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Role of dose concentration in biocide efficacy against
Pseudomonas aeruginosa biofilms
KJ Grobe, J Zahller and PS Stewart

Center for Biofilm Engineering and Department of Chemical Engineering, Montana State University, Bozeman, MT 59717 -
3980, USA

Pseudomonas aeruginosa entrapped in alginate gel beads to form artificial biofilms resisted killing by chlorine,
glutaraldehyde, 2,2-dibromo-3-nitrilopropionamide (DBNPA), and an alkyl dimethyl benzyl ammonium compound
(ADBAC). The degree of resistance was quantified by a resistance factor that compared killing times for biofilm and
planktonic cells in response to the same concentration of antimicrobial agent. Resistance factors averaged 120 for
chlorine, 34 for glutaraldehyde, 29 for DBNPA, and 1900 for ADBAC. In every case, resistance factors decreased with
increasing concentration of the antimicrobial agent. An independent analysis of the concentration dependence of the
apparent rates of killing of planktonic and biofilm bacteria showed that elevating the treatment concentration
increased bacterial killing more in the biofilm than it did in a suspension culture. Calculation of a transport modulus
comparing the rates of biocide reaction and diffusion suggested that at least part of the biofilm resistance to chlorine,
glutaraldehdye, and DBNPA could be attributed to incomplete or slow penetration of these agents into the biofilm.
Time-Kill curves were nonlinear for biofilm bacteria in some cases. The shapes of these curves implicated retarded
antimicrobial penetration for chlorine and glutaraldehyde and the presence of a tolerant subpopulation for DBNPA
and ADBAC. The results indicate that treating biofilms with a concentrated dose of biocide is more effective than using

prolonged doses of a lower concentration.
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Introduction

Bacteria in biofilms escape killing by biocides and antibiotics even
though these agents can be shown to control the same micro-
organisms effectively when grown in a conventional suspension
culture [ 15]. The mechanisms of biofilm resistance to antimicrobial
agents are just beginning to emerge, and it remains difficult to select
and dose antimicrobial agents for use against biofilms. It is clear
that data on antimicrobial efficacy obtained with planktonic
bacteria are not reliable indicators of performance when a biofilm
is present. Data from biofilm systems are therefore needed to yield
insights into underlying resistance mechanisms and guide the
practical application of antimicrobial agents.

Natural biofilm samples are labor intensive to generate and are
inherently heterogeneous. Researchers have consequently devised
artificial biofilm model systems that capture the resistant phenotype
of biofilm bacteria while providing numerous consistent biofilm
samples. In particular, a variety of artificial biofilms formed by
entrapping bacteria in hydrogels have been used to study the effects
of antimicrobial agents on biofilm cells [3,5,8,14,17-19,21-23].
These systems have employed different hydrogels and diverse
microorganisms, but have consistently found that gel-entrapped
microorganisms exhibit reduced susceptibility to antimicrobial
agents. The magnitude of the resistance measured in artificial
biofilms resembles that reported for natural biofilms. Gel beads
containing bacteria have also been used in rat and murine models of
lung infection [2,9].
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We describe in this article the application of an artificial biofilm
system to quantify the resistance mounted in the biofilm state, to
characterize the dependence of biofilm killing on the applied
concentration of antimicrobial agent, and to diagnose the extent of
biocide penetration into the biofilm. Each of these properties is an
important aspect of the rational design of biofilm control programs.

Materials and methods

Atrtificial biofilm model

Artificial biofilms were created by entrapping bacteria, in this case
Pseudomonas aeruginosa strain ERC1, in alginate gel beads. The gel
beads were then suspended in a nutrient medium overnight to allow
for growth of microorganisms in the beads and adoption of a biofilm
phenotype. A plate of R,A agar (Difco, Detroit, MI) was streaked
with a lawn of P. aeruginosa and incubated overnight at 36°C. Nine
milliliters of pH 7.2 phosphate buffer was then added to the agar plate
and the cells were gently scraped off the plate using a glass hockey
stick. This bacterial suspension was mixed with an equal volume of
4% sodium alginate (Sigma, St. Louis, MO) to make a final alginate
concentration of 2%. The alginate and bacteria slurry was placed in a
sterile 30-ml syringe with a 22 -gauge needle attached. A stopper
attached to a compressed air tank allowed the syringe to be
pressurized. When 20 psig pressure was applied, a stream of small
droplets was forced out of the needle and dropped into a stirred
solution of 50 mM calcium chloride. The calcium cross-linked the
alginate, and semisolid beads with entrapped cells were formed. The
beads were allowed to stir in the calcium chloride solution for
approximately 20 min, then rinsed in a dilute solution of calcium
chloride (5 mM). These beads were incubated overnight at 36°C on a



rotating shaker in 1/10 strength nutrient broth (Difco) with 5 mM
added calcium chloride to maintain the bead structure. The mean gel
bead diameter was measured by lining up 10 beads on a ruler.

Antimicrobial treatment of biofilm cells

Bacterial cells in artificial biofilm gel beads were challenged with
each of four antimicrobial agents. These antimicrobials were
prepared in a pH 7.4 phosphate buffer containing 0.085 g 1!
potassium dihydrogen phosphate, 0.4055 g 17' magnesium
chloride, and 5 mM calcium chloride. Chlorine stock solution
was prepared by diluting sodium hypochlorite (Sigma). Gluta-
raldehyde was a gift of Union Carbide (Danbury, CT). 2,2-
Dibromo - 3 -nitrilopropionamide (DBNPA ) was a gift of The Dow
Chemical and was provided as a liquid with approximately 20% by
weight of the active ingredient. The quaternary ammonium
compound (ADBAC) was Barquat MB80-80% (Lonza, Fairlawn,
NJ), which contains predominantly C,,—C,4 alkyl groups.

At the start of the experiment, approximately 250—300 beads
were decanted from the nutrient broth in which they were cultured
and placed into a magnetically stirred vessel containing 500 to
700 ml of the desired disinfection solution. The antimicrobial
challenge was performed at room temperature of 23°C. The
antimicrobial solution was replenished every 15 to 20 min by
turning off the stirring, allowing the beads to settle, decanting the
old solution, and replacing it with fresh antimicrobial solution. Ten
beads were removed at various time points and placed in 5 ml of a
solution containing an appropriate neutralizing agent and 50 mM
sodium citrate (50 mM). The neutralizing agents were 50 mM
sodium thiosulfate for chlorine and DBNPA, 1% glycine for
glutaraldehyde, and tryptic soy broth for ADBAC. The sodium
citrate functions to dissolve the alginate gel and release bacteria into
the fluid. The bead—citrate solution was refrigerated for 2 h while
the beads dissolved, then diluted and plated out on R,A using the
drop plate method [7,11]. This method of recovering alginate-
entrapped bacteria has been widely used [ 12 ] and has little effect on
bacterial viability. The plates were incubated overnight at 36°C and
counted. Control experiments were conducted in the same manner
with phosphate buffer lacking antimicrobial agent. Each exper-
imental condition was repeated between two and five times.

Antimicrobial treatment of planktonic cells

Planktonic cells were challenged with the same antimicrobial agent
solutions. A planktonic culture of P. aeruginosa was grown on a
rotating shaker at 36°C in 1/10 strength nutrient broth (Difco ) with
5 mM added calcium chloride. When the culture was still in
exponential phase, 2-ml aliquots of this culture were centrifuged
for 7.5 min at 10,000 rpm in a Denver Instrument (Arrada, CO)
Micro 14 microcentrifuge. The supernatant was removed and the
bacterial pellet was resuspended by adding 2 ml of pH 7.4
phosphate buffer, formulated as described above, and vortexed.
Two milliliters of bacterial suspension was mixed with 18 ml of a
stock antimicrobial solution, which was designed to yield the
desired final concentration of antimicrobial agent. The antimicro-
bial challenge was performed at room temperature of 23°C. The
suspension was sampled at various time points by taking 1 ml into
9 ml of the appropriate neutralizer. Serial dilution, plating, enu-
meration, and controls were conducted as described above.

Antimicrobial agent concentration determination
Aliquots of the treatment solution were sampled periodically to
monitor the residual antimicrobial concentrations. Chlorine and
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DBNPA concentrations were determined using the N, N-diethyl-p-
phenylenediamine (Hach, Loveland, CO) colorimetric method
(APHA). Glutaraldehyde was determined by gas chromatography.
One-milliliter samples were stored under refrigeration at 4°C in
Target silanized vials (Fisher, Pittsburgh, PA) until they could be
injected. Gas chromatography was performed on a Hewlett-
Packard (Roseville, CA) 5890 Series chromatograph. The operat-
ing temperatures were as follows: injector: 190°C, oven: 185°C,
detector 250°C. The column head pressure was approximately
38 psi. ADBAC concentrations were not determined.

Analysis of concentration dependence of bacterial
killing

To analyze the antimicrobial agent concentration dependence of
planktonic and biofilm killing, the Chick—Watson mathematical
model of disinfection was assumed [6]

C;—)t( = kyisC"X (1)
where X is the viable density, ¢ is time, k; is a disinfection rate
coefficient, and C is antimicrobial agent concentration. The
exponent n on the concentration captures the concentration
dependence of killing. Assuming a constant biocide concentration,
the solution to this model is found by integration to be

X
Inl — | = —kuC" 2
1’1() kaisC"t ()

0

The apparent rate of disinfection over the interval from zero to
two-log reduction was defined as

. —In(0.01) 3)
t
Each experimental data set was fit to a third - order polynomial
using an existing regression function in a spreadsheet. The time for
a two-log reduction was determined from this fit and the apparent
disinfection rate was calculated from Eq. (3). Combining Egs. (2)
and (3) we obtain

In(r) = In(kas) + nin(C) )

A plot of In(r) versus In(C) should yield a straight line with
slope n. A least squares linear regression of this type was performed
to calculate n.

Analysis of antimicrobial transport limitation
The relative rates of reaction and diffusion within the gel beads
were evaluated by calculating an observable modulus, ¢, where

Robs L%

*=7a ®)

This dimensionless parameter indicates incomplete penetration
when @ is greater than one and effective penetration when @ is less
than one. The constituent parameters include R, the observed
overall rate of antimicrobial reaction (mg 1=' s™'); Ly the
effective biofilm thickness (cm), which was taken as the volume to
surface area ratio or the bead radius divided by three; D,, which is
the effective diffusion coefficient of the antimicrobial agent in the
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Figure 1 Transmission electron micrograph of alginate gel bead artificial
biofilm containing entrapped P. aeruginosa. A location near the bead
surface is shown. The scale bar is 1pm.

beads (cm?® s~ '); and C,, the mean antimicrobial agent concen-
tration over a particular time interval (mg/1). The reaction rate of
antimicrobial agent was calculated by

AC’Vsal (6)
Rops = ——
» Vbead‘At
with
AC=(C-Cp) 7)

where C; is the initial antimicrobial concentration (mg 1~ "), Cris
the final antimicrobial concentration (mg 1~ '), is the time interval
(min) between the initial and final antimicrobial concentration
determinations, V,, is the volume of antimicrobial solution (ml),
and Vpeuq 1s the combined volume of gel beads dispersed in the
antimicrobial solution (ml). For chlorine, the volatility of the agent
independent of reaction was corrected for by a first-order rate
constant for chlorine loss in the absence of beads. The effective
diffusion coefficient, D, was calculated by estimating the
diffusivity using published correlations [ 10,20].

Transmission electron microscopy

Alginate gel beads with entrapped P. aeruginosa were prepared as
described above and incubated for 24 h in 1/10 strength nutrient
broth at 36°C. The beads were then fixed in 2.5% glutaraldehyde in
phosphate buffer amended with 5 mM calcium chloride. The beads
were washed three times for 15 min each in the phosphate buffer.
Next, the beads were stained with osmium tetroxide (1%) in the
calcium - enhanced phosphate buffer. The beads were again washed
(3%, 15 min) in the same buffer. Specimens then underwent a
series of dehydration steps: 50% ethanol, 15 min; 70% ethanol, 1.5
min; 1% uranyl acetate/ 1% phosphotungstic acid (PTA), 1 h; 95%
ethanol, 15 min; 100% ethanol, 15 min; 100% ethanol, 15 min;
100% ethanol, 15 min; 100% ethanol (2 parts): SPURRS (1 part,

Emest F. Fullam, Latham, NY), 1 h; 100% ethanol (1 part):
SPURRS (1 part), 1 h; SPURRS epoxy resin, 8 h or overnight. The
epoxy resin was polymerized for 14 h at 70°C. Thin sections were
cut and examined using a Jeol (Peabody, MA) JEM-100CX
electron microscope.

Results

Electron microscopy of artificial biofilm gel beads revealed a
structure of dense microcolonies of bacteria dispersed in a faintly
stained matrix (Figure 1). The cell density was higher near the bead
surface than it was in the bead interior. Using the electron
micrograph images, the cell volume fraction was estimated to be
0.23 in the region near the bead surface. The polymer volume
fraction was taken as 0.02. The estimated value of the relative
effective diffusion coefficient in the gel bead, D./D,.q, which
accounts for the presence of polymer and cells, was 0.624. The
average diameter of the gel beads was 2.42+0.07 mm. The average
viable cell density after overnight culture but before antimicrobial
treatment was 9.7+0.2 log cfu cm ~>. This density was based on the
gel bead volume and therefore represents the average cell density
throughout the bead.

Planktonic P. aeruginosa were readily killed by chlorine,
glutaraldehyde, DBNPA, or ADBAC (Figure 2). The times needed
to attain a two-log reduction in viable cell numbers for planktonic
cells treated with each agent are tabulated in Table 1. These times
were less than 20 min for every agent tested even at the lowest
concentrations. The initial cell density in experiments with
planktonic cells was 6.5+0.1 log cfu ml~". There was less than a
0.1 log change in the number of viable cells in untreated control
experiments.

Biofilm bacteria were less susceptible to killing compared to
planktonic cells for all four antimicrobial agents (Figure 2, Table 1).
For the lowest concentrations of glutaraldehyde (25 mg 1™ )
and DBNPA (1 mg 1™ ") tested, no killing of biofilm bacteria could
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Figure 2 Comparison of bacterial killing in the planktonic (open symbols)

and biofilm (filled symbols) states in response to treatment by 20 mg 1~

chlorine (A), 50 mg 1~ ! glutaraldehyde (B), 1.0 mg 1~ ' DBNPA (C), and

50 mg 1~ ' ADBAC (D). The ratio X/X, is the viable cell density at a

particular time divided by the viable cell density at time zero.



Table 1 Biofilm resistance factors of P. aeruginosa artificial biofilms

Antimicrobial Planktonic Biofilm Resistance factor
concentration kill time kill time
(mg1™") (min) (min)
Chlorine
10 0.44+0.25 127+8 290
20 0.31+0.22 15+6 47
90 0.17+0.04 12+0.3 11
Glutaraldehyde
25 17.9+2.5 842% 47
50 18.2+£9.2 647+75 36
100 8.8+3.9 174+59 20
200 ND 34+5.5
250 24+1.1 ND
DBNPA
1.0 12.0£5.1 540* 45
1.8 ND 303+95
24 6.0 72+39 12
4.0 ND 8.7+7.7
12.6 ND 5.4
ADBAC
50 0.30+0.16 636+371 2160
100 0.11+0.03 225+7 2000
250 0.10+030 157+47 1500
500 ND 71£19
1000 ND 74+28

Kill time indicates the time required to achieve a two-log reduction in
viable cell numbers. The resistance factor is the biofilm kill time divided by
the planktonic kill time.

*Extrapolated. ND denotes not determined.

be discerned even after prolonged exposure to the agent for nearly
10 h (Figure 3). The same concentrations of these biocides were
sufficient to kill free - floating bacteria quickly (Table 1). The degree
of biofilm resistance was quantified by a resistance factor that
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Figure 3 Bacterial killing in gel bead artificial biofilms in response to
treatment with chlorine (A), glutaraldehyde (B), DBNPA (C), and
ADBAC (D). The ratio X/X, is the viable cell density in the gel bead at
a particular time divided by the viable cell density at time zero. The
untreated control is shown as open squares in panel D.
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Figure 4 Analysis of the apparent rate of bacterial killing by chlorine () as
a function of applied chlorine concentration, (Cy). The lines are least
squares regressions and the slope of each line is the parameter » reported in
Table 2. C, has units of mg 1~ ' and 7 has units of min ~ .

compared killing times for biofilm and planktonic cells in response
to the same concentration of antimicrobial agent (Table 1). For
example, while it took approximately 6 min to achieve a two-log
reduction in viable cell numbers of planktonic cells in experiments
using 2.4 mg 17! DBNPA, more than an hour was required to
achieve this same level of killing in the biofilm. Resistance factors
averaged 120 for chlorine (range 11 to 290), 34 for glutaraldehyde
(20to 47), 29 for DBNPA (12 to 45), and 1900 for ADBAC (1500
to 2160). In an untreated control, the number of viable bacteria in
artificial biofilms remained unchanged over 10 h (p=0.58).
Biofilm bacteria became progressively more susceptible to
killing as the concentration of the antimicrobial agent increased
(Figure 3). This phenomenon was evident in the values of biofilm
resistance factors, which decreased with increasing concentration
of the antimicrobial agents (Table 1). An independent analysis of
the concentration dependence of the apparent rates of killing of
planktonic and biofilm bacteria showed that elevating the
treatment concentration increased bacterial killing more in the
biofilm than it did in a suspension culture. An example of this
analysis is shown in Figure 4 and the n values thus derived are
summarized in Table 2. The parameter n describes the dependence
of the killing rate on antimicrobial concentration. For example, if n
equals 1, then the rate of killing increases in direct linear
proportion to the biocide concentration. On the other hand, if »n
equals 2, the rate of killing is proportional to the square of the
biocide concentration. Doubling the antimicrobial concentration in
this case would quadruple the rate of kill. Whereas the n values for
planktonic bacteria were all less than or equal to 1, n values for all
of the antimicrobials except ADBAC exceeded 1 for biofilm
bacteria (Table 2). Values of n for biofilm bacteria were greater

Table 2 Values of the antimicrobial agent concentration dependence
parameter, n

Antimicrobial agent n, planktonic n, biofilm
Chlorine 0.31+0.15 1.08+0.25
Glutaraldehyde 1.01+0.19 2.13+1.9

DBPNA 0.72 1.92+0.31
ADBAC 0.42+0.20 0.72+0.14

The uncertainty given is the standard error of the mean.
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Figure 5 Mean values of the observed modulus, ®, for chlorine (open
circle); glutaraldehyde (filled square), and DBNPA (filled circle).

than the corresponding values for planktonic bacteria for each
antimicrobial agent.

Antimicrobial concentrations of chlorine, glutaraldehyde, and
DBNPA decreased continuously when antimicrobial solutions were
incubated with artificial biofilms. In control experiments in the
absence of gel beads, glutaraldehyde and DBNPA concentrations
were stable over several hours. It was concluded from these results
that glutaraldehyde and DBPNA react with constituents of the
artificial biofilm and are neutralized by these reactions. Measure-
ments of antimicrobial agent concentrations were used to calculate
observed reaction rates for these agents. In the control experiment
with chlorine, a slight loss of antimicrobial was measured in the
absence of gel beads. This loss was approximated by a first-order
decay term and this was subtracted from the overall loss of chlorine
when incubated with artificial biofilm to estimate the reaction rate
between chlorine and gel bead biofilm. Reaction rates for ADBAC
were not determined as no reliable assay for the active concen-
tration of this chemical was readily available.

The decrease in measured bulk fluid antimicrobial agent
concentration never exceeded more than about 20% of the nominal
applied concentration because the solution was periodically
replenished. The bulk fluid biocide concentration can therefore be
considered to be approximately constant in time for the purposes of
analysis of rates of bacterial killing.

Experimentally determined reaction rates were used to calculate
an observable modulus that compares the relative rates of reaction
and diffusion. Calculation of this modulus is one way to diagnose
the extent of penetration of the antimicrobial agent into the biofilm.
As ® exceeds 1, incomplete penetration of the agent is indicated.
Mean values of ® for chlorine, glutaraldehyde, and DBNPA
generally exceeded 1 (Figure 5). The value of ® decreased with
increasing concentration for chlorine and glutaraldehyde but not for
DBNPA. The value of ® decreased as experiments progressed for
chlorine and glutaraldehyde but remained relatively constant in
experiments with DBNPA (data not shown).

Discussion

Bacteria entrapped in alginate gel beads captured the phenotypic
tolerance to antimicrobial agents that is nearly universally observed

in natural biofilms. The mean diameter of these artificial biofilms
was 2.4 mm. From the standpoint of reaction-diffusion interac-
tions, this spherical particle can be considered to be equivalent to a
flat slab biofilm of thickness one -third the radius of the sphere [1].
The equivalent thickness in this case would therefore be 400 pm.
Bacteria were densely aggregated in the gel beads, especially near
the surface, just as they are in natural biofilms. The gel bead
artificial biofilms described here capture the reduced susceptibility
to killing by antimicrobial agents that is a hallmark of the biofilm
mode of growth. The magnitude of bacterial resistance measured in
alginate gel beads is comparable to the degree of resistance
measured in other biofilm models [15] and is consistent with pre-
vious investigations using gel -entrapped biofilms [5,8,13,21-23].
Gel bead artificial biofilms provide a flexible, efficient, and
repeatable, experimental system for investigating some aspects of
antimicrobial efficacy against biofilms. These aspects include, as
discussed below, the extent of transport limitation of biocide
penetration into the biofilm and the concentration dependence of
biocide action.

Chlorine, glutaraldehyde, and DBNPA react with constitutents
of alginate gel bead biofilms and are neutralized by these
reactions. While the chemistry of these reactions remains
uncharacterized, their effect is to retard the penetration of the
antimicrobial into the biofilm. This phenomenon appears to be
consistent with the reaction-diffusion interactions of antimicrobial
agents in biofilms that have been discussed elsewhere [13,14,16].
At least part of the observed biofilm resistance to chlorine,
glutaraldehdye, and DBNPA can be attributed to incomplete or
slow penetration of these agents into the biofilm. This
interpretation is supported by the shapes of time-kill curves,
which were markedly nonlinear in some biofilm experiments
(Figure 3). Mathematical modeling of two different biofilm
resistance mechanisms predicts distinct killing trajectories [4].
The shapes of the time-kill curves measured in this work
implicated retarded antimicrobial penetration for chlorine and
glutaraldehyde and the possible presence of a resistant subpopu-
lation for DBNPA and ADBAC. The presence of a resistant
subpopulation is indicated for low concentrations of DBNPA, but
is not evident at the higher concentrations of this agent that were
tested.

The relative efficacy of the four biocides studied against biofilm
bacteria was concentration dependent. Treating biofilm bacteria
with elevated concentrations of an antimicrobial agent was more
effective than using prolonged doses of lower concentration. For
example, a 200 mg 1~ ' dose of glutaraldehyde for 34 min was as
effective as a 50 mg 1! dose delivered for 650 min. The dose that
was four times more concentrated was able to achieve the same
effect as the low concentration dose in less than one-tenth the
time. This phenomenon was consistently observed for biofilms
treated with glutaraldehyde but was not evident for planktonic cells
treated with this antimicrobial. Improved bacterial killing in
biofilms by the higher concentrations of biocides was observed
qualitatively for all four biocides. This leads us to suggest that
biofilms are best controlled by using relatively high concentrations
of antimicrobial agents rather than prolonged doses of lower
concentration.

We caution against reliance on the Ct concept in dealing with
biofilms. This familiar rule posits that the product of biocide dose
concentration and dose duration can be used as a predictor of
equally effective treatments. Our data do not support this concept in
the context of biofilm control.
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