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Pseudomonas aeruginosa biofilms are more resistant to antibiotics than their planktonic 

counterparts. Current antibiotics used for therapy to treat P. aeruginosa infections are 
ciprofloxacin and gentamicin, both of which are bactericidal; however, cystic fibrosis 
patients often become infected by extremely resistant strains that overproduce alginate in the 
extracellular polymeric substances. It has been shown that strains producing different levels 
of alginate display different carbohydrate profiles, such as upregulated glucose and 
galactose. To determine if these varying carbohydrate profiles contribute to different levels 
of antibiotic resistance, three strains were obtained producing different amounts of alginate: 
wild-type producing a normal amount of alginate, algA producing no alginate, and mucA 
overproducing alginate.  The strains were grown for 5 days to obtain mature biofilms which 
were then homogenized and incubated with gentamicin or ciprofloxacin and compared to a 
control. The percent survival for ciprofloxacin in all strains was less than 1%. The 
gentamicin treated mucA and wild-type strains showed no significant difference at 27% and 
31% survivability, respectively. However, the gentamicin treated algA strain showed 75% 
survival, suggesting that the carbohydrate composition of this strain leads to increased 
resistance to gentamicin, but not to ciprofloxacin. Further studies may be needed to 
determine which carbohydrates are responsible for conferring increased resistance to 
gentamicin.    

 
 
Biofilms are complex communities of bacteria that 

are enclosed in an extracellular polymeric substance 
(EPS) which is a matrix consisting of several 
polysaccharides, protein and nucleic acid (19). Biofilm 
formation begins when free-swimming planktonic cells 
adhere to either solid surfaces or liquid interfaces (19). 
Cluster and microcolony formation is highly regulated 
by quorum-sensing as development continues (6). This 
eventually leads to formation of the mature biofilm 
which is characterized as having complex architectures 
specific to the bacteria, such as water channels, tower 
and mushroom formation (15).  Cells in mature 
biofilms are known to be up to 1000 times more 
resistant to antibiotics than planktonic cells (13). It is 
thought that the EPS may be involved in this robustness 
of biofilms, particularly the polysaccharides. The main 
polysaccharide of attention is alginate because of its 
overt presence in biofilm clinical infections, 
particularly in P. aeruginosa lung infections of patients 
with cystic fibrosis (6). These mucoid biofilms have up-
regulated expression of alginate, a negatively charged 
co-polymer of O-acetylated β-1-4 linked D-mannuronic 
acid and α-L-glucuronic acid, which further helps in 
attachment to lung epithelial tissues (6, 19).   

To treat these persistent infections, physicians often 
prescribe a fluoroquinolone called ciprofloxacin, and an 
aminoglycoside called gentamicin—both bactericidal 
antibiotics (9, 18). Ciprofloxacin has few charged 
groups and inhibits topoisomerases and DNA gyrase 
activity thereby inhibiting cell division (18). 
Gentamicin on the other hand is highly positively 
charged and inhibits protein synthesis and 
permeabilizes the membrane (9). 

It is thought that alginate contributes to antibiotic 
resistance by decreasing the penetration of antibiotics 
through the EPS (13, 18). For example, the negatively 
charged alginate polymer binds the positively charged 
gentamicin, thereby sequestering it and preventing it 
from entering cells (18). Ciprofloxacin however, being 
uncharged, is thought to be less affected by alginate 
sequestration, which may be why there has been less 
clinical resistance seen for ciprofloxacin (17).  
Although alginate is prominent in P. aeruginosa 
infections, it has been found that alginate is not 
necessary for biofilm formation (12, 15). In fact, 
biofilms of different alginate compositions show a 
variety of different structures such as mounds, 
mushroom formation, varying thicknesses, and sugar 
profiles (19). An additional study found that PAO1 
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biofilms that were disrupted with alginate lyase were 
more susceptible to antibiotics, suggesting the 
importance of EPS-association with antibiotic 
resistance (2).  These combined findings led us to 
question whether biofilms of different carbohydrate 
composition exhibit the same levels of resistance to the 
antibiotics gentamicin and ciprofloxacin. We tested our 
hypothesis by including ciprofloxacin and gentamicin 
because they are the two commonly prescribed 
antibiotics for lung infections, with three isogenic P. 
aeruginosa PAO1 strains: the wild type (WT) and its 
derivatives PW7019 algA, which is incapable of 
producing alginate, and PW2387 mucA, which 
overproduces alginate (14). It was found that 
ciprofloxacin being a neutral compound, had the 
greatest killing with less than 1% survival rates in 
biofilm cells; this suggests that the uncharged structure 
may allow it to penetrate into the cells, rather than 
being sequestered by the EPS carbohydrates. The 
gentamicin treated mucA and wild-type strains had a 
moderate level of biofilm cell survival, but the algA 
mutant had a high 75% survival rate, suggesting that 
gentamicin is unable to penetrate the EPS as efficiently 
as ciprofloxacin, owing perhaps due to  charged groups 
on gentamicin which may interact with EPS sugars. 
 

MATERIALS AND METHODS 
 

Bacterial strains and growth media. P. aeruginosa MPAO1 
(WT) and two of its derivative strains, PW7019 (algA) and PW2387 
(mucA), were obtained from the University of Washington, 
maintained by the Hancock Laboratory at The Centre for Microbial 
Diseases and Immunity Research at the University of British 
Columbia (7). All liquid cultures were grown in tryptic soy broth 
(EMD Chemicals, Cat. no. 1.05459). Solid media was prepared by 
adding 15 g of agar to 1 L of liquid tryptic soy broth (TSB). 

Biofilm preparation and growth conditions. One overnight 
culture of each P. aeruginosa strain (WT, algA, and mucA) 
was prepared by inoculating 3 ml f TSB in and incubating for ~24 
hours at 37°C with aeration on a shaking platform set to 150 
rpm.  Subsequently, 30 ul of each of the three overnight cultures were 
used to inoculate two 3 ml aliquots of TSB to get a total of six culture 
tubes. These cultures were incubated for 5 days at 37°C with aeration 
on a shaking platform set to 150 rpm to obtain fully matured biofilms. 

Observation of biofilm characteristics. Five-day old biofilms 
were visualized to observe differences in structure. Biofilm thickness 
was estimated using a ruler held up to the side of the tube. Relative 
viscosity of the biofilms was determined by ease of pipetting.  

Biofilm isolation and homogenization for the modified 
carbazole assay.  Five-day-old biofilm biomass was concentrated for 
each strain using a method involving centrifugation at a high speed 
for an extended period of time. TSB, which could interfere with the 
assay, was thereafter removed. Each culture was split equally 
between two 1.5 ml microfuge tubes and centrifuged for 10 minutes 
at 21130 x g to pellet planktonic cells. Biofilms remained loosely 
suspended in the bottom of the supernatant at this point. Supernatants 
and biofilms were then transferred to fresh microfuge tubes, made up 
to 1.5 ml with saline to reduce viscosity, and centrifuged for 15 
minutes at 21130 x g. Liquid supernatant was removed being careful 
not to disturb the biofilm pellet, and the microfuge tubes were once 
again made up to 1.5 ml with saline, and inverted gently several times 
to wash and resuspend the biofilm. Samples were then centrifuged for 

10 minutes at 21130 x g to pellet the biofilm. Supernatant was 
removed, and one pellet of a pair was suspended in 500 ul of saline, 
and transferred to the tube containing biofilm biomass from the same 
original culture. This tube, containing the whole biofilm biomass 
sample, was made up to 1.5 ml with saline, and inverted several times 
to wash. Samples were then centrifuged for 5 minutes at 21130 x g to 
pellet the biofilm, and washing and spinning steps were performed 
until the supernatant appeared clear. Following the last spinning step, 
supernatant was removed, biofilms were made up to 1.0 ml with 
saline, and transferred to a 7 ml Dounce Tissue Homogenizer with 
corresponding tight pestle A (Wheaton, Cat. no. 357542). Biofilms 
were homogenized for 2 minutes using a push-twist motion, and the 
carbazole assay was performed on 30 ul aliquots of homogenized 
samples (in duplicate). 

Carbazole assay. The modified carbazole assay developed by 
Knuston et al. was performed to determine uronic acid content of 
biofilm biomass (10). Proportions of reagents used were as previously 
described (11). One ml of borate-sulfuric acid reagent (10 mM H3BO3 
in concentrated H2SO4) was added to each reaction tube and all tubes 
were placed in an ice bath. Subsequently, 30 ul of sample was gently 
layered on top of the borate-sulfuric acid reagent and the mixtures 
were allowed to cool for a few minutes prior to and following 
vortexing. Finally, 30 ul of carbazole reagent (0.1% w/v in 95% 
ethanol) was added to the reaction tubes which were vortexed 
immediately and placed in a 55°C water bath for 30 minutes to allow 
for color formation. Absorbance at 530 nm was measured with a 
Beckman UV/Vis spectrophotometer using a sample containing 0 
ug/ul of alginate as a blank. Standards containing 0-1.5 ug/ul of 
alginic acid from Macrocystis pyrifera (Sigma-Aldrich, Cat. no. 
A7003) were used to construct a standard curve from which the 
concentrations of uronic acids in biofilm samples were extrapolated. 

Biofilm isolation and homogenization for the antibiotic 
resistance assay. Following 5 days of growth, one biofilm formed by 
each of the three strains was homogenized and split into 3 equal 
portions for the antibiotic resistance assay. Each 3 ml culture was 
equally divided between two 1.5 ml microfuge tubes and centrifuged 
for 10 minutes at 21130 x g to pellet planktonic cells. Biofilms and 
supernatants from the same culture were combined in a 19 ml Pyrex 
tissue homogenizer with a corresponding pestle (Pyrex, Cat. no. 
7725-19). Samples were homogenized for 2 minutes using a push 
twist motion and the pestles were washed with 500 ul of TSB back 
into the homogenizer. This homogenization method has been shown 
to physically disrupt biofilms without harming individual cells or 
altering antibiotic resistance (2). The homogenized biofilms were 
then split into three 1 ml aliquots to get a total of nine tubes, three for 
each strain.   

Antibiotic treatments and incubation times. One 1 ml portion of 
each homogenized and split biofilm sample was treated with either 
TSB as a control, 1 ug/ml gentamicin sulfate (Sigma-Aldrich, Cat. no. 
G3632), or 2.5 ug/ml ciprofloxacin (Sigma-Aldrich, Cat. no. 17850), 
to get a total of 9 treatments. These were incubated at 37°C on a 
shaking platform set to 150 rpm with aeration for 4 hours.  

Quantifying viable biofilm cells. Following 4 hours of incubation 
with antibiotic or TSB, samples were serially diluted to 10-4, 10-5, and 
10-6 in TSB. 100 ul of each dilution was plated in triplicate on solid 
TSB to get a total of 81 plates. 10-4 dilutions of TSB treated samples 
were visualized using oil immersion microscopy to observe 
individually separated cells. Spread plates were incubated at 37°C for 
approximately 18 hours, after which colonies were counted. The TSB 
control treatments were used to normalize the data obtained from the 
gentamicin and ciprofloxacin treated samples. 

Statistical analysis. The Student’s t-test was used to compare 
between antibiotic treatments and the control within the same strain at 
the p < 0.05 level. In order to ascertain if the differential killing 
exhibited by the antibiotics employed were statistically significant, 
each treatment was observed individually amongst each test strain 
and followed by ANOVA analysis at the p < 0.05 level. 
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RESULTS 
 

The three strains exhibited visible differences in 
biofilm structure. Due to the variance in alginate 
production, the resulting biofilms of each mutant was 
expected to be different. The WT biofilms displayed the 
thinnest (2-3 mm) and most uniform mature biofilms. 
The algA strain produced thicker biofilms (6-8 mm) 
deep. The mucA biofilms were the thickest (8-10 mm) 
and were the most viscous, making them more arduous 
to work with. After homogenization, there was a 
concern that perhaps the biofilms would not be 
separated to an individual cell state, but rather to 
clumps. However, upon microscopic visualization, it 
was found that the cells were individualized (data not 
shown).  

As uronic acid is an indicator of alginate levels, we 
measured the levels of biofilm uronic acid for each 
mutant to discern the amount of alginate each 
mutant produced. The algA mutant biofilm had the 
highest uronic acid concentration at 0.759 ug/ul, the 
mucA mutant biofilm yielded an intermediate uronic 
acid concentration of 0.645 ug/ul and the WT biofilm 
contained the lowest uronic acid concentration with 
0.569 ug/ul (Table 1). However, we expected the mucA 
strain to have the highest level of uronic acids due to 
the overproduction of alginate, followed by the WT 
strain with an intermediate amount, and the algA strain 
with the least amount due to the inability to produce 
alginate.  Having established the differing levels of 
alginate each mutant produced, we determined if these 
variations would confer any changes to antibiotic 
susceptibility. 

The algA mutant was shown to differ from WT 
and the mucA strain in gentamicin susceptibility. 
The different survival rates of each strain when treated 
with gentamicin or ciprofloxacin compared to their 
corresponding TSB control was shown to be significant 
at the p < 0.05 level demonstrating a significant killing 
effect by each antibiotic (Fig. 1). However, although 
killing was witnessed in gentamicin and ciprofloxacin 
treatments, ciprofloxacin nearly eradicated all bacterial 
cells with <1% survivability in all cases, while 
gentamicin survivability was over 25% in all cases. 

Specifically, amongst the WT strain, gentamicin 
treatment decreased survivability to 31% in comparison 
to the control. The ciprofloxacin treatment had a 
survival rate of 0.17% when compared to the control, 
marking a near complete killing of WT 
cells.  Additionally, algA biofilms were susceptible to 
both treatments as gentamicin decreased survivability to 
75%, while ciprofloxacin again effectively killed to 
where only 0.15% survived. Here, gentamicin proved 
less effective at killing in comparison to WT.  The 
mucA strain exhibited a similar pattern of gentamicin 
susceptibility as WT cells in that gentamicin treatment 
decreased survivability to 27%. However, mucA cell 
survival rate decreased to 0.33% when treated with 
ciprofloxacin.  Interestingly, there was a statistical 
difference for survivability amongst the gentamicin 
treatment between the algA strain compared with either 
WT or the mucA strain.  The algA strain was 
significantly less susceptible to gentamicin at the p < 
0.05 level. This increased resistance may be the result 
of increased uronic acid production as presented in 
Table 1. 

Alternatively, ciprofloxacin exhibited equal killing 
efficiency amongst all three strains.  According to the 
plate counts the exact numbers obtained may not be of 
significant value, since all plate counts were less than 
30 colonies. As such, to say that there are differences 
between the different strains in regards to ciprofloxacin 
treatment cannot be claimed with certainty. 

 
DISCUSSION 

 
Wild-type, mucoid, and alginate deficient mutants of 

P. aeruginosa have been shown to produce biofilms 
with different sugar profiles and structures (15).This led 
us question whether these biofilms would exhibit 
different resistance profiles to gentamicin and 
ciprofloxacin. 

TABLE 1. Uronic acid concentration of biofilms of P. 
aeruginosa PA01 strains. 

 
 

Strain 
 

Uronic acid concentration (ug/ul) 
 

WT 0.51 
 

mucA 
 

0.58 
 

algA 
 

0.68 
 

 

FIG. 1. Percent survival of P. aeruginosa PA01 strains 
when exposed to the antibiotics gentamicin or ciprofloxacin 
compared to a TSB control. * indicate a statistical difference 
amongst different strains under the same treatment at the P<0.05 
level. 
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Generally, the carbazole assay showed that the 
biofilms produced by the three strains were different in 
carbohydrate composition. We expected the mucA 
strain to have the highest level of uronic acids followed 
by the WT and then the algA strains. This is because the 
mucA strain overproduces alginate and the assay is 
supposed to have increased sensitivity for D-
mannuronic and L-guluronic acids which make up the 
alginate polymer. However, our results indicate that the 
algA biofilm had the highest levels of reactive sugars in 
the carbazole assay followed by mucA and wild-type 
biofilms, as shown in Table 1. This is likely due to the 
fact that the carbazole assay is not extremely specific 
and we used crude EPS samples containing other sugars 
that could interfere with the assay instead of purified 
alginate. For example, neutral sugars such as glucose, 
galactose, xylose, and arabinose have been shown to 
react in the carbazole assay (4). 

The unexpectedly high readings obtained from the 
algA samples could be explained by a number of things. 
Firstly, alginate knock-out mutants have been shown to 
upregulate the production of sugars such as glucose, 
galactose, LPS, and arabinose, which could interfere 
with the assay (4, 15, 19). Additionally, other EPS 
components such as nucleic acids also react in the 
carbazole assay (16). Another explanation is that algA 
mutants are unable to convert fructose-6-phosphate to 
mannose-6-phosphate and mannose-1-phosphate to 
GDP-mannose, the first and third pathways in the 
alginate biosynthesis pathway, respectively (14). This 
may result in the excretion of accumulated alginate 
precursors into the EPS, as is seen with algK mutants 
that lack a periplasmic protein required for alginate 
polymerisation (8). It is not unreasonable to expect 
these sugars to form chromogens in the carbazole assay. 

Alginate and other EPS sugars have been shown to 
sequester antibiotics like tobramycin, which has a 
similar structure and resistance profile as gentamicin 
since it is within the same antibiotic class. 
Sequestration may be due to the interaction of 
tobramycin’s several positively-charged primary amine 
groups with negatively-charged alginates and other 
uronic acids (19). It seems logical then to expect that P. 
aeruginosa strains that produce a mucoid biofilm 
should have higher resistance to antibiotics like 
gentamicin. One particular study has tested and 
supported this hypothesis; however, it should be noted 
that the researchers only tested tobramycin and not 
gentamicin nor ciprofloxacin (6). In contrast, our results 
show that algA mutants, which are not capable of 
producing alginate, had the highest survival rates when 
treated with gentamicin at 75% survival followed 
distantly by the WT strain at 27% survival and the 
mucA strain with 31% survival, as illustrated in Fig. 1. 
The difference in survival rates between WT and mucA 

strains was not found to be statistically significant at p 
< 0.05. Our results also disagreed with experiments that 
have shown that resistance to gentamicin in WT and 
algA strains are similar in one-day-old biofilms (19). 
One possible reason for the discrepancy between our 
results and the results of previous research is that we 
tested antibiotic resistance of five-day-old biofilms, 
which are more clinically relevant, compared to one-
day-old biofilms. Five- and one-day-old biofilms have 
been shown to exhibit different antibiotic resistance 
profiles because of structural and compositional 
changes that occur within biofilms as they age (3). 
Furthermore, algA strains upregulate certain 
carbohydrate and carbohydrate-containing molecules, 
such as glucose and LPS, which may interact more 
strongly with gentamicin, thereby resulting in the 
increased resistance seen in our data (15, 19). 
Additionally, it is conceivable that the alginate 
precursors are secreted outside of the cell in algA 
mutants in a fashion similar to what happens in algK 
mutants since the gene products of algA and algK have 
similar functions, causing gentamicin to interact with 
the precursors and preventing gentamicin from 
penetrating and killing the cells (8). 

Fig. 1 shows that the results of ciprofloxacin 
treatment to all three strains were roughly the same 
with survival rates of less than 1%. This illustrates how 
ciprofloxacin has high potency and efficacy. This may 
be because it is much more effective at penetrating EPS 
than gentamicin due to its lack of charged groups, 
particularly amine groups. Because of this sequestration 
effect, gentamicin and other aminoglycosidic antibiotics 
are not as effective at penetrating the EPS and killing P. 
aeruginosa as are other antibiotics, such as 
ciprofloxacin. Ciprofloxacin’s lack of primary amine 
groups and other charged groups may be the reason that 
resistance to ciprofloxacin by P. aeruginosa has been 
slow to develop, and is only prevalent in a few South 
Asian locales (17). 

Our data shows that all three strains tested, mucA, 
algA, and WT strains, exhibited the same resistance to 
ciprofloxacin, whereas the WT and mucA strains had a 
similar susceptibility to gentamicin, yet the algA mutant 
strain had an unexpectedly elevated resistance to 
gentamicin. This suggests that conversion of P. 
aeruginosa from a non-mucoid to a mucoid phenotype 
in late-stage cystic fibrosis patients is not a mechanism 
for resistance to antibiotics, nor is it a phenotype 
selected for by antibiotics.  Rather, increased alginate in 
the mucoid phenotype may confer greater resistance to 
the host immune response and could potentially provide 
a target for future cystic fibrosis therapies (1, 5, 15). 
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FUTURE DIRECTIONS 
 

Our findings suggest that carbohydrate composition 
does not affect antibiotic sensitivity towards 
ciprofloxacin, which had high levels of killing. The 
gentamicin treated samples require further study to 
ascertain which components in the algA EPS led to 
increased resistance. Our methods used crude 
homogenized biofilms, which have several background 
components other than alginate, which were likely 
detected by the carbazole assay. These background 
components could have been nucleic acids and other 
sugars such as glucose and LPS (4, 16). As such, we 
suggest that a more specific quantification of alginate 
should be applied. For example, one could use anti-
alginate antibodies in an ELISA assay for alginate 
quantification; if these antibodies become commercially 
available, as we were unable to find them for purchase, 
this would be a simple and accurate test to carry out. 
One could also try to use methods to extract and purify 
alginate before performing the carbazole assay. 
Alternatively other sugars could be measured such as 
LPS using the Limulus Amoebocyte Lysate assay. 
Finally, since different amounts of alginate in the 
biofilm lead to different structures, perhaps the various 
architectures contribute to antibiotic resistance. The 
biofilm structure has in past been stained and visualized 
using confocal laser scanning microscopy to obtain 3D 
images (15). Data can be entered into a program called 
COMSTAT to quantitatively determine biofilm 
structure, measuring things such as thickness and 
density (15). Finally, the homogenization may have 
issues with cell clumping, therefore a visual method for 
cell-surviving enumeration perhaps could be employed; 
there are certain dead or alive staining kits that are 
specific for biofilms. 
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