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SUMMARY

Biofilm cells are less susceptible to antimicrobials than their planktonic counterparts. While this

phenomenon is multifactorial, the ability of the biofilm matrix to reduce antibiotic penetration into

the biofilm is thought to be of limited importance, as previous studies suggest that antibiotics

move fairly rapidly through biofilms. In this study, we monitored the transport of two clinically

relevant antibiotics, tobramycin and ciprofloxacin, into non-mucoid P. aeruginosa biofilms. To

our surprise, we showed that the positively charged antibiotic tobramycin is sequestered to the

biofilm periphery, while the neutral antibiotic ciprofloxacin readily penetrated. We provide

evidence that tobramycin in the biofilm periphery both stimulated a localized stress response and

killed bacteria in these regions, but not in the underlying biofilm. Although it is unclear which

matrix component binds tobramycin, its penetration was increased by the addition of cations in a

dose-dependent manner, which led to increased biofilm death. These data suggest that ionic

interactions of tobramycin with the biofilm matrix limit its penetration. We propose that

tobramycin sequestration at the biofilm periphery is an important mechanism in protecting

metabolically active cells that lie just below the zone of sequestration.

INTRODUCTION

Bacterial biofilms cause many persistent chronic infections. Biofilm growth of the human

pathogen Pseudomonas aeruginosa is involved in the infection of burn wounds, urinary

tracts, corneas, and ears, as well as the lungs of cystic fibrosis patients. Because biofilm

bacteria are much less susceptible to antimicrobial agents than their planktonic counterparts,

these infections are difficult, if not impossible, to eradicate (Costerton et al., 1999).

Although biofilm growth is associated with the genetic diversification of bacteria, many
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investigators have reported that biofilm antimicrobial tolerance is not linked to heritable

genetic changes. For instance, surviving bacteria isolated from antimicrobial exposed

biofilms can be used to grow new biofilms with susceptibility that is identical to that of the

original inoculating strain (Harrison et al., 2005). Moreover, the antibiotic susceptibility of

biofilm bacteria returns upon dispersion of the biofilm cells back to the planktonic state

(Stewart, 2002). Therefore, the physical and physiological attributes of the biofilm growth

environment protect resident cells from the lethal action of antimicrobials (Costerton et al.,

1999).

Several mechanisms have been proposed to account for the increased antimicrobial tolerance

of biofilms. Since antibiotics are generally more effective against actively dividing cells

(Brown et al., 1988), slow growing subpopulations are thought to be a major factor

contributing to the reduced antimicrobial susceptibility of biofilms. Oxygen and nutrient

limitation play a key role in this process (Brown et al., 1988; Xu et al., 1998; Anderl et al.,

2003; Walters et al., 2003; Borriello et al., 2004; Werner et al., 2004; Pamp et al., 2008; Kim

et al., 2009; Williamson et al., 2012). Furthermore, not only does nutrient limitation slow

growth, but it also activates a starvation response that mediates antibiotic tolerance (Nguyen

et al., 2011). Additional mechanisms could involve the formation of “persister” cells, which

arise at high frequency in biofilm populations (Brooun et al., 2000; Spoering and Lewis,

2001; Keren et al., 2004; Allison et al., 2011). The reduced antimicrobial susceptibility of P.

aeruginosa biofilms has also been linked to genes encoding efflux pumps (Gillis et al.,

2005; Zhang and Mah, 2008), a transcriptional regulator (brlR) (Liao and Sauer, 2012), a

two-component system (amgRS) (Lee et al., 2009), a phosphodiesterase involved in the

degradation of the intracellular signaling molecule cyclic-di-GMP (arr) (Hoffman et al.,

2005), extracellular matrix polysaccharides (pel, psl, and alg operons) (Hodges and Gordon,

1991; Colvin et al., 2011) and periplasmic glucans (ndvB) (Mah et al., 2003). NdvB is also

important for the expression of ethanol oxidation genes, which are also implicated in the

ability of the biofilm to tolerate antibiotics (Beaudoin et al., 2012). The regulation and

biochemical function of all these systems in biofilm antibiotic tolerance, however, are not

completely understood.

Limited antimicrobial penetration into biofilms, due to interactions with the matrix, was

originally thought to be an important mechanism in antibiotic tolerance (Suci et al., 1994;

Vrany et al., 1997). Over the years, however, only a few special cases of this mechanism

have been identified (Stewart, 2003). The penetration of multiple antibiotics through

biofilms of different species has been measured using a variety of methodologies (Hoyle et

al., 1992; Dunne et al., 1993; Yasuda et al., 1993; Kumon et al., 1994; Suci et al., 1994;

Shigeta et al., 1997; Vrany et al., 1997; Anderl et al., 2000; Stone et al., 2002; Zheng and

Stewart, 2002; Walters et al., 2003; Jefferson et al., 2005; Singh et al., 2010; Ortiz-Perez et

al., 2011). In general, antibiotics are found to readily penetrate biofilms at time scales that

suggest against limited penetration contributing to antimicrobial tolerance. One notable

exception involves mucoid P. aeruginosa and aminoglycoside antibiotics. Positively

charged aminoglycosides, such as tobramycin, have been shown to interact with the

negatively charged exopolysaccharide alginate (Gordon et al., 1988; Nichols et al., 1988;

Hatch and Schiller, 1998). Although tobramycin penetration is hindered (Walters et al.,
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2003), it is generally not considered to play an important role in the increased tolerance of

biofilms due to the expected eventual penetration of the antibiotic over long exposure times

(Stewart, 2003). The slow penetration of antibiotics into biofilms, however, has been

proposed to afford resident cells the time to physiologically adapt to the antibiotic and adopt

a more antimicrobial tolerant state before killing concentrations of the antibiotic can be

achieved (Jefferson et al., 2005; Szomolay et al., 2005; Anderson and O'Toole, 2008).

The purpose of this work was to examine antibiotic penetration of two clinically relevant

antibiotics, the aminoglycoside tobramycin and the fluoroquinolone ciprofloxacin, through

non-mucoid P. aeruginosa biofilms. The penetration of these antibiotics has been studied in

clinically relevant, alginate over-expressing mucoid variants of P. aeruginosa (Nichols et

al., 1989; Shigeta et al., 1997; Walters et al., 2003). While alginate impedes tobramycin

penetration into mucoid biofilms, ciprofloxacin penetration is relatively rapid (Gordon et al.,

1988; Nichols et al., 1988; Hatch and Schiller, 1998; Walters et al., 2003). Antibiotic

penetration through non-mucoid biofilms, however, has not been systematically measured.

We directly observed and tracked the penetration of fluorescently labeled tobramycin and

ciprofloxacin through a PAO1 biofilm using time-lapse confocal microscopy. While we

originally predicted that non-mucoid biofilms, which produce little to no alginate, would not

impede tobramycin penetration, our data show that the non-mucoid biofilm sequestered

tobramycin to the periphery via ionic interactions. Furthermore, our results suggest that

limited penetration is a significant factor in the aminoglycoside tolerance of non-mucoid P.

aeruginosa biofilms.

RESULTS

Non-mucoid P. aeruginosa biofilms limit the penetration of tobramycin, but not
ciprofloxacin

To study the penetration kinetics of these antibiotics, we used a Cy5-conjugated form of

both drugs (Cy5-tobramycin and Cy5-ciprofloxacin). We cultivated PAO1 biofilms that

exhibited significant structure, with microcolonies several microns thick. We acquired

images every 2.5 minutes during a 30-minute static exposure to the Cy5-conjugated

antibiotic followed by a subsequent 30-minute wash. Representative images after the static

incubation and after the wash are shown in Fig. 1A. Both Cy5 conjugated antibiotics, as well

as Cy5 alone, accumulated in the biofilm during the static incubation, since Cy5

fluorescence in the biofilm was higher than that of the bulk solution. While Cy5 alone and

Cy5-ciprofloxacin quickly penetrated through the biofilm, Cy5-tobramycin remained at the

periphery of the biofilm, producing a shell-like pattern of localization (Fig. 1 and 2). On

average, Cy5-tobramycin penetrated only 4.57 ± 0.54 µm (S.D.; N = 63). Although the Cy5

conjugation affected the antibacterial activity of tobramycin (the minimum inhibitory

concentration (MIC) of Cy5-tobramycin was 128 µg/ml, while the MIC of unlabeled

tobramycin was 0.5 µg/ml), the reduced transport was not due to the Cy5 conjugation, since

Cy5 alone readily penetrated the biofilm (Fig. 1 and 2B). In addition, although we conducted

these experiments with equivalent molar amounts of Cy5, Cy5-tobramycin, and Cy5-

ciprofloxacin, much more fluorescent label accumulated in the biofilms treated with Cy5

and Cy5-ciprofloxacin than Cy5-tobramycin (Fig. 2B), indicating that the reduced

Tseng et al. Page 3

Environ Microbiol. Author manuscript; available in PMC 2014 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



penetration of Cy5-tobramycin is not due to a limitation in the amount of labeled antibiotic

in the bulk fluid. Furthermore, while the Cy5 fluorescence in the bulk fluid for the Cy5-

tobramycin exposed biofilm dropped by ∼70% over the 30 minute static incubation, the

remaining fluorescence (∼30%) was well above background (Fig. S1), further suggesting

that depletion of Cy5-tobramycin in the bulk liquid did not influence the observed

tobramycin penetration. Finally, we found that static antibiotic exposure and exposure to

Cy5-tobramycin under flow produced similar results (data not shown).

During the 30-minute post-treatment wash, the signal intensity of both unconjugated Cy5

and Cy5-ciprofloxacin within the biofilm decreased progressively over time, suggesting that

these molecules were washed out rapidly and that both interact weakly with the biofilm. By

contrast, neither the signal intensity nor localization of Cy5-tobramycin changed during the

flush period (Fig. 2B). In fact, the Cy5-tobramycin signal remained even after 24 hours of

resumed media flow, without significant redistribution within the biofilm or loss to the bulk

fluid (data not shown), indicating that the tobramycin was immobilized in the biofilm.

Together, these data show that the biofilm limits the penetration of tobramycin, but not

ciprofloxacin. To gain insight on how the biofilm limits antibiotic penetration, we focused

our further studies on tobramycin.

Known determinants of biofilm antibiotic tolerance cannot account for the limited
tobramycin penetration

We hypothesized that a component of the biofilm matrix may be responsible for the

tobramycin sequestration. We thus investigated the role of the three matrix

exopolysaccharides (EPS) that P. aeruginosa is known to produce: alginate, Pel and Psl

(Ryder et al., 2007). Similar tobramycin penetration was observed in biofilms of strains

unable to produce any one of the three EPS components (Fig. S2A). Furthermore,

overproduction of either Pel or Psl did not influence the penetration of Cy5-tobramycin (Fig.

S2B and C).

Several genetic elements that affect P. aeruginosa biofilm susceptibility to tobramycin have

been identified. We investigated whether these previously identified genetic determinants of

biofilm antibiotic susceptibility might be responsible for the limited penetration. Biofilms of

strains containing mutations in amgRS (Lee et al., 2009), arr (Hoffman et al., 2005), brlR

(Liao and Sauer, 2012) and ndvB (Mah et al., 2003) have been reported to be more

susceptible to tobramycin than wild-type biofilms. However, none of these genes, when

deleted, resulted in biofilms with increased tobramycin penetration (Fig. S2A).

A hypothesis that arises from these findings is that restricted penetration may involve a

general chemical interaction with diverse functional groups present in the biofilm matrix. At

neutral pH, tobramycin is highly positively charged. We, therefore, hypothesized that

tobramycin may be binding to a negatively charged component in the biofilm matrix, such

as LPS. Thus, we constructed mutants of the lipid A (ΔphoQ) and the O-antigen (ΔwbpL)

components, both which impact the overall charge of LPS. We hypothesized that since a

phoQ deletion mutant has a more negatively charged LPS than that of wild type (Guo et al.,

1997; Ernst et al., 1999), the mutant biofilm may further decrease tobramycin penetration.

While phoQ mutants are less susceptible to aminoglycosides in planktonic culture than wild
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type cells (Macfarlane et al., 2000), a ΔphoQ biofilm displayed a tobramycin penetration

phenotype similar to wild type (Fig. S2A). Similarly, the ΔwbpL mutant, which lacks the A-

and B-band (Rocchetta et al., 1998) and should also have a more negatively charged LPS

relative to that of wild type (Makin and Beveridge, 1996), also limited tobramycin

penetration similar to wild type (Fig. S2A).

Ability of the biofilm to limit penetration can be overcome with high concentrations of
tobramycin

Our results suggest that tobramycin penetration is hindered by an interaction with the

biofilm matrix. To test if the tobramycin binding sites could be saturated, we exposed

biofilms to Cy5-tobramycin in conjunction with various concentrations of unlabeled

tobramycin. A constant concentration of Cy5-tobramycin was used in these experiments to

ensure that the fluorescence intensity of the Cy5 could be compared across micrographs.

While an extra 10 µg/ml unlabeled tobramycin had little effect on tobramycin penetration,

addition of 50 or 100 µg/ml unlabeled tobramycin dramatically increased penetration (Fig.

3). This difference was readily observed in the penetration plots as an increase in

fluorescence intensity at the center of the biofilm over time (Fig. 3C, at white dashed line).

Cy5-tobramycin partially penetrated a biofilm concurrently treated with 50 µg/ml unlabeled

tobramycin, and fully penetrated in the presence of 100 µg/ml tobramycin (Fig. 3B). This

difference in Cy5-tobramycin penetration between biofilms treated with the 50 µg/ml versus

100 µg/ml unlabeled tobramycin suggests that the ability to prevent the penetration of

tobramycin can be titrated by saturating the tobramycin binding sites in the biofilm matrix.

This change in tobramycin penetration is unlikely due to the killing of biofilm cells by the

high concentrations of antibiotic, since the effect on penetration was immediate (Fig. 3C).

The increased Cy5-tobramycin penetration into the biofilm concurrently treated with 50

µg/ml tobramycin was observed within the first 2.5 minutes of static incubation. A similar

timescale of penetration was noted for the biofilm co-treated with 100 µg/ml tobramycin.

While more Cy5-tobramycin accumulated in the biofilm over the 30-minute static

incubation for both samples, the rapid change in localization suggests that the effect is

physicochemical, instead of biological. Furthermore, the 30-minute exposure to 10 – 100

µg/ml tobramycin did not result in substantial cell death (see Fig. S6). In addition, Cy5-

tobramycin penetration was not affected by concurrent treatment with 100 µg/ml

ciprofloxacin (Fig. S3). Since both ciprofloxacin and tobramycin are known to kill cells in

the periphery of the biofilm (Walters et al., 2003; Williamson et al., 2012), cell death cannot

explain the difference in Cy5-tobramycin penetration patterns in the presence of high

concentrations of unlabeled tobramycin versus ciprofloxacin.

Metal cations facilitate the penetration of tobramycin into biofilms

We hypothesized that tobramycin was interacting with the biofilm on the basis of its charge.

Therefore, we tested whether other cations could compete with tobramycin for binding sites

in the biofilm and thus promote tobramycin penetration. We chose the essential divalent

cation Mn2+ for these studies, as it has low toxicity in many bacteria, including P.

aeruginosa (Harrison et al., 2004). While little effect was observed with 0.35 and 0.7 mM

MnSO4, concurrent treatment of Cy5-tobramycin with 1.4 mM MnSO4 allowed Cy5-
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tobramycin to fully penetrate the biofilm (Fig. 4). Furthermore, the fluorescence intensity in

the center of the biofilm increased with increasing amounts of MnSO4 (Fig. 4B, at white

dashed line). We observed a similar effect with the divalent essential cation Mg2+ (Fig. S4).

As the MICs of MnSO4 and MgSO4 for P. aeruginosa (8 mM and >256 mM, respectively)

are much higher than the concentrations used here, the change in tobramycin penetration is

unlikely a result of metal toxicity. Furthermore, the timescale of Cy5-tobramycin penetration

for these metal-treated biofilms are similar to biofilms concurrently treated with 100 µg/ml

tobramycin (Fig. 4C), suggesting that death of the biomass did not play a role in the change

in Cy5-tobramycin transport. Together, our results show that the penetration of tobramycin

into the biofilm is inhibited via ionic interactions and suggest that tobramycin interacts with

a negatively charged component of the biofilm matrix.

Response of biofilm cells to tobramycin is localized to the region of penetration

We next sought to determine if biofilm cells perceive and respond to the presence of

tobramycin. Therefore, we constructed a tobramycin responsive reporter strain, in which a

chromosomally integrated gfp is driven by the promoter of ibpA, a gene encoding a heat

shock protein whose expression is induced in cells exposed to tobramycin (Kindrachuk et

al., 2011). To confirm that our reporter strain responds to tobramycin, planktonic cells were

treated with increasing concentrations of tobramycin and assayed for fluorescence over

several hours. In comparison to a control strain that contains a promoterless gfp, the ibpA

reporter strain showed GFP fluorescence that peaked 2 hours after tobramycin treatment,

with increasing concentrations of tobramycin producing increased amounts of GFP

fluorescence (Fig. S5). These results confirm that this reporter strain does respond to the

presence of tobramycin.

In a biofilm produced by the ibpA reporter strain, cells in the periphery expressed GFP upon

exposure to tobramycin (Fig. 5). While the exact mechanism leading to tobramycin-induced

activation of ibpA is unknown, this cellular stress response in the biofilm is likely due to

intracellular tobramycin, as Cy5-tobramycin can penetrate into both planktonic and biofilm

cells (data not shown). Furthermore, the region of this stress response corresponded to the

region where we observed Cy5-tobramycin sequestration in the biofilm. In comparison, as

expected, an untreated control biofilm of the reporter strain and a tobramycin-treated biofilm

harboring a promoter-less gfp control strain did exhibit fluorescence (Fig. 5 and data not

shown). Using a control strain that has gfp under the control of an arabinose-inducible

promoter, we found that most cells in the biofilm are capable of producing fluorescent GFP

(data not shown). Since oxygen levels as low as 0.1 ppm have been shown to be sufficient

for GFP fluorescence (Hansen et al., 2001), oxygen limitation is likely not influencing the

pattern of GFP expression that is observed in Fig. 5. These results suggest two important

points. First, cells perceiving and responding to tobramycin are found in regions where

tobramycin is sequestered. Second, cells within the interior of the biofilm are shielded from

tobramycin.
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Tobramycin sequestration at the biofilm periphery is a protective mechanism for cells
within the biofilm interior

We predicted that limiting tobramycin penetration could confer a measure of protection to

cells in the biofilm interior. To test this, we pretreated biofilms for a short period of time

with different levels of tobramycin to saturate tobramycin binding sites in the biofilm to

different degrees. To do this, biofilms were subjected to a 0, 10, 50, or 100 µg/ml

tobramycin exposure for 30 minutes, which was shown to influence tobramycin penetration

to different degrees (Fig. 3). This short pretreatment had a minimal effect on cell viability,

with killing observed only at a low level for the highest concentration of tobramycin (Fig.

S6).

Following pretreatment, the biofilms were exposed to a continuous 4-hour treatment of 1

µg/ml tobramycin, after which we directly visualized the distribution of dead cells by

viability staining (Fig. 6A). In agreement with the literature (Walters et al., 2003; Bjarnsholt

et al., 2005), treatment of biofilms with 1 µg/ml tobramycin killed cells only in the periphery

of the biofilm (Fig. 6B). The 4-hour treatment with 1 µg/ml tobramycin in the absence of a

pretreatment killed only a thin layer of cells at the biofilm periphery. Slightly more death

was observed following pretreatment with 10 µg/ml tobramycin. In contrast, pretreatment

with 50 or 100 µg/ml tobramycin produced killing drastically deeper into the interior,

supporting our initial prediction that tobramycin sequestration protects biofilm-resident

cells.

The addition of metal salts, such as MgSO4 and MnSO4, also facilitated tobramycin

penetration (Fig. 4 and S4). Therefore, we postulated that combining metal treatment with

tobramycin would enhance tobramycin killing by enhancing its penetration. To test this, we

grew biofilms using the Calgary Biofilm Device and assayed for viability after exposure to

various concentrations of MnSO4 and tobramycin. Treating biofilms with sub-lethal

quantities of MnSO4 resulted in a ≥8-fold reduction in the minimum bactericidal

concentration (MBC) of tobramycin, and moreover, caused massive synergistic killing that

was up to 2,100-fold greater than the antibiotic alone (Fig. 6C and S7). In comparison, much

less synergistic killing was observed in planktonic cells treated with MnSO4 and tobramycin

(Fig. S7). Our results suggest this synergistic killing in biofilms is due to manganese

increasing the penetration of tobramycin, and further supports our conclusion that increased

penetration of tobramycin increases the efficacy of the antibiotic. Collectively, these data

show that limiting tobramycin penetration can serve as a protective mechanism.

DISCUSSION

The high antimicrobial tolerance of biofilm cells is a major barrier to the eradication of

chronic infections. While heightened tolerance is clearly due to multiple mechanisms

(Stewart, 2002), here we showed that non-mucoid P. aeruginosa biofilms protect resident

cells by limiting the penetration of tobramycin via ionic interactions with the biofilm. Our

results clearly demonstrate that tobramycin becomes sequestered near the surface and does

not fully penetrate the biofilm, while ciprofloxacin transport is uninhibited (Fig. 1 and 2).

While we have yet to identify what is interacting with tobramycin, our results suggest that

the positively charged antibiotic ionically interacts with negatively charged matrix
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components, as addition of excess cations substantially increased tobramycin penetration

into the biofilm (Fig. 3 and 4). Increasing penetration produced greater killing (Fig. 6),

indicating that the limited penetration of tobramycin can protect biofilm cells.

We demonstrated that tobramycin, but not ciprofloxacin, had limited penetration into a non-

mucoid biofilm. This was surprising, since alginate, produced mainly by mucoid strains, was

previously thought to be the primary antibiotic-binding biofilm matrix component produced

by P. aeruginosa (Gordon et al., 1988; Nichols et al., 1988; Hodges and Gordon, 1991;

Hatch and Schiller, 1998). Thus, the matrix was thought to afford protection against

antibiotics primarily in mucoid strains (Hodges and Gordon, 1991; Hatch and Schiller,

1998). Our results suggest that the protection against tobramycin afforded by the matrix

does not depend specifically on the production of alginate (Fig. S2A). Furthermore, our

observations provide one possible explanation for the discrepancy in killing between

ciprofloxacin and tobramycin towards P. aeruginosa biofilms observed by Preston and

colleagues (Preston et al., 1996), who found that the concentration of ciprofloxacin required

to eliminate biofilms is ten times the MIC, while for tobramycin, 75 to 100 times the MIC is

required. Although it is difficult to directly compare the amount of biofilm killing by the two

antibiotics due to differences in mechanism and efficacy, our results suggest that the

increased efficacy of ciprofloxacin over tobramycin in eliminating biofilms is in part due to

the difference in their ability to penetrate into the biofilm. Ionic interactions of tobramycin,

but not ciprofloxacin, with the biofilm matrix appear to dictate the ability of these antibiotics

to penetrate the biomass and may affect the efficacy of these antibiotics in killing biofilm

cells.

The ability of the biofilm to limit tobramycin penetration is most likely correlated with the

structure and maturity of the biofilm. We used fully matured biofilms consisting of large cell

aggregates for our studies. Results from Landry and colleagues suggest that the difference in

tobramycin tolerance observed in flat, homogenous biofilms versus biofilms characterized

by large cellular aggregates is due to differences in antibiotic penetration (Landry et al.,

2006). Furthermore, the stage of biofilm development may be a key variable. The

availability and quantity of matrix components for tobramycin sequestration may differ

depending upon the stage of biofilm development, and several factors could potentially

impact tobramycin sequestration.

Two negatively charged components in the biofilm matrix that may interact with tobramycin

are LPS or extracellular DNA (eDNA). Our results with ΔphoQ and ΔwbpL suggest that

LPS is not involved (Fig. S2A). We did not test mutants that have altered eDNA production,

such as pqsA, as these mutations are highly pleiotrophic and produce biofilms that are

grossly different in structure than that of wild type strains (Allesen-Holm et al., 2006).

Interestingly, Chiang and colleagues have recently published results showing that biofilms

that have been treated with exogenously added DNA are less sensitive to tobramycin

(Chiang et al., 2013). Their results suggest that the added DNA directly protected the

biofilm from tobramycin. It is unclear, however, if eDNA in the biofilm affords similar

protection.
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Since our results suggest that tobramycin binds to a component of the biofilm matrix and we

could not demonstrate an interaction with LPS (Fig. S2A) or eDNA, we systematically

tested biofilms formed by mutants of known EPS matrix components. Tobramycin

penetration was similar in all of these biofilms (Fig. S2). These results are not entirely

surprising. While alginate does interact with tobramycin (Gordon et al., 1988; Nichols et al.,

1988), it is not an integral component of the non-mucoid biofilm (Wozniak et al., 2003). Psl

is a neutral polysaccharide (Byrd et al., 2009) and our results suggest that tobramycin

interacts with negatively charged components of the biofilm matrix. PAO1 does not produce

Pel (Colvin et al., 2012), so it is not surprising that little difference was observed with the

ΔpelF mutant. Further, while over-expression of Pel in the PAO1 background increases the

tolerance of biofilm cells to tobramycin (Colvin et al., 2011), we found no effect of Pel over-

expression on tobramycin penetration (Fig. S2B and C), suggesting that the increased

tolerance that Pel imparts is not due to reducing tobramycin penetration.

We propose the following mechanism, which is consistent with our results: sequestration of

tobramycin at the periphery of the biofilm protects metabolically active cells that lie just

underneath the zone of sequestration (indirectly supported by Fig. 6). In addition to the

direct effect of protecting the underlying active cells, limiting the antibiotic penetration may

also have an indirect secondary effect on increasing tolerance. As previously proposed

(Jefferson et al., 2005; Szomolay et al., 2005; Anderson and O'Toole, 2008), limiting the

penetration of antibiotics may also allow cells in the interior of the biofilm to sense sub-

lethal concentrations of the antibiotic for a sufficient period of time to adapt to a more

tolerant state. Furthermore, sub-lethal concentrations of tobramycin have been shown to up-

regulate expression of defensive mechanisms (Karlowsky et al., 1997; Bagge et al., 2004;

Hoffman et al., 2005; Kindrachuk et al., 2011), and adaptive tolerance has been documented

in patients with chronic P. aeruginosa infections being treated with tobramycin (Barclay et

al., 1996). The results depicted in Fig. 4 indicate that cells in the biofilm are responding to

the presence of tobramycin, supporting the notion that a subpopulation of cells may be able

to adapt physiologically in the presence of tobramycin. While this mechanism might be of

limited importance at very high concentrations of tobramycin, the tobramycin levels that can

be achieved in CF airways (16 to 204 µg/ml tobramycin in the fluid lining of the lung

epithelia in patients treated with inhaled tobramycin (Rosenfeld et al., 2001)) suggest that

this mechanism could be of importance in clinical settings. Our results also have potential

implications for therapy. Addition of cationic adjuvants to tobramycin treatment of biofilm-

based infections may reduce bacterial burden not only by directly increasing the efficacy of

the antibiotic against the biofilm, but also by decreasing the time for an adaptive response.

EXPERIMENTAL PROCEDURES

Bacterial strains, growth conditions, and antibiotics

Bacterial strains, plasmids, and primers used in this study are listed in Table 1, S1 and S2.

Bacteria were propagated at 37°C in Luria-Bertani (LB) medium (Difco). PAO1

Tn7::PrrnBP1gfpAGA was created with pBK-mini-Tn7-rrnBP1-gfpAGA using the mini-Tn7

system as previously described (Lambertsen et al., 2004; Choi and Schweizer, 2006). Cy5-

conjugated tobramycin and ciprofloxacin, containing one Cy5 molecule conjugated to an
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amino group of one molecule of antibiotic, were custom made by Bio-Synthesis.

Tobramycin sulfate and ciprofloxacin was obtained from Research Products International

and Hospira, respectively. Antibiotics were used at the following concentrations: for E. coli,

50 mg/L kanamycin, 10 mg/L gentamicin; for P. aeruginosa, 30 mg/L gentamicin for

chromosomally integrated strains and 100 mg/L gentamicin for plasmid-borne strains.

Flow cell biofilm preparation

Continuous flow cell biofilm reactors were prepared and assembled as previously described

(Christensen et al., 1999). Log phase cultures, grown in Tryptic Soy Broth (TSB; Difco),

were diluted in 1% TSB to a final OD600 of 0.01 for PAO1-based strains and 0.05 for PA14.

Flow cell chambers were then inoculated with these diluted cultures and incubated inverted

for 1 h before initiation of flow. Biofilms, which were continuously supplied with fresh 1%

TSB at 10 ml/h, were grown for four days at room temperature. A Zeiss LSM 510 confocal

laser scanning microscope was used to image the biofilms and Volocity software

(Improvision) was used for compiling image series as well as for quantification.

For the reporter biofilm experiment, four-day-old biofilms were treated with 0 or 2 µg/ml

tobramycin for 9 h. The biomass was then stained with 2.5 µM Syto62 (Molecular Probes) to

visualize the entire biomass before imaging.

Transport of Cy5-conjugated antibiotics

Four-day-old biofilms were treated with 21.4 µM of Cy5, Cy5-tobramycin (20 µg/ml), or

Cy5-ciprofloxacin (17 µg/ml). Images of the same field of view were acquired every 2.5 min

during a 30-min static incubation and a subsequent 30-min flush.

Time-lapse images were used to analyze the penetration kinetics. For each time point, the

widest z-slice of the biofilm aggregate was chosen and then processed using the image

processing software BioSPA (Biofilm Spatial Pattern Analysis, to be released). The edge of

each biofilm was defined using the GFP signal from the cells. The average intensity of the

Cy5 signal for pixels equidistant from the edge of the biofilm was quantified for each time

point. A graph of the fluorescence intensity versus the distance from the exterior of the

biofilm was created (Fig. 2A). Each line on the graph represents one time point and is color-

coded to show increasing time with green as the starting time point and red as the ending

time point.

To quantify the depth of penetration, the z-slice containing the widest part of the biofilm

aggregate was again used. The ring of penetration was defined by pixels that were one

standard deviation brighter than the average pixel for that field of view. The width of the

ring was quantified using Volocity (Improvision).

For the concurrent cation treatment experiments, biofilms were treated with 20 µg/ml Cy5-

tobramycin and the cation at the same time. Tobramycin was used at 0, 10, 50, or 100 µg/ml;

manganese sulfate (SAFC) at 0.35 mM, 0.7 mM, and 1.4 mM; and magnesium sulfate

(Fisher) at 1.4 mM.
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MIC determination

The MIC of tobramycin, Cy5-tobramycin, ciprofloxacin, Cy5-ciprofloxacin, MnSO4 and

MgSO4 for wild type PAO1 was determined in triplicate using a 96-well microtiter plate. A

log phase culture at 105 cells/ml was added to a range of antibiotic concentrations in LB

broth. After a 24-h incubation at 37°C, bacterial growth was enumerated by spot dilution on

LB agar.

Biofilm protection assay

Four-day-old biofilms were treated statically with 0, 10, 50, or 100 µg/ml tobramycin for 30

min and then transferred to 0 or 1 µg/ml tobramycin for 4 h. Biofilms was then stained with

30 µM propidium iodide (Sigma) to visualize the dead cells.

MBEC viability assay

Biofilms were cultivated in the Calgary Biofilm Device (MBEC™ Physiology and Genetics

Assay, Innovotech Inc.) as described previously (Ceri et al., 1999; Harrison et al., 2010).

Routine calibration and quality control of equipment setup was carried out according to the

manufacturers’ directions (Harrison et al., 2010). Wells of the device were inoculated with 2

× 106 CFU in TSB, as verified by viable cell counting. The devices were sealed and

incubated at 37°C for 24 h with shaking. Pegs of the device were then rinsed with phosphate

buffered saline (PBS). Mean viable cell counts were determined for four pegs according to

established methods (Harrison et al., 2010).

Checkerboard arrangements of MnSO4 (0 – 20 mM) and tobramycin (0 – 4 µg/ml) were

made up in 96-well microtiter plates according to standard protocols (Moody, 2004).

Biofilms on the pegs of the device were inserted into these plates. Following 24 h exposure

at 37 °C under static conditions, biofilms were rinsed and cells were plated for viable cell

counting as previously described (Harrison et al., 2010). Synergy was defined as a ≥100-fold

(or 2-log10) decrease in viable cell count at 24 h by the antimicrobial combination compared

with that of the most active single agent and as a ≥100-fold decrease in viable cell count

compared with the starting cell number (White et al., 1996; Harrison et al., 2008).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Biofilms limit the penetration of tobramycin into the biomass
Biofilms of a GFP-expressing PAO1 strain were treated statically with 21.4 µM Cy5 (left),

Cy5-tobramycin (center), or Cy5-ciprofloxacin (right) for 30 min. Confocal laser scanning

micrographs were acquired every 2.5 min during the static incubation and a subsequent 30-

min wash. Representative images after the static incubation and after the wash are shown. In

the top row, the biomass is pseudo-colored green, and Cy5, purple. The bottom row shows

the Cy5 channel alone in grayscale. Bar, 50 µm.
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Figure 2. Kinetics of antibiotic penetration
A. Schematic of experiment. For every time point, the micrograph containing the widest part

of the biofilm was used. The average Cy5 fluorescence intensity of pixels at the same

distance from the edge of the biofilm was quantified for each time point. A graph of the Cy5

fluorescence intensity versus the distance from the exterior of the biofilm was then created

with the origin of the x-axis representing the exterior of the biofilm. B. Graphs of the

penetration kinetics of the representative biofilm shown in Figure 1. On the left is Cy5;

center, Cy5-tobramycin; and right, Cy5-ciprofloxacin. The dashed white line represents the

center of the biofilm. Each colored line on the graph represents one time point and is color-

coded to show increasing time with green as the starting time point and red as the ending

time point.
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Figure 3. Ability of the biofilm to limit penetration can be overcome with high concentrations of
tobramycin
A. Schematic of experiment. Biofilms of a GFP-expressing PAO1 strain were treated

statically with 20 µg/ml Cy5-tobramycin and 0, 10, 50, or 100 µg/ml tobramycin

concurrently. Confocal laser scanning micrographs were acquired every 2.5 min during a

static 30-min incubation. B. Representative micrographs, as described as in Figure 1, of

biofilms co-treated with Cy5-tobramycin and the indicated unlabeled tobramycin

concentration. Bar, 50 µm. C. Graphs, as described in Figure 2, representing the Cy5-

tobramycin penetration kinetics.

Tseng et al. Page 19

Environ Microbiol. Author manuscript; available in PMC 2014 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 4. Metal cations facilitate the penetration of tobramycin into biofilms
Biofilms of a GFP-expressing PAO1 strain were treated statically with 20 µg/ml Cy5-

tobramycin and 0, 0.35, 0.7, or 1.4 mM manganese sulfate. Confocal laser scanning

micrographs were acquired every 2.5 min during a static 30-min incubation. Representative

images are displayed as in Figure 1. Bar, 50 µm. B. Graphs, as described in Figure 2,

representing the Cy5-tobramycin penetration kinetics.
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Figure 5. Cells at the periphery of the biofilm respond to tobramycin
Biofilms of PAO1 Tn7::PibpAgfp (ibpA reporter) were treated with 0 or 2 µg/ml tobramycin

sulfate for 9 h and then stained with Syto62 to visualize the biomass. Top row, biomass

alone; bottom row, GFP fluorescence alone. Bar, 50 µm.
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Figure 6. Limiting penetration of tobramycin protects biofilm cells
A. Schematic of experiment. Biofilms of PAO1 were treated with 0, 10, 50, or 100 µg/ml

tobramycin sulfate for 30 min followed by continuous treatment of 1 µg/ml tobramycin

sulfate for 4 h. Biofilms were then stained with propidium iodide (PI) before imaging. Green

shading, penetration of tobramycin due to pretreatment; red, area of cell death from 4 h

tobramycin treatment. B. Representative images are shown. In the top row, the biomass is

pseudo-colored green and PI, red. The bottom row is PI alone in grayscale. Underneath each

cross-sectional image is a 4.25x magnified region (inset yellow box). Bar, 50 µm. C.

Synergistic killing of tobramycin with MnSO4 using the MBEC assay. Biofilms were grown

on polystyrene pegs and challenged with various combinations of tobramycin and MnSO4.

Viable cell counts were determined by spot dilution plating. Mean log-kill was determined

by subtracting the final from the initial log10-transformed cell counts. For untreated control

samples, the log10-transformed mean viable cell count was 5.4 ± 0.2 CFU per peg at the end

of the experiment. For clarity, only three concentrations of MnSO4 are shown. Black circles,

tobramycin with 0 mM MnSO4; blue triangles, tobramycin with 0.16 mM MnSO4; and red

squares, tobramycin with 0.63 mM MnSO4. Error bars represent standard deviation of

results from three independent trials.
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Table 1

Bacterial strains used in this study.

STRAINS Relevant characteristics Source

Escherichia coli

ccdB Survival™ 2
T1R

F- mcrA Δ(mrr-hsdRMS-mcrBC) ϕ80lacZΔM15 ΔlacX74 recA1 araΔ139 Δ(ara-
leu)7697 galU galK rpsL endA1 nupG fhuA::IS2, Smr Invitrogen

NEB5α
cloning strain; fhuA2Δ(argF-lacZ)U169 phoA glnV44 ϕ80 Δ(lacZ)M15 gyrA96
recA1 relA1 endA1 thi-1 hsdR17 New England BioLabs

S17.1 (λpir) conjugation donor; F– RP4-2-Tc::Mu aphA::Tn7 recA λpir lysogen, Smr, Tcr
Lab Archive (Simon et al.,
1983)

Pseudomonas aeruginosa

PAO1 Wild-type
Lab Archive (Jacobs et al.,
2003)

BTPA92
Wild-type PAO1 tagged with the transcriptional reporter fusion PrrnBP1–gfp[AGA]
integrated at attTn7; Gmr This study

BTPA146
Wild-type PAO1 tagged with the transcriptional reporter fusion PibpA–gfp
integrated at attTn7; Gmr This study

BTPA147 Wild-type PAO1 tagged with promoterless gfp integrated at attTn7; Gmr This study

PA14 Wild-type; can not produce Psl (Friedman and Kolter, 2004)
Lab Archive (Rahme et al.,
1995)

BTPA156
PAO1 with a markerless in-frame deletion of algD; can not produce alginate
(Wozniak et al., 2003) This study

PAO1 ΔamgRS
PAO1 with a markerless in-frame deletion of amgRS; mutant is more sensitive to
tobramycin (Lee et al., 2009) (Lee et al., 2009)

BTPA158
PAO1 with a markerless in-frame deletion of arr; biofilm of mutant is more
sensitive to tobramycin (Hoffman et al., 2005) This study

JJH782
PAO1 with a markerless in-frame deletion of brlR; biofilm of mutant is more
sensitive to tobramycin (Liao and Sauer, 2012) This study

BTPA155
PAO1 with a markerless in-frame deletion of ndvB; biofilm of mutant is more
sensitive to tobramycin (Mah et al., 2003) This study

JJH485
PAO1 with a markerless in-frame deletion of pelF; can not produce Pel (Vasseur et
al., 2005) This study

JJH688
PAO1 with a markerless in-frame deletion of phoQ; more negatively charged LPS
(Ernst et al., 1999) This study

JJH784
PAO1 with a markerless in-frame deletion of PA0615 – PA0629 (R2 pyocin
biosynthetic genes) This study

JJH827
PAO1 with a markerless in-frame deletion of PA0615 – PA0629 and wbpL; lacks O-
antigen component of LPS (Rocchetta et al., 1998) This study

PAO1 PBADpel
PAO1 with a chromosomal replacement of the native pel promoter with the araC-
PBAD promoter (Colvin et al., 2011)

BTPA48
PAO1 with a chromosomal replacement of the native psl promoter with the araC-
PBAD promoter Zhao et al., in press
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