v.6 version trial (GraphPad Software) was used to conduct data analysis.
2+
Comparison between the number of cfu/mL in induced (1%G) and prevented (1%G + Mg ) dormancy
in commensal and clinical strains was performed by using Wilcoxon test. Normality was tested with
Shapiro-Wilk test. When normality test was passed, unpaired t-test was performed, assuming that
both populations have the same standard deviation. When populations did not pass the normality test,
Mann-Whitney was performed. A p value of less than 0.05 was considered statistically significant.

Material and Methods
Biofilm dormancy in clinical and commensal S. epidermidis isolates
All 43 clinical and commensal isolates were able to establish in vitro S. epidermidis biofilms with
prevented and induced dormancy, as observed by the significantly reduction of the number of
cultivable cells/mL in biofilms grown without magnesium supplementation (Fig. 1A). However, greater
differences between culturability and viability were found in the clinical isolates. In this group, more
than 70% of clinical isolates presented a log10 reduction of cultivable cells between prevented and
induced dormancy equal or above 0.5 (Fig. 1B).
Biofilm susceptibility to antibiotics
Antimicrobials belonging to different therapeutic classes, such as vancomycin, rifampicin and
tetracycline, were used in this study. Culturability and viability of the bacteria were assessed to identify
the impact of biofilm dormancy in the antibiotic’s action. First, the bacterial killing kinetics of antibiotics
with up to 8 h of incubation was determined, using the model strain S. epidermidis 9142 (Fig. 2).
Rifampicin was the antibiotic leading to the greatest reduction of bacteria culturability, sustained over
time (Fig. 2C). A reduction in S. epidermidis culturability was also observed when tetracycline was
used (Fig. 2A), although with a reduced effect, when compared to rifampicin. Vancomycin had no
effect on cell culturability, even after 8 h of treatment (Fig. 2E). Significant differences in culturability
were detected in both prevented and induced dormancy conditions, when rifampicin and tetracycline
were used.
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Fig. 1 | Dormancy in S. epidermidis biofilms formed by clinical and commensal isolates. (A) Number of cultivable
cells/mL of clinical and commensal S. epidermidis biofilms. Each symbol corresponds to the mean of the cfu’s
performed in duplicate. Horizontal bars represent the mean of the indicated group; (B) Log10 difference between
2+
the number of cultivable cells/mL in prevented dormancy (1%G + Mg ) and in induced dormancy (1%G).
Horizontal bars represent the mean with 95% of confidence interval. *p < 0.05

Surprisingly, among the used antibiotics, rifampicin was the only antibiotic able to effectively reduce S.
epidermidis biofilm cell viability, within the timeframe used in the present study (Fig. 2D). However, a
more pronounced and significant reduction was observed in cell culturability (Fig. 2C) rather than in
cell viability. Interestingly, in biofilms with induced dormancy, rifampicin was less effective in reducing
biofilm cells viability. Conversely, tetracycline treatment did not lead to a reduction of viability. In
agreement with the culturability data (Fig. 2E), vancomycin did not affect viability (Fig. 2F).
To confirm these results, two more clinical and two commensal S. epidermidis isolates, randomly
selected, were used to establish biofilms and to be incubated with antibiotics for 6 h (Fig. 3). Similar to
what was observed for strain 9142, rifampicin was the most effective antibiotic in reducing bacterial
cell culturability (Fig. 3C), but also most effective in reducing viability (Fig. 3D). Despite there being a
lesser decrease in viability of biofilms with prevented dormancy, this reduction was not significant for
all tested strains, indicating that this effect may be strain dependent. Additionally, it was confirmed that
tetracycline only affected cell culturability (Fig. 3A and 3B) and vancomycin had no relevant effect in
the tested strains (Fig. 3E and 3F).
The effect of antibiotics on the intact biofilm structure and cell viability was assessed by CLSM, using
the model S. epidermidis strain 9142 (Fig. 4). CLSM qualitative analysis demonstrated that rifampicin
was able to diffuse and kill bacteria (in red) or damage the cell wall (in orange), even in the deeper
biofilm layers, independently on the dormancy status. In contrast, biofilms treated with vancomycin or
tetracycline contained mainly viable bacteria. Moreover, meaningful structural changes were only
observed in biofilms treated with rifampicin (Fig. 4E and 4F). Based on qualitative analysis, these
structural changes imply a cell density reduction and a decrease of the biofilm depth, in both tested
conditions.
This work highlights that: 1) clinical and commensal S. epidermidis isolates are able to enter a
dormant state based on an in vitro biofilm model [13]; 2) tetracycline and rifampicin both induce a
viable but non-cultivable state; 3) only rifampicin showed the ability to kill biofilm cells, and 4) the
presence of viable but non-cultivable bacteria within S. epidermidis biofilms may be influencing the
antibiotic treatment.
One of the most studied antibiotics against S. epidermidis biofilms is rifampicin, a transcription inhibitor
active against biofilms [20-22]. Our results reveal that neither rifampicin nor tetracycline, although
being effective in reducing cfu counts, were not able to eradicate the biofilm during the incubation
period examined here. Importantly, our data indicate that the reduction in culturability was several logfold higher than in viability, suggesting that both antibiotics may induce a viable but non-cultivable
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Fig. 2 | Mean fold reduction (Δlog) of cellular culturability (A, C, E) and of cellular viability (B, D, F) after incubation
with antibiotics. The reduction of viable or cultivable cells in each timepoint was calculated by subtracting the log10
bacteria/mL recovered after antibiotic incubation to the log10 bacteria/mL recovered in untreated biofilm (control).
The vertical axis indicates the difference between S. epidermidis strain 9142 with or without antibiotics in induced
2+
(1%G) and prevented dormancy (1%G + Mg ). This experiment was repeated four times with independent
replicates. Vertical bars represent standard deviation. * Indicates significant differences when induced dormancy
was compared to prevented dormancy, with p<0.05.

Author version

Fig. 3 | Mean fold reduction of cellular culturability (A, C, E) and of cellular viability (B, D, F) after 6 h of incubation
with antibiotics of different commensal (COM001B and COM040A) and clinical (PT12016 and PT13003) isolates.
The y-axis indicates the difference between the S. epidermidis strain without incubation with antibiotics and the
2+
strain upon contact with them, in induced dormancy (1%G) and prevented dormancy (1%G + Mg ). The
experiment was repeated at least three times with two independent replicates. Vertical bars represent standard
deviation. * Indicates significant differences when induced dormancy was compared to prevented dormancy with
p<0.05.

state in biofilm bacteria. Note that these results do not allow us to conclude whether it is active or
dormant cells that are being killed after the treatment with rifampicin. Similarly, Flemming et al. have
shown that biofilms treated with tetracycline showed a low metabolic activity despite significant levels
of live cells being detected [23]. However, these authors did not discuss the possibility that tetracycline
could induce a viable but non-cultivable state, as shown in our study. In contrast, vancomycin showed
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Fig. 4 | CLSM analysis of structure and cell viability of S. epidermidis strain 9142 biofilms after 6 h incubation with
rifampicin, vancomycin or tetracycline. A: biofilm with induced dormancy (1%G) without antimicrobial agents; B:
2+
biofilm with prevented dormancy (1%G + Mg ) without antimicrobial agents; C-H: antibiotic-treated biofilms, with
induced (C, E, G) or prevented (D, F, H) dormancy.

a limited action against intact biofilms, as shown before [22,24,25]. These observations were further
confirmed by testing several isolates of S. epidermidis, including both clinical and commensal isolates.
It was recently shown by Zhao et al. that mature biofilms were less susceptible to antimicrobial agents
than young biofilms, and this was thought to be related to the number of persister cells and
extracellular polymeric substances [26]. In our work, we found that the survival of biofilm cells was
affected by dormancy. Despite rifampicin showing a different effect on culturability among the studied
strains, our results indicate that treatment with this antibiotic led to a greater reduction of viability on
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cells from biofilms with prevented dormancy. The in vitro ability to modulate the number of viable but
non-cultivable cells within the biofilm allowed us to demonstrate that this subpopulation of cells can in
fact influence therapy outcome. This is not surprising since it is known that biofilm tolerance to
antibiotics could be associated with the existence of subpopulations of bacteria with low metabolic
activity [27-29].
Interestingly, our findings also reveal that dormancy might be a widespread physiological state in both
clinical and commensal S. epidermidis isolates. Therefore, due to the clinical relevance of dormant
bacteria within biofilms, an appropriate assay should be employed to detect viable but non-cultivable
bacteria and to assess the real effect of exposure to antibiotics. As shown in this work, a discrepancy
between culturability and viability is evident. Dormant cells may have significant clinical implications,
since they could lead to misleading interpretations about the infection status and affect the success of
therapeutics [30]. Additionally, it is possible that viable but non-cultivable biofilm bacteria may revert to
metabolically active cells [31]. Furthermore, despite the lower inflammatory properties of dormant
bacteria, it has been shown that they can still elicit an inflammatory process [13,32] that may affect the
patient’s quality of life.
In conclusion, this work emphasizes the importance of discriminating between cultivable and viable
cells. Earlier studies addressing biofilm culturability assessment upon exposure to bactericidal external
stresses may have neglected or overlooked the ability of biofilm cells to enter into a viable but noncultivable state. Despite our work only considering the initial hours of contact with an antibiotic, we
were able to demonstrate that biofilms with a higher proportion of dormant bacteria are less
susceptible to antibiotics, such as rifampicin. These results strengthens the hypothesis of the
involvement of viable but non-cultivable cells in recurrent biofilm-related infections, due to the their
ability to tolerate the action of antibiotics action and could act as a nidus for further infections [3].
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