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The formation of a biofilm by many opportunistic bacteria such as Pseudomonas 
aeruginosa has been shown to provide the bacteria with a form of protection from various 
environmental fluctuations.  Biofilm formation through the excretion of an 
exopolysaccharide matrix has become particularly important in hospital settings where 
many Pseudomonas infections are resistant to commonly used antibiotics. This study 
investigated the role of alginate in biofilm structure as a protection mechanism in the ability 
to resist antibiotic killing by gentamicin and ciprofloxacin.  Early and established biofilms 
were treated and incubated with gentamicin or ciprofloxacin alone and in combination with 
alginate lyase for four hours.  After incubation, all biofilms were physically disrupted and 
used to carry out an antibiotic resistant plate assay.  It was found that after one day of 
growth, the percent survival of P. aeruginosa after gentamicin treatment was 9%, which 
decreased to 5% when gentamicin treatment was combined with alginate lyase.  After five 
days of growth, the percent survival was 31% after gentamicin treatment and 0% after 
treatment with gentamicin and alginate lyase.  Correspondingly, after one day of growth, 
the percent survival of P. aeruginosa after treatment with ciprofloxacin was 100%, but 
decreased to 3% with the addition of alginate lyase.  After five days of growth, P. 
aeruginosa had a 100% survival rate after ciprofloxacin treatment, but decreased to 0% 
after treatment in combination with alginate lyase.  In conclusion, these results indicate 
that alginate plays a central role in biofilm resistance to antibiotic killing and  it was found 
that alginate lyase increased bacterial death when used in combination with gentamicin and 
ciprofloxacin, and a more pronounced effect was seen with ciprofloxacin. 

 
 

  
Bacteria are the most diverse organisms around today 

and many have acquired the ability to live in complex 
communities known as biofilms.  Such structures have 
been traced back in the fossil record to almost 3.4 
billion years ago, indicating the importance of this 
evolutionary adaptation (7).  The formation of biofilm 
structures through the excretion of an extracellular 
polysaccharide matrix allows for certain bacteria to 
attach to solid surfaces and provides them with 
protection from environmental fluctuations such as 
temperature, pH and UV light as well as allowing the 
cells to stay hydrated and trap nutrients (4,5,7).  For 
some bacteria these interactions may be key for their 
survival. 

 Pseudomonas aeruginosa is one such biofilm 
former. It is commonly found in soil, water and man-
made environments, however, this bacterium has also 
been known to cause serious disease in animals and 
humans often times with generalized inflammation of 
the lungs, urinary tract and kidneys (5,8).   P. 
aeruginosa is responsible for up to 60 % of all 
hospitalized infections forming antibiotic resistant 
biofilms on many medical devices (11, 13).  This high 

infection rate has huge impacts on medical funding and 
hospital costs making research into biofilm structure 
very important (11). 

One of the most significant structural changes during 
biofilm formation in P. aeruginosa is production of the 
extracellular polysaccharide alginate (4).  Alginate is a 
linear polymer made up of guluronic acid and 
mannuronic acid modified with O-acetyl groups and 
has been shown to increase biofilm attachment to solid 
surfaces (4).  Interestingly, P. aeruginosa can modify 
or breakdown the biofilm polysaccharide backbone 
using the enzyme alginate lyase which cleaves the 4-O-
linked glycosidic bonds between uronate residues 
(4).  Previous studies looking at alginate in P. 
aeruginosa have shown that it helps provide bacterial 
biofilms with specific protection from antibiotics and 
immune responses making this polymer an important 
target in medical research (1,4,5). 

Here we investigated the resistance of P. aeruginosa 
PAO1 to gentamicin and ciprofloxacin, two commonly 
used antibiotics for hospitalized treatment of infections 
with Pseudomonas (1,10).  The purpose of our study 
was to understand the role of biofilm structure as a 
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protection mechanism in the ability to resist antibiotic 
killing.  More specifically alginate forms a major part 
of the extracellular polysaccharide matrix so we 
hypothesized that enzymatic degradation of this 
backbone using alginate lyase would render the bacteria 
more susceptible to the bactericidal effects of 
gentamicin and ciprofloxacin.  Understanding the 
mechanism of antibiotic resistance and the role of 
biofilm structure will allow physicians to tailor their 
methods of chemotherapy. 

 
MATERIALS AND METHODS 

 
Bacterial strain, media and chemicals.  P. aeruginosa strain 

PAO1 was obtained from the MICB 421 culture collection provided 
by the Department of Microbiology and Immunology at the 
University of British Columbia.  All liquid cultures were grown in 
Tryptic Soy Broth (TSB) purchased from Merck (Kirkland, Qc) 
and all spread plate cultures were plated on Tryptic Soy Agar (TSA) 
purchased from Becton, Dickinson and Company (Oakville, ON).  
Bacterial cultures were treated with alginate lyase purchased from 
Sigma Aldrich (Oakville, ON, Cat # A1603) and combinations of two 
antibiotics, gentamicin (Oakville, ON, Cat # G3632) and 
ciprofloxacin (Oakville, ON, Cat # 17850) purchased from Sigma 
Aldrich. 

Biofilm preparation and growth conditions.  An initial 
overnight culture of P. aeruginosa was prepared by inoculating 3 mL 
of TSB with bacteria and allowing it to grow with aeration for 24 
hours at 37°C on a shaking platform set at 150 rpm.  Using this 
overnight culture twelve 16 x 125 mm test tubes were inoculated by 
adding aliquots of 30 µl of culture into 3 mL of TSB.  Two sets of six 
tubes represent the experimental biofilms.  P. aeruginosa biofilm 
formation was allowed to proceed for 1-day and 5-days to represent 
structurally immature biofilms and fully matured biofilms 
respectively.  All 12 tubes were grown with aeration at 37°C on a 
shaking platform set at 150 rpm for either 1 or 5 days until antibiotic 
treatment.   

Biofilm isolation and weight.  Following biofilm growth for the 
indicated 1 or 5 day time period, each culture was split into two 1.5 
mL microfuge tubes and centrifuged for 15 minutes at 15,000 
rpm.  After centrifugation planktonic cells form a pellet at the bottom 
of the tube while the biofilm is usually left suspended in the middle 
layer of fluid.  Each biofilm was removed and placed on a 47 mm, 
0.45 micron metrical membrane filter (Gelman, Pensacola, FL) and 
vacuum filtered for 1 minute using a 3 mL TSB wash to further 
remove any planktonic cells.  After filtration the weight of each 
biofilm including the membrane was recorded in grams using a 
standard balance.  The average weight of six TSB saturated and 
vacuum filtered membranes was also recorded and subtracted from 
the weight of each filtered biofilm in order to determine final biofilm 
wet weights.  This was done to account for the weight of the 
membrane as well as to account for the weight of residual TSB after 
filtration.  After weighing, each biofilm was then washed back into a 
16 x 125 mm test tube by pipetting with 3 mL of TSB.  

Chemical treatments and incubations times.  Six biofilm test 
tube cultures each were used for enzymatic and antibiotic treatment 
on day 1 and day 5 of biofilm growth.  Following biofilm separation 
and weighing, combinations of antibiotics and alginate were added to 
the 3 mL biofilm cultures and incubated at 37°C on a shaking 
platform (150 rpm) for 4 hours.  Alginate lyase stock solution was 
prepared by adding 30.0 mg of Alginate lyase powder (10 000 
units/g) to 500 µl of distilled water (dH2O), followed by pipetting up 
and down in a microfuge tube. Ciprofloxacin stock solution was 
prepared by adding 4.5 mg of ciprofloxacin powder to 50 ml of dH2O 
and mixing vigorously. Similarly, 15.0 mg of gentamicin was added 
to 60 ml of dH2O. All stock solutions were stored at 4ºC. 

 For each day 1 and 5, the following biofilm treatments were set 

up: 1. alginate lyase (alg) (-) antibiotic (-); 2. alg (-) gentamicin (+); 3. 
alg (-) ciprofloxacin (+); 4. alg (+) antibiotic (-); 5. alg (+) gentamicin 
(+); and 6. alg (+) ciprofloxacin (+).  Alg (-), antibiotic (-) control 
was used to compare against treatment with antibiotics and without 
alginate lyase. Alg(+), antibiotic (-) control was used to compare 
treatment with alginate lyase and antibiotics.  Alginate lyase was 
made to a final working concentration of 20 units/ml by adding 10 μl 
of the 60 units/ml stock solution (1).  Gentamicin and ciprofloxacin 
were made to final working concentrations of 1.0 μg/ml and 0.25 
μg/ml respectively by adding 100 μl of a 30 μg/ml gentamicin stock 
solution and 100 μl of a 7.5 μg/ml ciprofloxacin stock solution. 

Quantifying viable biofilm cells.  Following alginate and 
antibiotic treatment incubation for 4 hours each biofilm was disrupted 
in order to break up the cells by using a 7 mL Dounce Tissue 
Homogenizer and corresponding pestle A (Wheaton, Millville, NJ) 
for 60 seconds using a push/twist motion.  It has been previously 
shown that this method does not directly damage individual cells as 
they are too small to be physically crushed between the gaps in the 
homogenizer.  This was confirmed using phase contrast microscopy.  
Each homogenized biofilm culture was then used to prepare serial 

dilutions of 10 -6, 10 -7, 10 -8 and 10 -9 in TSB after which 100 µl of 
each was spread plated onto TSA plates in duplicate in order to carry 
out an antibiotic resistance plate assay.  All plates were incubated at 
37°C for approximately 18 hours before being removed and counted 
for individual colonies. 

Statistical analysis. The student's t-test was used to infer statistical 
significance between plate counts. It was assumed that plate counts 
are a random variable that follow a normal distribution. 
 

RESULTS 
 

Percent survival of Pseudomonas aeruginosa after 
one day of growth.  This study examined the efficacy 
of antibiotics gentamicin and ciprofloxacin to penetrate 
and kill P. aeruginosa within intact and enzymatically 
destroyed biofilms.  After one day or five days of 
growth, P. aeruginosa was incubated for four hours 
with antibiotics gentamicin or ciprofloxacin used alone 
or in combination with alginate lyase.  The percent 
survivial of bacteria was normalized to either the 
alginate lyase (-) antibiotic (-) control if alginate lyase 
was not included in the incubation, or the alginate lyase 
(+) antibiotic (-)  contol if alginate lyase was included. 
Biofilm mass after day 1 was 0.18 grams on average 
and 0.88 grams for day 5 (data not shown). The 
differences in weight between the six biofilms samples 
grown for each day were not significantly different. 

After gentamicin treatment of P. aeruginosa without 
alginate lyase, we found a percentage survival of 9%, 
which was not significantly different at the P = 0.05 
level from the 5% survival after gentamicin treatment in 
combination with alginate lyase (Fig. 1a).  This 
suggests that the presence of alginate in P. aeruginosa 
biofilm did not significantly reduce the bactericidal 
properties of gentamicin after one day of growth.  In 
contrast, ciprofloxacin treatment without alginate lyase 
had no visible effects on P. aeruginosa, remaining with 
a percent survival of 100% (P = 0.05), whereas 
treatment in combination with alginate lyase decreased 
percent survival to 3% (Fig.1b). 
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Percent survival of Pseudomonas aeruginosa after 
five days of growth.    After five days of growth, the 
percentage survival of P. aeruginosa was 31% after 
gentamicin treatment, which fell to 0% with the 
inclusion of alginate lyase in the treatment (Fig. 1a).  
Ciprofloxacin incubation without alginate lyase (p = 
0.05) showed no decrease with ciprofloxacin treatment 
alone (Fig. 1b), but decreased after treatment with 
ciprofloxacin and alginate lyase to essentially 0% 
survival, significant at p=0.05 level.  Fig. 1 in its 
entirety shows that biofilm formation with alginate 
plays a key role in Pseudomonas aeruginosa resistance 
against Gentamicin and Ciprofloxacin.   

Alginate lyase enhancement of ciprofloxacin and 
gentamicin treatment.  Comparison between Fig. 1a 
and Fig. 1b shows that the efficacy of ciprofloxacin 
treatment was significantly enhanced after treatment 
with alginate lyase.  The percent survival of day 1 P. 
aeruginosa after ciprofloxacin treatment decreased by 
97% at a p=0.05 level when the treatment is combined 
with alginate lyase, and percentage survival on day 5 

decreased to 100% in day 5.  In contrast, the biofilm 
disruption by alginate lyase only slightly enhanced the 
efficacy of gentamicin treatment, decreasing the percent 
survival of P. aeruginosa to 3% in day 1 and 30% in 
day 5.  Because all samples showed an increase in 
efficacy of the antibiotic after addition of alginate lyase, 
we saw the expected trend that alginate production in 
the biofilm of Pseudomonas aeruginosa is a significant 
defense against antibiotic treatment. 
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In addition, we also observed the trend that biofilm 
formation as a defense against bacteria was quantity-
dependent.  After growing P. aeruginosa for a longer 
period of time, more biofilm was formed and there were 
consistent increases in the efficacies of antibiotic 
treatments.  As a result, alginate was found to play a 
larger role in antibiotic protection for more mature 
biofilms as the efficacies of gentamicin and 
ciprofloxacin were enhanced by alginate lyase more 
significantly in day 5 than day 1.  Unexpectedly, 
destruction of alginate in P. aeruginosa biofilm 
enhanced ciprofloxacin treatment more significantly 
than gentamicin treatment, suggesting that gentamicin 
was able to overcome low levels of alginate in P. 
aeruginosa biofilm but not in more established biofilm, 
whereas ciprofloxacin treatment was signficiantly 
hindered by alginate. 
 

DISCUSSION 
 
Previous work on the role of P. aeruginosa biofilm 

structure in antibiotic resistance yielded no 
improvement in gentamicin and ciprofloxacin mediated 
killing with physical disruption of the biofilm (5). 
However, we believed that physical disruption achieved 
by a tissue homogenizer was insufficient to disrupt the 
extrapolymeric substance (EPS) at the molecular level; 
thus cells were still surrounded by small amounts of 
intact biofilm which hinder antibiotic activity in the 
cells. As a result, we proposed that an enzymatic 
breakdown of alginate, a structural polymer of EPS, by 
alginate lyase would increase gentamicin and 
ciprofloxacin killing of mucoid P. aeruginosa biofilm 
bacteria. Our results supported our hypothesis that the 
structural formation of the ESP with alginate inhibits 
gentamicin and ciprofloxacin in P. aeruginosa biofilms. 

FIG. 1.  Percent survivial of  P. aeruginosa after growth at 
37ºC for one and five days followed by four hours of co-
incubation with and without alginate lyase and (A) gentamicin or 
(B) ciprofloxin normalized to the antibiotic negative controls. 
 

Several studies support the idea that alginate plays a 
major role in antibiotic resistance in biofilm bacteria. 
Co-administration of gentamicin and alginate lyase in a 
medium and apparatus mimicking the lungs of cystic 
fibrosis patients mediated killing of P. aeruginosa 
biofilm bacteria, whereas gentamicin alone had no 
effect (1). Our results demonstrate a significant 3 to 10 
fold (P ≤ 0.05) decrease in bacterial concentration when 
1.0 μg/ml gentamicin alone is used. Although in the 
presence of alginate lyase there was almost a 3000 fold 
decrease in the established biofilm grown for 5 days. In 
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vivo co-incubation of alginate lyase and antibiotics in 
mice having lung infections with human serum resistant 
strain P. aeruginosa 144MR likewise showed 
significant improvement in disease progression when 
compared to antibiotic treatment alone , and alginate 
enhances killing of the biofilm bacteria by the immune 
system (3). Our results along with evidence from 
previously published studies (1,3) illustrate that co-
incubation of antibiotics with alginate lyase improves 
the activity of antibiotics and killing of P. aeruginosa in 
biofilms. 

Ciprofloxacin showed a similar trend in that co-
incubation with alginate lyase significantly improved 
the killing of bacteria, while incubation with only 
ciprofloxacin was ineffective for preventing growth for 
both early and established biofilms. We found this 
growth to be significant at the P ≤ 0.05 level, but 
believe that a larger sample size of dilution plate counts 
to decrease the variance for calculating the 95% 
confidence interval are required to confirm or reject this 
observation. It is possible that this trend falls outside 
the 95% confidence interval and that the increase in 
growth is actually within the normal range of variation 
from the alginate lyase (-) antibiotic (-) control. 
Regardless, there is still almost a 3000 fold decrease in 
bacterial growth in the established biofilm when 
compared to the alginate lyase (+) antibiotic (-) control. 

The more established biofilms (day 5) were killed 
more effectively with alginate lyase and antibiotics than 
the early bioflims (day 1). The complex formation of 
biofilms usually involves both genetic and 
environmental stimuli that induce a five stage cycle of 
formation (7,12). Generally the first two stages begin 
when environmental signals cause planktonic cells to 
adhere loosely with a surface leading to cell division 
and clustering (7,12). Following this, stages three and 
four involve complex cell to cell signaling that results 
in the maturation of microcolonies and the excretion of 
an exopolysaccharide encasement (6,7,12). The final 
stage of the cycle involves the subsequent dispersal of 
the cells from the biofilm (12).  During the cycle 
cellular phenotypes can vary substantially indicating 
variability in gene expression (7). It might be possible 
that alginate plays a larger structural role in established 
biofilms and relies more heavily on the polysaccharide 
for protection from antibiotics; thus the enzymatic 
degradation is more detrimental to the established 
biofilm. This explains why we saw a greater percent 
decrease in bacterial concentration of established 
bioflims co-incubated with alginate lyase and 
antibiotics. 

We report with our findings that gentamicin and 
ciprofloxacin killing of P. aeruginosa PAO1 biofilms is 
enhanced by enzymatic breakdown of the EPS 
polysaccharide alginate by co-incubation with alginate 
lyase.  Further, alginate lyase in combination with the 

antibiotics has a greater effect on more established 
biofilms which have accumulated more alginate in their 
EPS. Our study along with that of Alkawash et al. and 
Leid et al. suggest that therapeutic use of alginate lyase 
in combination with ciprofloxacin or gentamicin might 
be beneficial in combating P. aeruginosa biofilm 
infections. 

 
FUTURE EXPERIMENTS 

 
The most logical progression from this experiment 

would be to next test the function of alginate in P. 
aeruginosa biofilms.  Here we showed that alginate 
lyase enhances antibiotic killing of P. aeruginosa, 
however, we did not specifically look at the structure of 
alginate and how it is protecting bacteria within a 
biofilm from antibiotic killing.  Future studies should 
look into the structure of alginate and how it physically 
interacts with cells within the biofilm as well as the 
chemical properties that may allow it to modify or 
exclude antibiotics. 

The exopolysaccharide alginate has been implicated 
in the pathogenesis of P. aeruginosa , especially in 
cystic fibrosis patients. Leid and colleagues found that 
biofilm structure was responsible for immune evasion 
of mucoid P. aeruginosa bacteria, and supplementation 
of alginate in an alginate-negative strain reinstated 
resistance to killing by macrophages (9). These results 
support the importance of alginate in biofilm structure.  
Following the lead of this experiment to further explore 
our finding that alginate hinders antibiotic activity and 
thus may have a role in pathogenesis in humans, we 
suggest that further understanding the role of alginate in 
biofilm structure and resistance to antibiotic killing may 
have important implications for clinical research.   

Lastly, our investigation used minimum inhibitory 
concentrations of gentamicin and ciprofloxacin. 
Therapeutic concentrations are almost 10 fold higher 
(2,14). It would be interesting to see if the effect of 
alginate lyase is as profound or greater at higher 
antibiotic concentrations. Our experiment dealt with 
extremely high concentrations of bacteria between 108 

and 1012 cells/ml. Ideally, antibiotic +/- alginate lyase 
treatment would kill 100% of the bacteria despite high 
initial concentrations. 
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