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Biofilms are highly tolerant to antibiotics and underlie the recalcitrance of many chronic 
infections. We demonstrate that mature Staphylococcus aureus biofilms can be substantially 
sensitized to the treatment by pulse dosing of an antibiotic – in this case, oxacillin. Pulse 
(periodic) dosing was compared to continuous application of antibiotic and was studied 
in a novel in vitro flow system which allowed for robust biofilm growth and tractable 
pharmacokinetics of dosing regimens. Our results highlight that a subpopulation of the 
biofilm survives antibiotic without becoming resistant, a population we refer to as persister 
bacteria. When oxacillin was continuously present the persister level did not decline, but, 
importantly, providing correctly timed periodic breaks decreased the surviving population. 
We found that the length of the periodic break impacted efficacy, and there was an optimal 
length that sensitized the biofilm to repeat treatment without allowing resistance expansion. 
Periodic dosing provides a potential simple solution to a complicated problem.

Keywords: biofilm treatment, Staphylococcus aureus, antibiotic tolerance, persister resuscitation, intermittent 
dosing, periodic dosing, pulse dosing, oxacillin

INTRODUCTION

Biofilms, multicellular communities of bacteria, can be  highly tolerant to antibiotics 
(Spoering and Lewis, 2001). Inside the biofilm, bacterial cells are closely packed together and 
surrounded by an extracellular matrix. The tolerance of biofilms to antibiotics is linked to many 
physiological factors. Low nutrient and oxygen availability, upregulation of innate resistance factors, 
cell-cell signaling, heterogeneity in population gene expression profiles, the extracellular matrix, 
stress responses, and cell dormancy have all been implicated (Mah et  al., 2003; Walters et  al., 
2003; Rani et  al., 2007; Mulcahy et  al., 2008; Macia et  al., 2011; Nguyen et  al., 2011; Kirby et  al., 
2012; Koch et  al., 2014; Van Acker et  al., 2014; Stewart, 2015; Ciofu et  al., 2017; Hall and Mah, 
2017; Stewart et  al., 2019). Moreover, the extracellular matrix protects bacteria in biofilms from 
clearance by the immune system (Otto, 2018; Yan and Bassler, 2019). Biofilm-based infections 
are a major health burden, leading to treatment failure and chronic relapsing infections (Lewis, 
2008, 2019). This is exemplified by the endless rounds of treatment and substantial morbidity 
and mortality associated with Pseudomonas aeruginosa biofilms in cystic fibrosis (Costerton et al., 1999) 
and staphylococcal biofilms on prosthetic joint and device-related infections (Otto, 2018).

Biofilms, even of the same bacterial species, can differ widely in structure and matrix composition 
depending on environmental conditions. In vitro under lab conditions, broth nutrient components 
and biofilm age strongly impact antibiotic tolerance, with increasing tolerance as the biofilm 
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matures (Anwar et al., 1992; Haagensen et al., 2015). Experiments 
with P. aeruginosa and S. aureus have shown that in mature 
biofilms, oxygen concentration rapidly decreases from the surface 
of the biofilm to the deeper layers of cells (Xu et  al., 1998; 
Walters et  al., 2003; Rani et  al., 2007). This correlates with the 
metabolic activity of cells, with high transcription rates restricted 
to exposed surface layers, and with the remainder of the biofilm 
being slow growing or even dormant. These regions of metabolic 
activity in the biofilm also correspond to the regions of efficacy 
of antibiotics (Walters et al., 2003; Haagensen et al., 2015; Stewart, 
2015). Slow growth and dormancy lead to tolerance with multiple 
classes of antibiotics as most require active cell processes to 
corrupt for efficacy (Lewis, 2008; Conlon et  al., 2016; Shan 
et  al., 2017). Growth in biofilms enriches for such antibiotic 
tolerant cells, termed persisters (Roberts and Stewart, 2005; Lewis, 
2010; Conlon et  al., 2015; Waters et  al., 2016). This tolerance 
due to low metabolic state is distinct from resistance, as at the 
population level there is no shift in the minimal inhibitory 
concentration (MIC) of antibiotics. Instead, these cells have the 
ability to survive a prolonged presence of antibiotic and resume 
growth following treatment (Balaban et  al., 2019).

We and others have reasoned that as persister cells resuscitate 
post-treatment to generate antibiotic susceptible cells, intermittent 
or pulse dosing is a viable strategy for reducing the persister 
burden (Bigger, 1944; Cogan, 2006; Lewis, 2008; Sharma et  al., 
2015; Carvalho et al., 2018). Within a biofilm, there will be two 
populations of cells – susceptible and tolerant to the antibiotic. 
Applying antibiotic will kill the susceptible cells, while the 
tolerant population remains. Removing the antibiotic in the 
presence of nutrients will allow a portion of the dormant 
tolerant cells to resuscitate and transition to be  susceptible. 
Therefore, if antibiotic is reapplied before new persister formation, 
the new susceptible portion can be  removed, and the process 
can be  repeated until all the tolerant population have been 
resuscitated and killed. Periodic dosing against planktonic batch 
cultures have found varying effects on persister levels (Bigger, 
1944; Sharma et  al., 2015; Cogan et  al., 2016; Feng et  al., 
2016), and periodic application of biocides against environmental 
biofilms has demonstrated the importance of timing for efficacy 
(Grant and Bott, 2005). Several groups have modeled in silico 
the effects of varying the period of antibiotic dosing against 
biofilms (Cogan et  al., 2013; Imran and Smith, 2014; Zhao 
et  al., 2016; Carvalho et  al., 2018), but to our knowledge, 
in vitro experimental studies systematically testing this approach 
have been lacking. Using S. aureus biofilms, we  examined this 
experimentally with oxacillin and found that indeed providing 
a periodic break from antibiotic was able to dramatically improve 
efficacy of treatment.

MATERIALS AND METHODS

Reagents and Cell Lines
Staphylococcus aureus HG003 containing a chromosomal lux 
operon (luxABCDE modified from Photorhabdus luminescens) 
and a chloramphenicol resistance marker (moved by phage 
transduction from Newman-lux strain; Plaut et  al., 2013) was 

used for all experiments. The lux strain had the same growth 
rate as parent (Supplementary Figure S1A), and was used 
with the intention of luminescence being a read out for biofilm 
metabolic activity (Supplementary Figure S1B), but the noise 
from the change in environmental conditions (e.g., temperature 
and oxygen) on luminescence quantification in the biofilm 
was unfortunately greater than the experimental signal. Single 
colonies were streaked on to brain heart infusion (BHI; BD 
BBL) agar plates from glycerol stocks, and were put into 
overnight culture in BHI broth (shaking 200 rpm, 37°C), before 
being diluted and used for experiments. Antibiotic stock solutions 
were stored at −20°C: oxacillin (TCI), vancomycin (Sigma), 
and gentamicin (Acros Organics) in water; rifampicin (Sigma) 
in DMSO. Oxacillin MIC was 0.125  μg/ml.

Biofilm Flow System
Input bottles, silicone tubing (Tygon 3/32" ID × 5/32" OD, Masterflex 
3/16" ID  ×  5/16" OD, and Ismatec Tygon S3 0.89  mm ID, Cole 
Parmer), glass segments (7 cm long, Borosilicate 4 mm ID × 6 mm 
OD, Amazon), and waste bottles were autoclaved for sterilization. 
Tubing segments were connected via polypropylene Luer connectors 
or barbed fittings (Cole Parmer). Sterile 14G polyurethane I.V. 
catheters (SurFlash Terumo) were cut into 1  cm segments 
(approximate outer and inner surface area combined 120  mm2), 
transferred to a microcentrifuge tube, and submerged in FBS 
(ATCC) overnight at 37°C, to promote bacterial adherence. 
Individual segments were then transferred to 1  ml of OD600 0.01 
S. aureus suspension in BHI + 1% glucose broth in microcentrifuge 
tubes, and were incubated for 24  h at 37°C. The medium was 
supplemented with glucose to stimulate biofilm formation and 
to rapidly achieve mature and tolerant biofilms (Mack et al., 1992). 
Catheters were transferred to fresh BHI  +  1% glucose for 24  h, 
and then placed in triplicate inside sterile glass segments. The 
glass segments were connected inline to the flow system via tight 
sealing silicone tubing (ID 3/16") and Luer connectors. The tubing 
portion containing the glass segments (hosting the catheters) were 
set inside a 37°C incubator. The tubing lines and glass segments 
were filled with BHI + 1% glucose from input bottles via peristaltic 
pumps, and the flow rate was set to 0.1  ml/min. This regimen 
was maintained for 16–21  h, and then, antibiotic treatment was 
initiated by the addition of antibiotic to input bottles. To achieve 
periodic regimens, input bottles were either changed to antibiotic 
free BHI  +  1% glucose for set intervals of time, or antibiotic 
was steadily diluted out of input bottles by the addition of fresh 
broth at the same rate as liquid removal (0.1  ml/min). Syringe 
pumps (New Era) controlled by programmable electronic timers 
(Cole Parmer) were used to regularly inject antibiotic into input 
bottles to achieve dosing schedules. At the end of an experiment, 
glass segments were disconnected from tubing, catheters removed, 
and rinsed in saline (0.9% NaCl). Catheters were then sonicated 
in 1 ml of saline for 5 min, followed by 30 s of vigorous vortexing, 
and this was repeated three times to disrupt biofilms. The resulting 
suspension was serially diluted by 10x dilutions and plated on 
BHI agar plates (in duplicate), then incubated at 37°C, to enumerate 
colony forming units (CFUs). CFU plating was performed on 
BHI alone or BHI containing antibiotic to establish resistance 
expansion. Plates were examined for CFU 24 and 72 h after plating.
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Scanning Electron Microscopy
Catheters were removed from the flow system and were rinsed 
in 1  ml saline. Catheters were left intact or split using a razor, 
and were moved to a solution of 2.5% glutaraldehyde in 0.1  M 
sodium cacodylate containing 0.15% alcian blue and 0.15% 
safranin O for 24  h at 4°C for fixing and staining. Catheters 
were washed in 0.1  M sodium cacodylate for 10  min, infiltrated 
with 1% osmium tetroxide for 30  min, and then washed three 
times in 0.1  M sodium cacodylate. Biofilms were dehydrated 
by sequential submersion in 30, 50, 70, 85, and 95%, and then 
100% ethanol for 5–10 min at each level. Submersion in absolute 
ethanol was repeated three times, and then the catheters were 
placed in a SAMDRI-PVT-3D (Tousimis) for critical point drying 
using liquid CO2. Catheters were mounted on aluminum sample 
mounts using double-sided conductive carbon adhesive tape and 
sputter coated with 5  nm of platinum (Cressington 208HR). 
They were imaged on a Hitachi S-4800 SEM at 3.0  kV.

Phamacokinetic Confirmation
Samples were taken at intervals from the input bottles, or 
from the tubing line just prior to glass segments, to check 
oxacillin concentration. Oxacillin concentration was measured 

using a bioassay – samples were serially diluted in 96-well 
plates in BHI and incubated with S. aureus OD600 0.001 at 
37°C overnight (static), and compared to a standard curve 
run in parallel with known oxacillin levels. Turbidity was 
examined by eye and OD600 measurement (Biotek Synergy H1), 
and oxacillin concentration for samples was calculated by 
multiplying 0.5xMIC concentration (from the standard curve) 
by the dilution factor of samples that allowed growth to occur. 
The assay was run on 7 separate days with a total of 15 
standard curves. Across days the standard curves displayed a 
mean MIC of 0.14  μg/ml, SD 0.04  μg/ml, n  =  7, and a within 
day mean SD of 0.01  μg/ml (two standard curves differed in 
their MIC by 2-fold on 1  day, all other standard curves run 
on the same day shared the same MIC).

RESULTS

Catheter Biofilm Flow System
To robustly compare the effect of different antibiotic dosing 
regimens on biofilms, we  desired a system with constant liquid 
flow, so that nutrients could be continually provided and antibiotics 

A

B

D

C

FIGURE 1 | A tractable constant flow system for Staphylococcus aureus biofilms. (A) Schematic of the flow system. Antibiotic regimens are created in a central 
bottle via injection syringe pumps and dilution with fresh medium [brain heart infusion (BHI) supplemented with 1% glucose], and pumped continuously through a 
piece of glass tubing containing three 1 cm catheter segments hosting S. aureus biofilms, then to a waste container. (B) Photograph of one experiment set-up with 
bottles, tubing, peristaltic pump, glass tubing, and waste bottles. The glass tubing sections hosting the biofilms on catheters are placed inside a 37°C incubator. 
(C) Close up of the glass tubes from (B) show thick white S. aureus biofilms. Black dotted lines outline catheter segments. (D) Catheters were removed from the 
flow system (Day 0, after 16–21 h of BHI + 1% glucose flow), halved longitudinally, and imaged by scanning electron microscopy. A dense mat of S. aureus biofilm 
can be seen inside the catheter.
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adjusted without physical disruption to the biofilm. We  began 
by using the CDC bioreactor (Goeres et  al., 2005), but the 
large volume of medium required for experiments led us to 
design a smaller system for higher throughput. Catheter segments, 
1 cm long, were chosen as the vehicle for the biofilms, providing 
a reproducible surface area and medically relevant substrate 
(Kadurugamuwa et  al., 2003). The segments were coated with 
FBS, then inoculated with methicillin-sensitive S. aureus 
(HG003-lux, Supplementary Figure S1) in microcentrifuge tubes, 
and biofilms were allowed to mature for 48  h in rich medium 
(BHI  +  1% glucose). The biofilm-carrying catheters were then 
placed in triplicate inside glass tubing, and were subjected to 
a constant flow of medium (Figures  1A,B). All biofilms first 
received nutrients for 16–21  h (BHI  +  1% glucose, 37°C) to 
allow adjustment to flow conditions and for final maturation, 

then antibiotic regimens were applied (Day 0). The catheter 
segments developed robust biofilms, which could be  seen by 
eye (Figure 1C; Supplementary Figure S1B). Scanning electron 
microscopy revealed dense packing of S. aureus into thick mats, 
covered with a fibrous matrix, on both the inside and outside 
of the catheters (Figure  1D; Supplementary Figure S2).

To enumerate bacterial density of biofilms, catheters were 
removed from the glass tubing, rinsed, sonicated, and vortexed 
in saline, and then the saline suspension was plated for CFU. 
At Day 0, the biofilms averaged 3.5  ×  108  CFU/catheter, and 
without antibiotic treatment maintained a similar burden over 
7  days of providing continuous medium (Figure  2A). The 
S. aureus biofilms grown in this system were highly tolerant to 
multiple classes of antibiotics. Treatment began on Day 0 with 
addition of antibiotics to the medium and was provided in a 
continuous flow past the biofilms. Scanning electron microscopy 
of biofilms treated for 24  h with oxacillin at 12.5  μg ml−1, 100x 
the planktonic MIC, showed no obvious changes compared to 
untreated controls (Figure  2B). Even with 7  days of continuous 
treatment with 12.5  μg ml−1 (100xMIC) of oxacillin, there was 
a maximum of 1.5 log of CFU reduction (Figure 2C). Likewise, 
the biofilm was stable for multiple days under continuous flow 
of 100x the planktonic MIC of gentamicin (50  μg ml−1), and 
vancomycin (100 μg ml−1; Figure 2C). The biofilm also withstood 
100xMIC of rifampicin (2  μg ml−1; Figure  2C) but, in this case, 
the treatment led to the selection for resistance and by Day 5, 
the biofilm was composed entirely of rifampicin resistant cells. 
However, for gentamicin, vancomycin, and oxacillin, the treatment 
did not lead to a substantial increase in resistance compared 
to untreated biofilms (Supplementary Figure S3).

Providing Breaks From Oxacillin Can 
Sensitize Biofilms to Treatment
For methicillin sensitive S. aureus, oxacillin is frequently used 
in the clinic, and so we chose to focus on oxacillin for studying 
periodic dosing. We  began by providing a regular break from 
oxacillin each day. S. aureus biofilms on catheters were treated 
for 6  days with either continuous oxacillin (1.25  μg ml−1, 
10xMIC), or with a 2–5  h break each day by changing the 
source bottle to antibiotic free broth for the specified interval 
(Figure  3). Untreated control biofilms had on average 
3 × 108 CFU/catheter at the end of 6 days (Figure 3). Continuous 
oxacillin treatment for 6  days was only able to reduce the 
biofilms on average 1 log to 5  ×  107  CFU/catheter (the 0  h 
break/day point in Figure  3). A 2  h break each day from the 
oxacillin made no significant difference to biofilm burdens. 
Encouragingly, providing a 3 h break each day decreased biofilm 
survival, with 2–3 logs of the biofilm cleared by the end of 
the experiment. There was a greater variability in response to 
breaks of 4 or 5  h; on some experimental rounds, biofilms 
withstood the treatment, and in others, biofilms were decreased.

Modeling in vivo Half-Lives to Provide a 
Periodic Break
Typically, antibiotics are given orally or by injection, and the 
bacteria are exposed to an antibiotic pharmacokinetic (PK) 

A

B

C

FIGURE 2 | Mature S. aureus biofilms on catheters are highly tolerant to 
antibiotics. (A) Catheters carrying 5 × 107 colony forming unit (CFU) of 
S. aureus are placed into the flow system on Day-1, and then fed continuously 
with BHI + 1% glucose. The CFU per catheter rises to 5 × 108 and stays steady 
over 1 week of medium flow. Symbols are means of multiple experiments on 
different days, 2 ≤ n ≤ 17, error bars are SD. (B) SEM on Day 1 of untreated 
biofilms, or biofilms treated for 24 h with 12.5 μg/ml oxacillin [100x minimal 
inhibitory concentration (MIC), planktonic]. White bar, 5 μm. (C) Treatment 
beginning on Day 0 with 2 μg/ml of rifampicin, 50 μg/ml of gentamicin, 100 μg/
ml of vancomycin, or 12.5 μg/ml oxacillin (100x the planktonic MICs) and 
continued for multiple days is ineffective at clearing S. aureus biofilms. Data are 
obtained from representative experiments, and are separated by dotted vertical 
lines. Symbols represent one catheter, and lines are mean and SD.
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profile that has a peak and then decays over time. To begin 
to examine the effect of periodic dosing on biofilms using 
dynamic PK profiles and to enable further translational studies, 
we  simulated oxacillin regimens based on in vivo mouse 
pharmacokinetics. Oxacillin was dosed into the central bottle 
that feeds the catheters by syringe pump, and then constantly 
diluted by the addition of fresh medium (Figure 1A) to achieve 
a half-life of 1.3  h (Jo et  al., 2011). To provide a 3–4  h break 
below the planktonic MIC of oxacillin, 0.125  μg ml−1, every 
dosing period, a regimen was modeled with a peak of 12.5  μg 
ml−1 (100xMIC) given every 12 h, and compared to continuous 
treatment with 12.5  μg ml−1 (100xMIC) oxacillin (Figure  4A, 
PK sample check Supplementary Figure S4). Encouragingly, 
in four out of five experiments over 7  days, dramatically 
improved efficacy was seen in the periodic treatment compared to 
constant oxacillin, with the periodic regimen clearing 3–5 log 
more than continuous antibiotic (Figure 4B). In two experiments, 
the periodic regimen cleared the biofilm almost to the limit 
of detection (Figure 4B). When this was expanded with further 
experiments, including endpoints at 3 and 5  days, it appeared 
that continuous oxacillin (12.5  μg ml−1, 100xMIC) cleared 1.5 
log of the biofilm between 3 and 5  days of treatment, with 
an average remaining persister burden of 5% (107 CFU remaining) 
at 7  days (Figure  4C). In comparison, the periodic regimen 
caused continuous decline leading to a greater reduction in 
biofilm burden by Day 7 (Figure 4C). The response was variable, 
suggesting variation in the slope of biofilm decline between 
experiments, but the average decline was log-linear and achieved 
4 log reduction over 7  days (Figure  4C).

Break Length Has a U-Shaped Response 
Curve
The length of the effective break from oxacillin was modulated 
by decreasing and increasing the peak concentration of each dose, 
and by decreasing and increasing the interval of doses, while 
comparing these regimens to constant oxacillin (Figure  5, PK 
sample check Supplementary Figure S4). These experiments 
highlighted the impressive tolerance of mature biofilms – 107 CFU/
catheter (5% of untreated biofilms) remained after constant oxacillin 
at 6.25, 12.5, 25, or 62.5  μg ml−1 (50x, 100x, 200x, or 500xMIC, 
respectively) for 7  days (Figure  5A). Periodic dosing was able 
to decrease the final biofilm burden, but had a steep U-shaped 

FIGURE 3 | Treatment breaks from constant oxacillin can sensitize 
biofilms. Biofilms were treated with constant oxacillin at 1.25 μg/ml (10x 
MIC) for 6 days, with a 0–5 h treatment break each day and plated for 
CFU. Symbols represent mean of three catheters from one experiment. 
Lines are means and SD of symbols (repeat experiments). Group means 
(of the log transformed data) were compared with an ordinary one-way 
ANOVA, followed by multiple-comparison of all means using Tukey’s test 
(Prism 8.4.2). The ANOVA found a significant difference between means, 
p = 0.019, and oxacillin treated biofilms with a 3 or 4 h break each day 
were assessed as different than the control mean with adjusted p values 
of 0.018 and 0.035, respectively. All other comparisons did not reach 
significance.

A

B

C

FIGURE 4 | Periodic oxacillin with half-life is more effective than constant 
regimen. To achieve a 3–4 h periodic break below the MIC, oxacillin was given 
as a peak of 12.5 μg/ml (100xMIC) with a t1/2 of 1.3 h (the half-life in mice) 
every 12 h, and compared to constant 12.5 μg/ml oxacillin. (A) Modeled 
pharmacokinetics. (B) Day 7 results from five matched experiments, symbols 
represent the mean of triplicate catheters, and lines connect the results of 
treatment groups from one experiment. (C) Efficacy of regimens on biofilm 
CFU over time. Symbols are means of repeat experiments, 3 ≤ n ≤ 14, lines 
SD. Day 7 results (log transformed CFU) for constant and periodic oxacillin 
were compared with an unpaired t-test, p = 0.023, with Welch’s correction for 
unequal variance (Prism 8.4.2).
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dose response curve. The optimal periodic regimen was the 
originally tested peak of 12.5  μg ml−1 (100xMIC) of oxacillin 
given every 12 h, decreasing the biofilm down to 104 CFU/catheter 
on average (0.006% of the untreated biofilm) after 7  days 
(Figures  5B,C). Decreasing or increasing the peak concentration 
by 2-fold was less effective, leaving 106  CFU/catheter (0.2% of 
the untreated biofilm) remaining (Figure 5B). Shifting the dosing 
frequency 2  h likewise gave a U-shaped dose response curve 
(Figure  5C). These results correlate with the time oxacillin was 
below MIC (0.125 μg ml−1) in the modeled regimens (Time < MIC), 
with the best efficacy achieved with a break from oxacillin of 
3–4 h below the MIC (Figure 5D). To assess selection for oxacillin 
resistance, at the end of every experiment, biofilm suspensions 
were also plated on plates containing 10xMIC oxacillin. 
Encouragingly, resistance expansion did not occur in the optimal 

regimen, and remained below the level of detection (Figure  5E). 
The regimens providing the longest break, 5–6  h below the 
planktonic MIC, arising from a peak of 6.25  μg ml−1 (50xMIC) 
oxacillin given every 12 h or 12.5 μg ml−1 (100xMIC) given every 
14  h, allowed a resistant subpopulation to expand and reach 
levels of 105  CFU/catheter over 7  days (Figure  5E). Under our 
conditions of rich medium and very mature biofilms, the optimal 
break is 3–4  h below the planktonic MIC of the antibiotic to 
allow reversal of biofilm tolerance but prevent resistance expansion.

DISCUSSION

Biofilms are a critical problem in health care, leading to chronic 
recurring infections despite lengthy treatment with antibiotics. 

A

B

C

D E

FIGURE 5 | Length of periodic break gives U-shaped dose response curve. Oxacillin was given as constant regimens of 6.25, 12.5, 25, or 62.5 μg/ml (50, 100, 200, or 
500x MIC; A) or as periodic regimens with a t1/2 of 1.3 h, and given every (q) 10, 12, or 14 h (B,C) for 7 days. Programmed oxacillin regimens are depicted on the left. Biofilm 
suspensions were plated on BHI to determine total CFU/catheter after 7 days (right). Untreated controls, 12.5 μg/ml (100xMIC) constant, or 12.5 μg/ml (100x MIC) q12 h 
are the same data (A–C) visually repeated for purposes of comparison. (D) CFU results for each periodic regimen, and 12.5 μg/ml (100xMIC) constant for comparison, are 
displayed with the time oxacillin was below the planktonic MIC 0.125 μg/ml (Time < MIC) in the programmed conditions. (E) Biofilm suspensions were plated on agar 
containing 10xMIC oxacillin to determine resistant CFU, and only those periodic regimens with the greatest Time < MIC allowed resistance expansion above the limit of 
detection (LOD). Symbols represent mean of three catheters from one experiment. Lines are mean and SD of symbols (repeat experiments). LOD, limit of detection.
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Our in vitro flow system allowed us to grow mature S. aureus 
biofilms and expose them to a constant flow of nutrients and 
to various antibiotic dosing regimens (Figure  1). The system 
is simple and tractable, and minimizes medium use compared 
to other macroscopic biofilm flow systems available, although 
experiments remain time-consuming given the impressive 
antibiotic tolerance of mature biofilms. For motile bacteria, 
the system could be  adjusted with an air break, or equivalent 
measure, to prevent movement of the bacteria against the 
direction of flow. A limitation of the system is the use of 
catheters that likely restrict the flow of liquid through the 
lumen, and alternative flat substrates could be explored. Despite 
the complexity of the nature of biofilm tolerance to antibiotics, 
we  found that simply providing a periodic and correctly timed 
break from an antibiotic (oxacillin) can sensitize a S. aureus 
biofilm to treatment (Figure 4). Although inclination to improve 
antibiotic efficacy is often to treat with a larger dose of drug 
for longer, we  demonstrate that periodic absence of antibiotic, 
or the time below a critical threshold (e.g., MIC), can 
be  important for efficacy of regimens against biofilms.

Our study leads to several conclusions. First, it is consistent 
with previous research and clinical experience and shows that 
a mature biofilm remains tolerant to antibiotic treatment over 
multiple days, even while provided with a continuous supply 
of nutrients (Figure  2C; Parra-Ruiz et  al., 2012; Barber et  al., 
2015). This occurred without selection for resistance in the 
case of gentamicin, vancomycin, and oxacillin (Figure  2C; 
Supplementary Figure S3). For simplicity, we  refer to this 
tolerant subpopulation as persisters, despite likely complexity 
in the mechanisms of tolerance, as these cells withstood antibiotic 
in the biofilm but when removed from the biofilm were able 
to regrow in the absence of antibiotic. The levels of persisters 
in our study were comparable to persister/tolerant subpopulation 
levels observed in previous studies of mature staphylococcal 
biofilms and cell-wall inhibiting antibiotics (Anwar et al., 1992; 
Parra-Ruiz et  al., 2012; Barber et  al., 2015; Butini et  al., 2019). 
For constant oxacillin, under rich medium conditions, the 
persister level in our study was remarkably stable across five 
dose levels from 1.25 to 62.5  μg ml−1 (10xMIC–500xMIC) and 
averaged 5  ±  2% of the total (mean and SD; Figures  3–5).

Second, providing a periodic break from oxacillin for short 
periods could reverse biofilm tolerance and lead to sensitization 
to repeated applications of oxacillin (Figures 3–5). Presumably, 
a subset of the persisters exit dormancy and resuscitate when 
the antibiotic is not present. Conversely, this suggests that 
maintaining the presence of antibiotic prolongs dormancy. 
This may be  cellular stress response related, or the direct 
action of the antibiotic, inhibiting the function of key cellular 
machinery, which, in the case of oxacillin, is the inhibition 
of penicillin binding proteins preventing the formation 
of peptidoglycan.

Third, the extent of sensitization and the rate of removal to 
a given periodic regimen had considerable variation (Figures 3–5), 
likely reflecting a heterogeneity in biofilm maturity and response 
between different experiments even when conditions were 
replicated. This variation may also have come from the outer 
and inner surfaces of the catheter experiencing different flow rates.

Finally, under our rich medium conditions, the effective 
break window from oxacillin was narrow and adjusting the 
period of oxacillin dosing by 2 h in either directions substantially 
decreased efficacy. We  speculate that too short a break does 
not allow for adequate persister resuscitation, whereas too long 
a break allows for population expansion (including resistant 
cells) and perhaps produces new persisters. This narrow window 
under our rich medium conditions may also explain the high 
variability in response to periodic dosing. With the caveat that 
concentrations in the microenvironment of the biofilm may 
have been different than in the bulk flow system broth, our 
models suggest the effective break from oxacillin required 3–4 h 
of the antibiotic below the planktonic MIC (Figures  3–5). 
Further research is needed to explore optimal dosing regimens 
for other antibiotics and for biofilms grown under different 
medium conditions or in vivo.

These are among the first experimental results, that we  are 
aware of, which demonstrate that providing the optimal break 
from antibiotics can indeed sensitize biofilms to treatment. 
The observed U-shaped response curve around the break from 
antibiotic agrees with theoretical modeling studies on biofilm 
removal by intermittent application (Cogan et  al., 2013, 2016; 
Zhao et  al., 2016; Acar and Cogan, 2019). The optimal length 
of break likely depends on the time to resuscitation of dormant 
cells (Carvalho et  al., 2018; Butini et  al., 2019), which will 
be  a function of both unique effects of the antibiotic used 
(pharmacodynamics) and the nutrient availability across the 
biofilm. This concept is similar to that of the post-antibiotic 
effect (PAE), but is subtly different, as it is the time to 
resuscitation not to regrowth. We  have correlated this with 
the PK-PD variable of Time below MIC, Time  <  MIC, not 
to be  confused with the PK-PD parameters of beta-lactams 
required for growth inhibition or bactericidal activity, which 
are usually Time > MIC. The planktonic MIC may not be  the 
threshold concentration at which persisters resuscitate in the 
biofilm, but is used for simplicity as a concentration at which 
to quantify the antibiotic “break.” We  found that under rich 
medium conditions, a relatively short break from oxacillin 
was optimal (3–4  h below the planktonic MIC in the broth 
treating the biofilms). If the break was extended, a population 
resistant to oxacillin began to expand. This resistant 
subpopulation may have been able to expand in sub-MIC 
antibiotic concentrations, and then survive repeated applications 
of antibiotic by virtue of slow-growth rate or being present 
in pockets of the biofilm experiencing low concentrations of 
oxacillin (Lee et  al., 2018). Encouragingly, resistant cells did 
not expand in the optimally sensitizing regimen of oxacillin 
(Figure 5), suggesting a therapeutic window for biofilm efficacy 
with periodic break dosing.

Biofilms, and more generally persisters, are notoriously 
difficult to treat. Treatment strategies shown to activate dormant 
cells through providing alternative metabolites (Borriello et al., 
2006; Meylan et al., 2018; Li et al., 2019), or targeting signaling 
pathways (Marques et al., 2014; Koo et al., 2017), are promising, 
as are approaches that use antibiotics that kill dormant cells 
(Defraine et al., 2018), such as ADEP4, with an ATP independent 
mechanism to kill dormant S. aureus (Conlon et  al., 2013), 
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or colistin to kill dormant P. aeruginosa (Pamp et  al., 2008). 
Our result of achieving efficacy against biofilms with a single 
antibiotic by providing periodic breaks is encouraging in its 
simplicity. More sobering was the narrow window of effective 
break, and the variability in sensitization, that we  observed 
against S. aureus biofilms with oxacillin. This narrow effective 
window may also explain why intermittent dosing is not 
necessarily more effective than continuous infusion in animal 
models of endocarditis (Robaux et  al., 2001; Jacqueline et  al., 
2002). With individual variation in antibiotic PK, a correctly 
timed periodic break would be challenging to achieve clinically 
with oral or parental oxacillin treatment. However, potential 
applications may exist for wound treatment with topical 
antibiotics or for antimicrobial lock therapy for catheters, 
where tight control of antibiotic levels is maintained. Increasing 
the frequency of applied breaks may also improve efficacy, 
and deserves future exploration. Our experiments were 
conducted under rich medium conditions with very mature 
and dense biofilms, and further research is needed to study 
the effective break period and frequency under alternative 
conditions. It is intriguing to consider the possibility of 
removing the antibiotic, supplying a short interval of nutrients 
to activate the biofilm, and then reapplying antibiotic, achieving 
greater control over the time to resuscitation of persisters 
(Acar and Cogan, 2019). Several strategies to increase the 
range of the break window also suggest themselves, such as 
sequential treatment with different antibiotics (Butini et  al., 
2019), or searching for antibiotic pairs that exhibit cellular 
hysteresis (Roemhild et  al., 2018) in regard to persister 
resuscitation and sensitivity, or exploiting collateral sensitivity 
to maximize clearance of resistant cells with the second 
antibiotic (Baym et  al., 2016). We  expect that the use of 
compounds such as teixobactin, for which there is no detectable 
resistance (Ling et  al., 2015), will allow for more relaxed 
regimens with a broader window between antibiotic applications.

Using a clinically approved antibiotic, we were able to achieve 
efficacy against mature S. aureus biofilms by providing short 
and repeated breaks where the antibiotic was below a critical 
threshold. Targeting the dormant portion of a biofilm can 

be achieved by correct timing of dosing, relying on resuscitation 
during drops in the antibiotic. Biofilms are indeed difficult to 
treat; their dormancy is their shield, but knowing this allows 
us to exploit and undermine it.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will 
be  made available by the authors, without undue reservation.

AUTHOR CONTRIBUTIONS

KM and KL designed the study and wrote the manuscript. KM 
performed the experiments and analyzed results. HT, JS, and 
MG assisted with experiments and revised the manuscript. All 
authors contributed to the article and approved the submitted version.

FUNDING

This study was supported by NIH grant R01 AI141966 to KL.

ACKNOWLEDGMENTS

We thank Samantha Niles and Meghan Ghiglieri for technical 
support. We thank William H. Fowle of the Electron Microscopy 
Core at Northeastern University for assistance with the scanning 
electron microscopy. We thank Sylvie Manuse and Nadja Leimer 
for reading the manuscript and providing helpful advice.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be  found online 
at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.596227/
full#supplementary-material

 

REFERENCES

Acar, N., and Cogan, N. G. (2019). Enhanced disinfection of bacterial populations 
by nutrient and antibiotic challenge timing. Math. Biosci. 313, 12–32. doi: 
10.1016/j.mbs.2019.04.007

Anwar, H., Strap, J. L., and Costerton, J. W. (1992). Eradication of biofilm 
cells of Staphylococcus aureus with tobramycin and cephalexin. Can. J. 
Microbiol. 38, 618–625. doi: 10.1139/m92-102

Balaban, N. Q., Helaine, S., Lewis, K., Ackermann, M., Aldridge, B., Andersson, D. I., 
et al. (2019). Definitions and guidelines for research on antibiotic persistence. 
Nat. Rev. Microbiol. 17, 441–448. doi: 10.1038/s41579-019-0196-3

Barber, K. E., Smith, J. R., Ireland, C. E., Boles, B. R., Rose, W. E., and 
Rybak, M. J. (2015). Evaluation of ceftaroline alone and in combination 
against biofilm-producing methicillin-resistant Staphylococcus aureus with 
reduced susceptibility to daptomycin and vancomycin in an in  vitro 
pharmacokinetic/pharmacodynamic model. Antimicrob. Agents Chemother. 
59, 4497–4503. doi: 10.1128/aac.00386-15

Baym, M., Stone, L. K., and Kishony, R. (2016). Multidrug evolutionary strategies 
to reverse antibiotic resistance. Science 351:aad3292. doi: 10.1126/science.aad3292

Bigger, J. (1944). Treatment of staphylococcal infections with penicillin by intermittent 
sterilisation. Lancet 244, 497–500. doi: 10.1016/S0140-6736(00)74210-3

Borriello, G., Richards, L., Ehrlich, G. D., and Stewart, P. S. (2006). Arginine or 
nitrate enhances antibiotic susceptibility of Pseudomonas aeruginosa in biofilms. 
Antimicrob. Agents Chemother. 50, 382–384. doi: 10.1128/aac.50.1.382-384.2006

Butini, M. E., Abbandonato, G., Di Rienzo, C., Trampuz, A., and Di Luca, M. 
(2019). Isothermal microcalorimetry detects the presence of persister cells 
in a Staphylococcus aureus biofilm after vancomycin treatment. Front. Microbiol. 
10:332. doi: 10.3389/fmicb.2019.00332

Carvalho, G., Balestrino, D., Forestier, C., and Mathias, J. D. (2018). How do 
environment-dependent switching rates between susceptible and persister 
cells affect the dynamics of biofilms faced with antibiotics? NPJ Biofilms 
Microbiomes 4:6. doi: 10.1038/s41522-018-0049-2

Ciofu, O., Rojo-Molinero, E., Macia, M. D., and Oliver, A. (2017). Antibiotic 
treatment of biofilm infections. APMIS 125, 304–319. doi: 10.1111/apm.12673

Cogan, N. G. (2006). Effects of persister formation on bacterial response to 
dosing. J. Theor. Biol. 238, 694–703. doi: 10.1016/j.jtbi.2005.06.017

Cogan, N. G., Rath, H., Kommerein, N., Stumpp, S. N., and Stiesch, M. (2016). 
Theoretical and experimental evidence for eliminating persister bacteria by 

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://www.frontiersin.org/articles/10.3389/fmicb.2020.596227/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2020.596227/full#supplementary-material
https://doi.org/10.1016/j.mbs.2019.04.007
https://doi.org/10.1139/m92-102
https://doi.org/10.1038/s41579-019-0196-3
https://doi.org/10.1128/aac.00386-15
https://doi.org/10.1126/science.aad3292
https://doi.org/10.1016/S0140-6736(00)74210-3
https://doi.org/10.1128/aac.50.1.382-384.2006
https://doi.org/10.3389/fmicb.2019.00332
https://doi.org/10.1038/s41522-018-0049-2
https://doi.org/10.1111/apm.12673
https://doi.org/10.1016/j.jtbi.2005.06.017


Meyer et al. Pulse-Dosing Improves S. aureus Biofilm Killing

Frontiers in Microbiology | www.frontiersin.org 9 November 2020 | Volume 11 | Article 596227

manipulating killing timing. FEMS Microbiol. Lett. 363:fnw264. doi: 10.1093/
femsle/fnw264

Cogan, N. G., Szomolay, B., and Dindos, M. (2013). Effect of periodic disinfection 
on persisters in a one-dimensional biofilm model. Bull. Math. Biol. 75, 
94–123. doi: 10.1007/s11538-012-9796-z

Conlon, B. P., Nakayasu, E. S., Fleck, L. E., LaFleur, M. D., Isabella, V. M., 
Coleman, K., et al. (2013). Activated ClpP kills persisters and eradicates a 
chronic biofilm infection. Nature 503, 365–370. doi: 10.1038/nature12790

Conlon, B. P., Rowe, S. E., Gandt, A. B., Nuxoll, A. S., Donegan, N. P., Zalis, E. A., 
et al. (2016). Persister formation in Staphylococcus aureus is associated with 
ATP depletion. Nat. Microbiol. 1:16051. doi: 10.1038/nmicrobiol.2016.51

Conlon, B. P., Rowe, S. E., and Lewis, K. (2015). Persister cells in biofilm associated 
infections. Adv. Exp. Med. Biol. 831, 1–9. doi: 10.1007/978-3-319-09782-4_1

Costerton, J. W., Stewart, P. S., and Greenberg, E. P. (1999). Bacterial biofilms: 
a common cause of persistent infections. Science 284, 1318–1322. doi: 10.1126/
science.284.5418.1318

Defraine, V., Fauvart, M., and Michiels, J. (2018). Fighting bacterial persistence: 
current and emerging anti-persister strategies and therapeutics. Drug Resist. 
Updat. 38, 12–26. doi: 10.1016/j.drup.2018.03.002

Feng, J., Zhang, S., Shi, W., and Zhang, Y. (2016). Ceftriaxone pulse dosing 
fails to eradicate biofilm-like microcolony B. burgdorferi persisters which 
are sterilized by daptomycin/doxycycline/cefuroxime without pulse dosing. 
Front. Microbiol. 7:1744. doi: 10.3389/fmicb.2016.01744

Goeres, D. M., Loetterle, L. R., Hamilton, M. A., Murga, R., Kirby, D. W., 
and Donlan, R. M. (2005). Statistical assessment of a laboratory method 
for growing biofilms. Microbiology 151, 757–762. doi: 10.1099/mic.0.27709-0

Grant, D. M., and Bott, T. R. (2005). Biocide dosing strategies for biofilm 
control. Heat Transf. Eng. 26, 44–50. doi: 10.1080/01457630590890166

Haagensen, J. A., Verotta, D., Huang, L., Spormann, A., and Yang, K. (2015). 
New in  vitro model to study the effect of human simulated antibiotic 
concentrations on bacterial biofilms. Antimicrob. Agents Chemother. 59, 
4074–4081. doi: 10.1128/aac.05037-14

Hall, C. W., and Mah, T. F. (2017). Molecular mechanisms of biofilm-based 
antibiotic resistance and tolerance in pathogenic bacteria. FEMS Microbiol. 
Rev. 41, 276–301. doi: 10.1093/femsre/fux010

Imran, M., and Smith, H. L. (2014). A model of optimal dosing of antibiotic 
treatment in biofilm. Math. Biosci. Eng. 11, 547–571. doi: 10.3934/mbe. 
2014.11.547

Jacqueline, C., Batard, E., Perez, L., Boutoille, D., Hamel, A., Caillon, J., et al. 
(2002). In vivo efficacy of continuous infusion versus intermittent dosing 
of linezolid compared to vancomycin in a methicillin-resistant Staphylococcus 
aureus rabbit endocarditis model. Antimicrob. Agents Chemother. 46, 3706–3711. 
doi: 10.1128/aac.46.12.3706-3711.2002

Jo, D. S., Montgomery, C. P., Yin, S., Boyle-Vavra, S., and Daum, R. S. (2011). 
Improved oxacillin treatment outcomes in experimental skin and lung infection 
by a methicillin-resistant Staphylococcus aureus isolate with a vraSR operon 
deletion. Antimicrob. Agents Chemother. 55, 2818–2823. doi: 10.1128/aac.01704-10

Kadurugamuwa, J. L., Sin, L., Albert, E., Yu, J., Francis, K., DeBoer, M., et al. 
(2003). Direct continuous method for monitoring biofilm infection in a 
mouse model. Infect. Immun. 71, 882–890. doi: 10.1128/iai.71.2.882-890.2003

Kirby, A. E., Garner, K., and Levin, B. R. (2012). The relative contributions 
of physical structure and cell density to the antibiotic susceptibility of 
bacteria in biofilms. Antimicrob. Agents Chemother. 56, 2967–2975. doi: 
10.1128/aac.06480-11

Koch, G., Yepes, A., Forstner, K. U., Wermser, C., Stengel, S. T., Modamio, J., 
et al. (2014). Evolution of resistance to a last-resort antibiotic in Staphylococcus 
aureus via bacterial competition. Cell 158, 1060–1071. doi: 10.1016/j.cell. 
2014.06.046

Koo, H., Allan, R. N., Howlin, R. P., Stoodley, P., and Hall-Stoodley, L. (2017). 
Targeting microbial biofilms: current and prospective therapeutic strategies. 
Nat. Rev. Microbiol. 15, 740–755. doi: 10.1038/nrmicro.2017.99

Lee, A. J., Wang, S., Meredith, H. R., Zhuang, B., Dai, Z., and You, L. (2018). 
Robust, linear correlations between growth rates and beta-lactam-mediated 
lysis rates. Proc. Natl. Acad. Sci. U. S. A. 115, 4069–4074. doi: 10.1073/pnas. 
1719504115

Lewis, K. (2008). Multidrug tolerance of biofilms and persister cells. Curr. Top. 
Microbiol. Immunol. 322, 107–131. doi: 10.1007/978-3-540-75418-3_6

Lewis, K. (2010). Persister Cells. Annu. Rev. Microbiol. 64, 357–372. doi: 10.1146/
annurev.micro.112408.134306

Lewis, K. (Ed.) (2019). Persister cells and infectious disease. (Switzerland, AG: 
Springer Nature).

Li, M., Kang, E. T., Chua, K. L., and Neoh, K. G. (2019). Sugar-powered 
nanoantimicrobials for combating bacterial biofilms. Biomater. Sci. 7, 2961–2974. 
doi: 10.1039/c9bm00471h

Ling, L. L., Schneider, T., Peoples, A. J., Spoering, A. L., Engels, I., Conlon, B. P., 
et al. (2015). A new antibiotic kills pathogens without detectable resistance. 
Nature 517, 455–459. doi: 10.1038/nature14098

Macia, M. D., Perez, J. L., Molin, S., and Oliver, A. (2011). Dynamics of mutator 
and antibiotic-resistant populations in a pharmacokinetic/pharmacodynamic 
model of Pseudomonas aeruginosa biofilm treatment. Antimicrob. Agents 
Chemother. 55, 5230–5237. doi: 10.1128/aac.00617-11

Mack, D., Siemssen, N., and Laufs, R. (1992). Parallel induction by glucose 
of adherence and a polysaccharide antigen specific for plastic-adherent 
Staphylococcus epidermidis: evidence for functional relation to intercellular 
adhesion. Infect. Immun. 60, 2048–2057. doi: 10.1128/IAI.60.5.2048-2057.1992

Mah, T. F., Pitts, B., Pellock, B., Walker, G. C., Stewart, P. S., and O’Toole, G. A. 
(2003). A genetic basis for Pseudomonas aeruginosa biofilm antibiotic resistance. 
Nature 426, 306–310. doi: 10.1038/nature02122

Marques, C. N., Morozov, A., Planzos, P., and Zelaya, H. M. (2014). The fatty 
acid signaling molecule cis-2-decenoic acid increases metabolic activity and 
reverts persister cells to an antimicrobial-susceptible state. Appl. Environ. Microbiol. 
80, 6976–6991. doi: 10.1128/aem.01576-14

Meylan, S., Andrews, I. W., and Collins, J. J. (2018). Targeting antibiotic tolerance, 
pathogen by pathogen. Cell 172, 1228–1238. doi: 10.1016/j.cell.2018.01.037

Mulcahy, H., Charron-Mazenod, L., and Lewenza, S. (2008). Extracellular DNA 
chelates cations and induces antibiotic resistance in Pseudomonas aeruginosa 
biofilms. PLoS Pathog. 4:e1000213. doi: 10.1371/journal.ppat.1000213

Nguyen, D., Joshi-Datar, A., Lepine, F., Bauerle, E., Olakanmi, O., Beer, K., 
et al. (2011). Active starvation responses mediate antibiotic tolerance in 
biofilms and nutrient-limited bacteria. Science 334, 982–986. doi: 10.1126/
science.1211037

Otto, M. (2018). Staphylococcal biofilms. Microbiol. Spectr. 6:GPP3-0023-2018. 
doi: 10.1128/microbiolspec.GPP3-0023-2018

Pamp, S. J., Gjermansen, M., Johansen, H. K., and Tolker-Nielsen, T. (2008). 
Tolerance to the antimicrobial peptide colistin in Pseudomonas aeruginosa 
biofilms is linked to metabolically active cells, and depends on the pmr 
and mexAB-oprM genes. Mol. Microbiol. 68, 223–240. doi: 10.1111/j.1365- 
2958.2008.06152.x

Parra-Ruiz, J., Bravo-Molina, A., Pena-Monje, A., and Hernandez-Quero, J. 
(2012). Activity of linezolid and high-dose daptomycin, alone or in combination, 
in an in vitro model of Staphylococcus aureus biofilm. J. Antimicrob. Chemother. 
67, 2682–2685. doi: 10.1093/jac/dks272

Plaut, R. D., Mocca, C. P., Prabhakara, R., Merkel, T. J., and Stibitz, S. (2013). 
Stably luminescent Staphylococcus aureus clinical strains for use in 
bioluminescent imaging. PLoS One 8:e59232. doi: 10.1371/journal.pone.0059232

Rani, S. A., Pitts, B., Beyenal, H., Veluchamy, R. A., Lewandowski, Z., 
Davison, W. M., et al. (2007). Spatial patterns of DNA replication, protein 
synthesis, and oxygen concentration within bacterial biofilms reveal diverse 
physiological states. J. Bacteriol. 189, 4223–4233. doi: 10.1128/jb.00107-07

Robaux, M. A., Dube, L., Caillon, J., Bugnon, D., Kergueris, M. F., Navas, D., 
et al. (2001). In vivo efficacy of continuous infusion versus intermittent 
dosing of ceftazidime alone or in combination with amikacin relative to 
human kinetic profiles in a Pseudomonas aeruginosa rabbit endocarditis 
model. J. Antimicrob. Chemother. 47, 617–622. doi: 10.1093/jac/47.5.617

Roberts, M. E., and Stewart, P. S. (2005). Modelling protection from antimicrobial 
agents in biofilms through the formation of persister cells. Microbiology 
151, 75–80. doi: 10.1099/mic.0.27385-0

Roemhild, R., Gokhale, C. S., Dirksen, P., Blake, C., Rosenstiel, P., Traulsen, A., 
et al. (2018). Cellular hysteresis as a principle to maximize the efficacy of 
antibiotic therapy. Proc. Natl. Acad. Sci. U. S. A. 115, 9767–9772. doi: 10.1073/
pnas.1810004115

Shan, Y., Brown Gandt, A., Rowe, S. E., Deisinger, J. P., Conlon, B. P., and 
Lewis, K. (2017). ATP-dependent persister formation in Escherichia coli. 
mBio 8, e02267–e02316. doi: 10.1128/mBio.02267-16

Sharma, B., Brown, A. V., Matluck, N. E., Hu, L. T., and Lewis, K. (2015). 
Borrelia burgdorferi, the causative agent of Lyme disease, forms drug-tolerant 
persister cells. Antimicrob. Agents Chemother. 59, 4616–4624. doi: 10.1128/
aac.00864-15

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1093/femsle/fnw264
https://doi.org/10.1093/femsle/fnw264
https://doi.org/10.1007/s11538-012-9796-z
https://doi.org/10.1038/nature12790
https://doi.org/10.1038/nmicrobiol.2016.51
https://doi.org/10.1007/978-3-319-09782-4_1
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.1126/science.284.5418.1318
https://doi.org/10.1016/j.drup.2018.03.002
https://doi.org/10.3389/fmicb.2016.01744
https://doi.org/10.1099/mic.0.27709-0
https://doi.org/10.1080/01457630590890166
https://doi.org/10.1128/aac.05037-14
https://doi.org/10.1093/femsre/fux010
https://doi.org/10.3934/mbe.2014.11.547
https://doi.org/10.3934/mbe.2014.11.547
https://doi.org/10.1128/aac.46.12.3706-3711.2002
https://doi.org/10.1128/aac.01704-10
https://doi.org/10.1128/iai.71.2.882-890.2003
https://doi.org/10.1128/aac.06480-11
https://doi.org/10.1016/j.cell.2014.06.046
https://doi.org/10.1016/j.cell.2014.06.046
https://doi.org/10.1038/nrmicro.2017.99
https://doi.org/10.1073/pnas.1719504115
https://doi.org/10.1073/pnas.1719504115
https://doi.org/10.1007/978-3-540-75418-3_6
https://doi.org/10.1146/annurev.micro.112408.134306
https://doi.org/10.1146/annurev.micro.112408.134306
https://doi.org/10.1039/c9bm00471h
https://doi.org/10.1038/nature14098
https://doi.org/10.1128/aac.00617-11
https://doi.org/10.1128/IAI.60.5.2048-2057.1992
https://doi.org/10.1038/nature02122
https://doi.org/10.1128/aem.01576-14
https://doi.org/10.1016/j.cell.2018.01.037
https://doi.org/10.1371/journal.ppat.1000213
https://doi.org/10.1126/science.1211037
https://doi.org/10.1126/science.1211037
https://doi.org/10.1128/microbiolspec.GPP3-0023-2018
https://doi.org/10.1111/j.1365-2958.2008.06152.x
https://doi.org/10.1111/j.1365-2958.2008.06152.x
https://doi.org/10.1093/jac/dks272
https://doi.org/10.1371/journal.pone.0059232
https://doi.org/10.1128/jb.00107-07
https://doi.org/10.1093/jac/47.5.617
https://doi.org/10.1099/mic.0.27385-0
https://doi.org/10.1073/pnas.1810004115
https://doi.org/10.1073/pnas.1810004115
https://doi.org/10.1128/mBio.02267-16
https://doi.org/10.1128/aac.00864-15
https://doi.org/10.1128/aac.00864-15


Meyer et al. Pulse-Dosing Improves S. aureus Biofilm Killing

Frontiers in Microbiology | www.frontiersin.org 10 November 2020 | Volume 11 | Article 596227

Spoering, A. L., and Lewis, K. (2001). Biofilms and planktonic cells of Pseudomonas 
aeruginosa have similar resistance to killing by antimicrobials. J. Bacteriol. 
183, 6746–6751. doi: 10.1128/jb.183.23.6746-6751.2001

Stewart, P. S. (2015). Antimicrobial tolerance in biofilms. Microbiol. Spectr. 
3:MB-0010-2014. doi: 10.1128/microbiolspec.MB-0010-2014

Stewart, P. S., White, B., Boegli, L., Hamerly, T., Williamson, K. S., Franklin, M. J., 
et al. (2019). Conceptual model of biofilm antibiotic tolerance that integrates 
phenomena of diffusion, metabolism, gene expression, and physiology. 
J. Bacteriol. 201, e00307–e00319. doi: 10.1128/JB.00307-19

Van Acker, H., Van Dijck, P., and Coenye, T. (2014). Molecular mechanisms 
of antimicrobial tolerance and resistance in bacterial and fungal biofilms. 
Trends Microbiol. 22, 326–333. doi: 10.1016/j.tim.2014.02.001

 Walters, M. C. III, Roe, F., Bugnicourt, A., Franklin, M. J., and Stewart, P. S. 
(2003). Contributions of antibiotic penetration, oxygen limitation, and low 
metabolic activity to tolerance of Pseudomonas aeruginosa biofilms to 
ciprofloxacin and tobramycin. Antimicrob. Agents Chemother. 47, 317–323. 
doi: 10.1128/aac.47.1.317-323.2003

Waters, E. M., Rowe, S. E., O’Gara, J. P., and Conlon, B. P. (2016). Convergence 
of Staphylococcus aureus persister and biofilm research: can biofilms be defined 
as communities of adherent persister cells? PLoS Pathog. 12:e1006012. doi: 
10.1371/journal.ppat.1006012

Xu, K. D., Stewart, P. S., Xia, F., Huang, C. T., and McFeters, G. A. (1998). 
Spatial physiological heterogeneity in Pseudomonas aeruginosa biofilm is 
determined by oxygen availability. Appl. Environ. Microbiol. 64, 4035–4039. 
doi: 10.1128/AEM.64.10.4035-4039.1998

Yan, J., and Bassler, B. L. (2019). Surviving as a community: antibiotic tolerance 
and persistence in bacterial biofilms. Cell Host Microbe 26, 15–21. doi: 
10.1016/j.chom.2019.06.002

Zhao, J., Seeluangsawat, P., and Wang, Q. (2016). Modeling antimicrobial tolerance 
and treatment of heterogeneous biofilms. Math. Biosci. 282, 1–15. doi: 
10.1016/j.mbs.2016.09.005

Conflict of Interest: The authors declare that the research was conducted in 
the absence of any commercial or financial relationships that could be  construed 
as a potential conflict of interest.

Copyright © 2020 Meyer, Taylor, Seidel, Gates and Lewis. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, provided 
the original author(s) and the copyright owner(s) are credited and that the original 
publication in this journal is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which does not comply with these terms.

https://www.frontiersin.org/journals/microbiology
www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles
https://doi.org/10.1128/jb.183.23.6746-6751.2001
https://doi.org/10.1128/microbiolspec.MB-0010-2014
https://doi.org/10.1128/JB.00307-19
https://doi.org/10.1016/j.tim.2014.02.001
https://doi.org/10.1128/aac.47.1.317-323.2003
https://doi.org/10.1371/journal.ppat.1006012
https://doi.org/10.1128/AEM.64.10.4035-4039.1998
https://doi.org/10.1016/j.chom.2019.06.002
https://doi.org/10.1016/j.mbs.2016.09.005
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Pulse Dosing of Antibiotic Enhances Killing of a Staphylococcus aureus Biofilm
	Introduction
	Materials and Methods
	Reagents and Cell Lines
	Biofilm Flow System
	Scanning Electron Microscopy
	Phamacokinetic Confirmation

	Results
	Catheter Biofilm Flow System
	Providing Breaks From Oxacillin Can Sensitize Biofilms to Treatment
	Modeling in vivo Half-Lives to Provide a Periodic Break
	Break Length Has a U-Shaped Response Curve

	Discussion
	Data Availability Statement
	Author Contributions

	References

