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Arginine enhanced the killing of Pseudomonas aeruginosa by ciprofloxacin and tobramycin under anaerobic,
but not aerobic, growth conditions. Arginine or nitrate also enhanced the killing by these antibiotics in mature
biofilms, reducing viable cell counts by a factor of 10 to 100 beyond that achieved by antibiotics alone.

The opportunistic bacterial pathogen Pseudomonas aerugi-
nosa is responsible for persistent infections such as those as-
sociated with cystic fibrosis (CF) lung disease, burn wounds,
otorrhea, and the cornea (2). One of the factors contributing to
the recalcitrant nature of these infections is that the bacteria
form biofilms in which they are protected from killing by an-
timicrobial agents. This protection does not depend on the
poor penetration of antibiotics into the biofilm (11). Rather, it
appears that the tolerance of these bacteria to antibiotics is
tied to physiological or phenotypic changes in a subset of the
cells in the biofilm (1, 5, 7, 9, 11, 14). A particularly powerful
mechanism suggests that biofilms contain anoxic regions where
the metabolic activity, and also the susceptibility to antibiotics,
of aerobes such as P. aeruginosa is diminished.

The common occurrence of oxygen gradients in biofilms is
well known, and in vitro measurements with oxygen microelec-
trodes have demonstrated the presence of anoxic regions
within P. aeruginosa biofilms in particular (11, 12, 15). One in
vivo study has also revealed the presence of anaerobic pockets
in the infected mucus which lines the airways of individuals
with CF (13), and another has provided molecular evidence for
bacterial anaerobiosis in CF lung disease (16). In vitro inves-
tigations have furthermore demonstrated that P. aeruginosa
biofilms commonly exhibit stratified patterns of metabolic ac-
tivity. Protein synthesis, for example, is very active in regions of
the biofilm adjacent to an oxygen source, with very limited
activity detectable in the anoxic zones (11, 12, 15).

These observations support the following cascade of effects
in a P. aeruginosa biofilm: (i) oxygen limitation leads to anoxic
regions in the biofilm; (ii) in anoxic regions, metabolic activity
slows down or stops; and (iii) metabolically inactive bacteria
are less susceptible to killing by antibiotics. There is some
experimental evidence in support of the third conjecture (1).

If the recalcitrance of P. aeruginosa biofilm infections de-
pends on the occurrence of anoxic regions in the biofilms
where the bacteria are metabolically quiescent, then one way
to improve antibiotic chemotherapy for such infections is to
stimulate anaerobic metabolism. In the case of P. aeruginosa,
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this can be accomplished by either adding an electron acceptor
that permits denitrification or by adding arginine, which P.
aeruginosa can ferment (3, 10). This article reports the results
of an in vitro investigation on the effects of arginine and nitrate
on the susceptibility of P. aeruginosa in biofilms to ciprofloxa-
cin and tobramycin.

The general strategy of feeding a biofilm during antibiotic
treatment is one that has not been experimentally tested. The
only example of this type of test that we are aware of is a
demonstration that increasing the provision of nutrients during
exposure to rifampin increases the killing of Staphylococcus
epidermidis in biofilms (17).

Bacterial susceptibility to either 1 wg/ml ciprofloxacin or 10
pg/ml tobramycin was measured in colony biofilms as de-
scribed previously (1). Ciprofloxacin targets DNA gyrase and
interferes with DNA synthesis, while tobramycin binds to the
ribosome and interferes with protein synthesis. A 50-pl drop of
a planktonic culture of P. aeruginosa strain PAO1 was depos-
ited on a 25-mm-diameter, 0.2-um polycarbonate membrane
resting on a tryptic soy agar (TSA) plate. The plates were
incubated for 4 h at 37°C. These young colony biofilms were
then transferred to TSA plates supplemented with antibiotic,
TSA plates supplemented with antibiotic plus 0.4% L-arginine,
or simply unsupplemented TSA plates. This concentration of
arginine is the same as that used in a medium for growing P.
aeruginosa in a previous study (7). The biofilms were then
incubated for an additional 12 h at 37°C. Some colony biofilms
were incubated under anaerobic conditions for the 12-h test
period by placing the plates in an anaerobic gas bag. Viable
cells were enumerated by serial dilution and drop plating.

Arginine supplementation did not affect the number of bac-
teria over the 12-h test period under either aerobic or anaer-
obic growth conditions. The number of viable cells measured
after 16 h of total incubation time was not statistically different
for biofilms grown with arginine than for biofilms grown with-
out arginine (P = 0.40 and 0.63 under aerobic and anaerobic
conditions, respectively). This suggests that arginine does not
affect bacterial replication. Higher concentrations of arginine
also did not detectably enhance growth (data not shown).

Under aerobic conditions, the antibiotic efficacy against 4-h
colony biofilms was not affected by the presence of arginine
(Fig. 1A). In contrast, arginine enhanced antibiotic efficacy
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FIG. 1. Effect of arginine on the antibiotic susceptibility of P.
aeruginosa in young (4-h) colony biofilms under aerobic (A) and an-
aerobic (B) conditions. Error bars denote standard deviations.

against 4-h colony biofilms under anaerobic conditions (Fig.
1B). In the absence of oxygen and without arginine, the log
reductions realized after 12 h of treatment with ciprofloxacin
and tobramycin were 2.61 = 0.13 and 2.14 = 0.42, respectively.
In the absence of oxygen and the presence of arginine, the log
reductions for these two antibiotics rose to 4.86 = 0.25 and
5.29 = 0.21, respectively. These differences were statistically
significant based on a two-sided ¢ test (P = 0.0014 and 0.0026
for ciprofloxacin and tobramycin, respectively). These results
suggest that even though arginine was not a factor in promot-
ing cell division, it was able to enhance antibiotic susceptibility
under anaerobic conditions, presumably by increasing the met-
abolic rate.

The effect of arginine on P. aeruginosa’s susceptibility to
ciprofloxacin and tobramycin was also investigated using ma-
ture biofilms from two different growth systems. We deliber-
ately used two different biofilm models with quite different
media. The rationale for this method is that if the enhance-
ment of antibiotic action by arginine supplementation is ro-
bust, then this enhancement will be observed regardless of the
details of the growth conditions. Susceptibility was evaluated
against 48-h colony biofilms and against biofilms grown for
72 h in a continuous drip flow reactor system (15). Colony
biofilms were grown on TSA for 48 h prior to a 12-h antibiotic
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FIG. 2. Effect of arginine on the antibiotic susceptibility of P.
aeruginosa in aerobic 48-h colony biofilms (A) and 72-h drip flow
reactor biofilms (B). Error bars denote standard deviations.

exposure. Colony biofilms are dense aggregates of bacteria,
developed in the absence of fluid flow, on top of filter mem-
branes resting on agar plates. Drip flow biofilms were grown on
a glucose-minimal medium at 37°C for 72 h prior to treatment
for 12 h with the antibiotics in the same medium. Drip flow
biofilms develop in a low-fluid shear environment on stainless
steel slides over which the medium flows in a thin film. Details
of these methods are provided elsewhere (1, 15).

For mature biofilms, it can be anticipated that a fraction of
the biofilm will be anoxic. Mature biofilms should therefore
reflect, at least in part, the behavior of bacteria under anaer-
obic conditions.

Arginine supplementation increased biofilm susceptibility to
both ciprofloxacin and tobramycin in both of the systems tested
(Fig. 2). Mature (48-h) colony biofilms were highly recalcitrant
to 12-h exposures of these antibiotics in the absence of added
arginine; log reductions were 1.13 = 0.14 and 0.52 = 0.12 for
ciprofloxacin and tobramycin, respectively. These log reduc-
tions rose to 3.23 * 0.06 and 1.63 = 0.30, respectively, when
the TSA was supplemented with 0.4% arginine. This enhance-
ment of killing by arginine was statistically significant (P =
0.0002 and 0.026 for ciprofloxacin and tobramycin, respec-
tively). In the drip flow reactor system, log reductions in-
creased from 1.28 = 0.13 and 0.35 = 0.24 for ciprofloxacin and
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TABLE 1. Summary of enhancement of antibiotic efficacy against
P. aeruginosa colony biofilms by added arginine, nitrate, or nitrite

Efficacy against P. aeruginosa®

Antibiotic Supplement
Log reduction Log difference

Ciprofloxacin None 1.13 = 0.14

Ciprofloxacin Arginine 3.23 = 0.06 2.1
Ciprofloxacin Nitrate 3.19 £0.19 2.1
Ciprofloxacin Nitrite 3.04 =0.20 1.9
Tobramycin None 0.52 £ 0.12

Tobramycin Arginine 1.63 = 0.30 1.1
Tobramycin Nitrate 1.90 = 0.45 14
Tobramycin Nitrite 1.24 = 0.06 0.7

“ The log difference is the log reduction measured for antibiotic with arginine
or nitrate less the log reduction for antibiotic alone. A log difference of 1
corresponds to a 10-fold difference in viable cell numbers; a log difference of 2
corresponds to a 100-fold difference in viable cell numbers.

tobramycin, respectively, to 2.73 = 0.39 without arginine and
1.27 = 0.29 in the presence of added arginine. In both cases,
the enhancement of antibiotic action by arginine was statisti-
cally significant (P < 0.04). In neither system did the addition
of arginine lead to bacterial replication in the absence of an-
tibiotic treatment. The differences in log reductions reported
above correspond to approximately 10 to 100 times fewer via-
ble cells in the biofilms treated with antibiotic plus arginine
than in the biofilms treated with antibiotic alone (Table 1).

P. aeruginosa can use nitrate as an alternate electron accep-
tor in the absence of oxygen, so we hypothesized that provision
of nitrate during antibiotic exposure would also enhance effi-
cacy. TSA was supplemented with either 1% potassium nitrate
or 1% potassium nitrite. Colony biofilms were grown for 48 h
on TSA in the absence of nitrate or nitrite and then transferred
to antibiotic-containing TSA plates supplemented with either
1% potassium nitrate or 1% potassium nitrite for 12 h. The
addition of nitrate or nitrite enhanced killing by ciprofloxacin
and tobramycin by a factor similar to that measured for argi-
nine (Table 1). Exposure to nitrate or nitrite for 12 h in the
absence of antibiotic had no effect on viable cell numbers. In a
previous study, we reported that nitrate supplementation had
little effect on, or even decreased, the antibiotic susceptibility
of P. aeruginosa in biofilms (1). These earlier experiments were
performed using young (4-h) colony biofilms rather than the
mature (48-h) colony biofilms used to collect the data reported
in this article. This discrepancy suggests that the effects of
nitrate on antibiotic susceptibility are modulated by biofilm
age.

These data indicate that arginine or nitrate can increase the
susceptibility of P. aeruginosa to two classes of antimicrobials in
mature biofilms. P. aeruginosa colony biofilms (11, 12) and drip
flow biofilms (15) have both been shown to harbor regions of
very low oxygen concentration. We hypothesize that it is in
these anoxic regions where bacteria are poorly killed due to
very low metabolic rates. We further speculate that arginine or
nitrate positively modulate the antibiotic susceptibility of bio-
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films by increasing the metabolic activity of bacteria in the
anaerobic zones of mature biofilms.

Our results support the possibility of using arginine as an
adjuvant to enhance the efficacy of antimicrobial chemother-
apy when a pseudomonal biofilm is implicated. Interestingly,
arginine therapy has been suggested and tested in the context
of CF (4, 6, 8). In these studies, arginine was evaluated for its
mucolytic activity (4, 8) and for its potential to enhance nitric
oxide concentrations and thereby stimulate ciliary clearance
(6). Neither of these uses is part of modern CF therapy. The
past use of arginine suggests that it is safe when properly
buffered (8). There does not appear to have been any in vivo
evaluation of the interaction between arginine and antibiotics.
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