Modeling Biofilm
Antimicrobial Resistance

O0-013

Michael G. Dodds,* Kat_herine;J. Grobe, Philip S. Stewart

Center for Biofilm Engineering, and Department of Chemical Enginesting,
Montana State Universitj/, Bozeman, Montana 59717; telephone:
9

(406) 994-2890; fax: (406
Received 1 July 1999; accepted 27 November 1999

Abstract: A computer model capable of integrating -
mechanisms of biofilm resistance to disinfection by an-
timicrobial agents was developed. Resistance mecha-
nisms considered included retarded penetration dueto a
stoichiometric reaction between the antimicrobiat agent
and biomass, incomplete penetration due o a cafalytic
reaction between the antimicrobial agent and the bio-
mass, and the existence of a fraction of the cells in a
resistant phenotypic state. Mathematical models of these
processes were derived and solved in the computer
simulation package MATLAB. Four sets of fitted experi-
mental data on the disinfection of Pseudomonas aerugi-
nosa biofilms were fit to each of the three modeis. No
one model fit all of the data sets adequately. Killing ofa
2-day old biofilm by tobramycin was best described by
the physiological timitation model. Killing by hypochlo-
rite was best described by the stoichiometric transport
model. Killing by hydrogen peroxide was best simulated
by the catalytic transport model. These results suggest
that multiple mechanisms of biofilm reduced susceptibil-
ity are manifested even in biofilms of the same species
and that the particular resistance mechanism depends.
on the biofilm age, antimicrobial agent, and biofitm thick-
ness. The models presented in this articie may be useful
for diagnosing mechanisms of biofilm resistance from
experimental data. © 2000 John Wiley & Sons, Inc. Biotech-
nol Bioeng 68: 456-465, 2000.
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INTRODUCTION
Microorganisms growing in the form of-a surface-attached

biofilm are ubiquitous in_f‘zii?lliﬁat_i:;'.gsystem's.f_Wiiell:biot‘“llmsﬂ .

accumulate in engineered systenis, such as oilfield pipelines
or food processing equipment, they contribute to problems
including fouling, corrosion, and product contamination
(Characklis and Marshall, 1990). In medicine, biofilms are
responsible for numerous difficult to manage infections
(Costerton et al., 1999). Antimicrobial agents are widely
used to control biofifm formation, but they are universally
found to be less effective against biofilm cells than they are
against cells of the same microbial strain grown in conven-
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tional susperision cultures (Costerton et al,, 1987; Gilbert
and Brown, 1993).

The mechanisms by which microorganisms in a biofilm
evade killing by disinfectants, biocides, and antibiotics are
of obvious practical interest and are just beginning to be
discovered. It is now clear that there must be multiple re-
sistance mechanisms. One of these is failure of the antimi-
crobial agent to penetrate the full depth of the biofilm. Al-
though effective diffusion coefficients of solutes in biofiims
are reduced somewhat from their values in water (Stewart,
1998), diffusioin in biofilms occurs relatively freely. The
inherent mobility of antimicrobial agents within the biofilm

is unlikely to be restricted enough fo account for the pro-

foundly reduced susceptibility of biofilm microorganisms.
It is only when the antimicrobial agent is reactively neu-
tralized in the surface layers of the biofilm faster than it
duffuses into the biofilm interior that penetration limitation

‘occurs. This mechanism, a twist on the reaction-diffusion

interactions that have long been discussed in the chemical
and biochemical engineering literature, has been demon-
strated experimentalty for reactive oxidants such as chlorine
(de Beer et al., 1994; Chen et al., 1996; Xu et al., 1998),
hydrogen peroxide (Liu et al., 1998), as well as other hio-
cides (Stewart et al., 1998). In contrast, a aumber of experi-
mental studies have demonstrated that certain antibiotics
permeate biofilms readily (Nichols et al., 1989; Dunne et
al., 1993; Darouiche et al., 1994; Suci et al., 1994; Shigeta

et al., 1997; Vrany-et al;1997). The-ability of.t_l_leséaggnis.

in the biofilm. Even when the antimicrobial agent is not
particularly reactive or when the biofilm is very thin, bio-
film microorganisms can display remarkable resistance to
kilting. Some other resistance mechanism must be at work
because penetration limitation is not a tenable theory under
these conditions.

The other major hypothesis to explain biofilm reduced
susceptibility to antimicrobial agents requires that at least
some fraction of the cells in a biofilm inhabit zones of
nutrient depletion and adopt & slow-growing or starvation-
like physiological state (Brown and Gilbert, 1988; Gilbert
and Brown, 1995, Desai et al., 1998; Foley et al., 1999).
Since slow-growing or starved cells are known to be less
susceptible to.many types of inimica! challenges, biofilm



recalcitrance could be explained. This mechanism is sup-
poited by experimental demonstrations of striking spatial
heterogeneity in the physiological status of biofitm bacteria
{(Wentland et al., 1996; Huang et al., 1998; Xu et al., 1998)
and by experimental results that are generally consistent
with a correlation between biofilm growth rate and antibi-
atic susceptibility (Gilbert and Brown, 1995).
Mathematical modeling is a useful tool in the effort to
elucidate biofilm reduced susceptibility because it atlows
hypotheses to be formulated and tested in quantitative
terms. Several modeling studies of biofilm resistance have
been reported (Stewart, 1994, 1996; Stewart and Raguepas,
i995; Dibdin et al., 1996; Stewart et al., 1996}. Another
potential benefit of modeling that has not been tapped to
date is the ability to diagnose resistance mechanisms. The
purpose of this study was to develop simplified models of
biofilm antimicrobial resistance incorporating a physiologi-
cal limitation and two transport limitation mechanisms of
biofilm resistance. The face validity and potential applica-
bility of the models were investigated by fitting several data
sets of biofilm killing from the literature and our own labo-
ratories. :

THEORY

Three models of biofilm antimicrobial resistance were de-
rived in this work, These models were based on the follow-
ing conceptual scenarios. (1) Physiological limitation of
biofilm susceptibility: The biofilm harbors cells in two
states, one of which is relatively resistant to killing, Com-
plete penetration of the antimicrobial agent is assumed in
this case. (2} Transport limitation of a stoichtometrically
reacting antimicrobial agent: The agent eventually fully
penetrales, but it must deplete the fixed neutralizing capac-
ity of the biofilm first. No physiological limitation is as-
sumed in this case, (3) Transport limitation of a catalytically
reacting antimicrobial agent: the extent of penetration is
determined by the steady-state.balance of reaction and dif-
fusion. No physiological limitation is assumed in this case.
Features of the three models dre summarized in Table I.

The»models-share_ some-ﬁssumptlons All: of-the models-.

are based on a one-dimensional slab’ biofilm geometry and

a uniform total cell density throughout the biofilm. The bulk
fluid contains antimicrobial agent at a constant concentra-
tion. External mass transfer resistance is neglected. An im-
permeable substratum is assumed. No detachment occurs
during the treatment period. The conceptual basis for the
constituent models is explained in more detail below.

Table L Summary of models {DOF denotes degrees of freedom).
Model Symbol DOF Parameters
Physiclogical limitation P 3 Kgiwr €00
Stoichiometric transport S 2 Kaics fen
Catalytic transpor C 2 kgiw b
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Physiological Limitation Model

The biofilin is assumed to contain cells in two phenotypic
states: resistant and susceptible. These two populations are
spatially segregated. The resistant population resides adja-
cent to the substratum and the susceptible population adja-
cent to the biofilm—bulk fluid interface (Fig. 1A). This hy-
pothesized spatial distribution is based on the expected lo-
cation of nutrient replete and limited zones and is consistent
with recent experimental visualizations of physiological
heterogeneity (Wentland et al., 1996; Huang et al., 1998; Xu
et al., 1998). The susceptible population, whose fraction of
the total populatjon is denoted by £, on Fig. 1, has the same
susceptibility as a planktonic cell to a chemical attack. The
resistant cell fraction, denoted by &, on Fig. 1, enjoys a
reduced susceptibility.

Because the antimicrobial agent is assumed to completely
penetrate the biofilm in the physiological limitation model,
the particular spatial distribution of sensitive and resistant
cells is not important. A spatially segregated model is pre-
sented here because in subsequent work we have integrated
the physiological limitation and transport models. In these
combined models-the spatial distribution of the cell types is
obviously critical.

The derivation of the physiology model is rooted in a
basic disinfection model which we generalize to allow for
spatial variation with

X
— = —kgi(2) Clz.t) X(1). (1)

d

dt
In this equation, X denotes the concentration of viable cells,
C the concentration of antimicrobial agent, z position in the
biofilm with z = 0 corresponding to the biofilm—bulk fluid
interface, and ¢ time, The disinfection rate coefficient de-
pends on position in the biofilm. In the outer and susceptible
portion of the biofilm, the disinfection rate coefficient is
equal to the disinfection rate coefficient of a suspended
planktonic culture, k.. Tn the deeper resistant zone of the
biofilm, the disinfection rate coefficient is taken to be a
fraction of the suspended culture disinfection rate coeffi-

—ejent,- That;frgeuon. denoted. by p-here, Js. smaller.thazni.___-‘; _—

Experimental data on biofilm disinfection are collected
by scraping and resuspending the biofilm, then enumerating
surviving cells. For comparison to experimental data, there-
fore, it is useful (o calculate the “average survival fraction”
of the biofilm as a whole, Integrating the general disinfec-
tion equation (1) across the extent of the biofilm yields the
average survival fraction:

¢ H
fO FX-_dg = f() cxp(—kdiscbfdosc) d‘g' (2)
(]
The disinfection rate coefficient is defined as:
kgis for e, =2£=20,
kdis(g) - p . kdis _fOr 1= g = 350
467
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Figure 1. Conceptual basis of three models of biofilm antimicrobial re-
sistance. The substratum is at the left and the bulk fluid is at the right in
cach panel, (A} Physiological limitation model, The biofilm exhibits physi-
ological heterogeneity. Resistant cells (shaded black) reside adjacent to the
substratum and susceptible cells (no shading) adjacent to the biofilm-bulk
fluid interface. {B} Stoichiometric transport limitation model. Antimicro-
bial agent gradually penetrates the biofilm as the dimensionless time, 7,
increases. (C) Catalytic transport limitaiton model. The curves correspond
to concentration profiles of antimicrobial agent within the biofikm caleu-
lated according to a zero-order kinetic reaction-diffusion model, with the
corresponding value of the Thiele modulus indicated. These concentration
profiles are assumed to be established rapidly then to persist in time in-
definitely.

“The' bomadaryrcondttmnrare—exm‘%sw jn;{he-:form—oF e .

Then, splitting the solutions to Eq. (2) into two parts yields:

f o X, %= f exp(-) dE + f exp(-pP) df,  (3)

where § = kg © Cp " Tdoser
Of the models presented here, only the physiological
limitation model has a closed form analytical solution avail-

able:

Jo gz de=0-sexpeb) e oo, @

Stoichiometric Transport Model

The biofilm is assumed to contain a finite, uniformly dis-
tributed amount of neutralizing capacity, which will be de-
pleted stoichiometrically as the antimicrobial agent pen-
etrates the biofilm. Reaction between the antimicrobial
agent and neutalizing constituents of the biofilm is assumed
to be independent of cell viability. This reaction is further-
more assumed to be relatively fast so that the reaction is
confined to a very natrow zone in the biofilm. The antici-
pated movement of the reaction front through the biofilm is
depicted schematically in Figure 1B and is qualitatively
similar fo experimentally measured data for chlorine pen-
efration in an artificial biofilm system (Chen et al., 1996).
Once the antimicrobial agent reaches the substraturn there is
little left to impede its progress and breakthrough or satu-
ration occurs. In the model, the antimicrobial concentration
is assumed to jump to the bulk fluid concentration through-
out the biofilm at this time.

The mathematics of the stoichiomstric transport model
are derived by combining the basic disinfection model (1)
with a linear concentration profile of C in z: ‘

0, 0=r=t,

z
C(Z,{): Cb_Cb‘;’ f]Sfopch, OSZSLf, (5)

Cy fhen = 1=

while the equation is in z. A conversion of thé equation to
time dependence is required. The penetration depth of the
biocide, a, at a given time is defined as the depth into the
film where the conceniration of the biocide falls to zero, and
can be found from a matching flux equation:

D.C, X,da
a ~ Y,dr

The feft-hand term describes the flux of antimicrobial agent

through the layer of biomass in which the neutralizing ca-

pacity of the biomass has been depleted. The right-hand

term describes the rate of advance of the penetration front.

When integrated once, with the initial condition z = 0 at
= 0, this yields
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This is rearranged to give two very useful equations that
describe the time required to penetrate to a point within the
biofiln:

(©)

(ZDchY.:b'[) 172

and
a2Xh .
= 2DerY.rb. ( )

Returning to (1) and integrating the case where ¢ = foews
which includes the first two boundary conditions in {3),
leads to

X dose dose £
ln(%") = kdisf O dl' kaf d’ kdlscbf - dt.
o

Solving for the penetration depth, a, by substituting Eq. (6)
into the integral, and drawing the constants derived from
that outside the integral:

X
In (}?) = _kdiscb(tdosc - t[)

o
Xh 172 tdose
e f 172
+kd|s b(ZDchbe) Z 1t dr.

The final unknown time parameter, f,, can be found with the
substitution of (7):

in{ 2 ) =k, 2%,
n Xo = "Rdis“b tdose_QCchbe +...

Xb 172
PR, 122
kdiscb(zDerYXh) zz(tdosc

ZZXb 122
\2¢.D.Y,, ' ®)

To simplify this unwieldly expression, some grouping of
constants proves useful:

T Rt gt DO s -
dis™b*doge? Lf! tpen Lf Xb 3
which then transforms Eq, (8} into a nice form:

()b e
In (g) =P -2 g,

!n( X) = “lb('r““zﬁ 1. 9)

Integration of the system of equations with respect to the
dimensionless spatial-parameter, £, over the entire depth of
the biofilm generates an average survival fraction. Several
of the limits of integration include the penetration depth into

) the. deactiyation.of. . B;lactam antibiatics by B-dadtaniase e
zymes. In thesé cases a- steady stafe balance between re:

the biofilm, @, which was solved for using Eq. (6) previ-
ously. Rather than expand a into the bulky form as seen
before, it is advantageous to use an allernative form of 1.

a_ %f mz L172
Le XL’

The average survival fraction is then defined as;

X » )
fol X, dt = j':,/z exp(0) df + j‘or zexp(“‘ll(’f 172
- ))dt for ¢ ose = pen: (10)

To examine the case where Ly, > f,.,, Eq. (5) must be
solved for all three conditions, again going through all the
machinations previously described:

b's " nZ
m(;) —kgie f 0 dr - kC, "ed:+kd,sc,, f Lt

kdlscbf’dosed A

X
ln(XT,) = _g(gz =26+7) for fy. > focns

fl X J 1 E 2_, p

o x, %= Jo oo\ - (€~ 26+ m) | dE

Once the solutions are combined, the final solution is:

o[ 172 B
L 12 €Xp(0) dE + fo exp(=i(r %

— 16 For fype = toems

: /. exp(—%(ghzgw))d&

tdosc > tpen

=] ...;
><|><
&

I

.

. for

(1)

Catalytic Transport Model .

When catalytic reaction of an antimicrobial agent occurs in
a biofilm, the capacity of the biofilm to degrade the agent
does not diminish in time. Examples of such a situation are
the disproportionation of hydrogen peroxide by catalase or

tion and diffusion will be quickly established in the biofilm
leading to a static concentration profile. The extent of pen-
etration is determined by a Thiele modulus, a dimensionless
parameter that characterizes the balance of reaction and dif-
fusion process rates {Fig. 1C), Unlike the stoichiometric
transport model presented above, the catalytic transport
model encompasses the possibility that the antimicrobial
agent will never fully penetrate the biofilm, If the Thiele
modulus is greater than 1, the agent will not reach the sub-
stratum, thereby leaving a fraction of the biofilm unchal-
lenged.

The catalytic transport model is derived by combining the
basic disinfection model (1) with a concentration profile
determined by a simple reaction-diffusion moedel. Zero-
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order reaction kinetics are assumed. The governing differ-
ential equation for a steady-state diffusion and reaction
when the reaction follows zero-order kinetics is

dc
© i

which, through the use of the following definitions:

=-k,,

C ., kL
U= b’ §=Lf! d) =2Dch’ (12)
becomes
LI 13
dg?. - * ( )

It is unknown what kind of penetration profiles to expect.

Therefore, the differential equation must be integrated with

two sets of boundary conditions:

l)u=lat§:0

2yu=0att= 7
?

when the biofilm is not fully penetrated, and

Uu:1m§:0

) =0atf=1

E
when the biofilm is fully penetrated. The penetration depth,
a, is defined as the depth into the biofilm at which the
antimicrobial agent concentration is zero,

Integrating Eq. (13) twice with respect to the spatial vari-
able, &, using the boundary conditions above, produces the
solations

u=0, <§<1

L
‘ (14)

u=dH:—2hE+ 1, 0<¢=r
r

. 'when the bxoﬁlm is noI fu!ly penetrated and

_og2 41

u¢§

when the biofilm is fully penetrated;

a=(2D,Cy/k,)'"?

Once these parameters have been found, the basic plank-
tonic disinfection model (1) must be coupled with the pre-
dicted concentration profiles.

This can now be transformed and integrated, using the
substitutions in (12) to arrive at

X
En( ) —(E), {15)

where & = kg laoseCr, and

R 2¢§'+ I] for

0<§<—and <lor¢>i)
Lo\

a
“‘(Xio)z'{ 0 for ==
—Y[$°E — 2% + 1] for

(“ Lord < 1)
—=10r .
. L;

From this solution, integration with respect to the spatial
parameler, £ over the entite depth of the biofilm generates
an average survival fraction:

([ ex0de+ [ expuiare
_2$t+ 1DdE for ‘

( L <lord = 1)
f . exp(—p{¢°E — 247 + 11)dE

ISR

| for (—a~=1¢r¢<1). (16)

Table I summarizes the three models, showing the de-
grees of freedom of each, the parameters used, and the
physical significance of the model.

MATERIALS AND METHODS

Biofilm Disinfection

Alginate gel bead artificial biofilms were prepared and dis-
infected as described elsewhere (Xu et al., 1996; Stewart et
ak., 1998). P. aeruginosa were incorporated into 2-mm di-
ameter gel beads which were then incubated overaight in
nutrient broth to allow the microorganisms to adapt to the
biofilm mode of growth. Disinfection was performed by
suspending approximately 300 gel beads in 500-mL of pH
7.2 phosphate buffer containing 10 mg/L. of sodium hypo-

.chilorite and 5 mM calcium chloride. The hypochlorite so-

Eunon was _penodlcallg__canted and replemshed to- mam-
tain thie buik fliid Trec ohiorine residual at the desited con--
centration. Chlorine concentrations were confirmed by the
DPD colorimetric method {Hach). Gel beads were removed
from the disinfectant solution at regular intervals and im-
mediately transferred to a tube containing 50 mAf sodium
thiosuifate to neutralize residual chlorine. The beads were
dissolved by allowing them to stand in 50 mAM sodium ci-
trate buffer {(pH 7.2) at 4°C for 1-2 h. The resulting cell
suspension was then serially diluted and drop-plated to enu-
merate surviving bacteria.

Data Fitting

The mathematical software package, MATLAB, was used
to implement the models (The MathWorks, 1998). Four sets
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of experimental data were examined. A constrained mini-
mization technique was used to establish the values for the
parameters used in each permutation of the models. This
was necessary because, as previously described, an analyti-
cal solution to the models was not generally possible. Gen-
erally, the analysis followed three steps. Firsl, the user de-
fined the data set, bulk fluid concentrations, and as many
other parameters as possible given available information.
Second, the remaining paramefers were consirained, or
given maximum and minimum values, and initial guesses
for the parameters were made. Third, a constrained mini-
mization routine was called to run each of the three models.
Briefly, the minimization routine attempted to find the pa-
rameters values within the ranges specified that minimized
the sum of the squared residual error between the actual data
and the theoretical prediction based on the parameters.

When possible, independent measurements were used for
as many parameters as possible. In most cases, the disin-
fection rate constant, bulk antimicrobial agent concentra-
tion, and dose times were the only parameters that could be
independently determined. To take into account the variable
number of parameters in the mode! the Akaike Information
Criterion (AIC) was invoked to weigh the degrees of free-
dom (DOF) and sum of the squared residual error (RSS)
generated from fitting a number of experimental data points
(#) (Venables and Ripley, 1994). As the AIC, defined be-
low, decreased, the model was deemed a better fit.

AIC = n In(RSS/n) + 2DOF. (17)

RESULTS

General Model Features

Three dynamic models of biofilm killing by antimicrobial
agents, each embodying a distinct mechanism of biofilm
resistance, were derived. The three models predicted differ-
ent microbial survival versus time (or concentration) depen-
dence (Fig. 2). The physiological limitation model predicted
characteristic biphasic killing (Fig. 2A). Biofilm killing was
proportional to the,,pmduét of antimicrobial dose concen-

* ‘trationand-dose=duration:zaccording to -the -physielogical—

limitation model. Killing curves predicted by the physi-
ological limitation modet were always concave up. In con-
trast, killing curves predicted by the stoichiometric transport
model were always concave down (Fig. 2B). Little killing
occurred, according to this model, until the antimicrobial
agent had penetrated the biofilm fully. Once the biofilm had
been completely penefrated, rapid disinfection was possible.
Like the physiological limitation model, the stoichiometric
transport model required that biofilm killing was propor-
tional to the product of antimicrobial dose concentration and
dose duration. As did the other two models, the catalytic
transport model predicted nonlinear survival curves (Fig.
2C). These curves exhibited a concave up shape. Unlike the
other two models, killing predicted by the catalytic transport
model was not directly proportional to the product of anti-

log(X/X.)
7
3
_

O E L) T

C

04 06 08 1.0
C,1

dose

-10 L
0.0 0.2

Figure 2. Predicted overall biofilm survival versus dose (antimicrobial
conceniration X dose duration} for three models of biofilm resistance Lo
antimicrobiat agents, The dose has arbitrary units. {(A) Physiological kmi-
tation model for hree cases with different resistant subpopulation fractions
{£,) and refalive susceptibilities of the resistant population (p). Biofilm
survival is independent of dose concentration when plotted versus Cplaose:
{B) Stoichiomelric (ransport model. Biofilm survival is independent of
dose concentralion when plotied versus Cpig,,.. (C) Catalytic transport
model, Biofilm survival changes with diffecing bulk antimicrobial concen-
trations, which are indicated by comesponding values of the Thiele modulus.
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Table Il Summary of experimental data sets,
Biofilm  Initial cell
age densily Concentralion

Microorganism  {days)  (cfwem?) Agent (mg/L) Citation

P. aeruginosa 2 3x 107 Tobramycin ) 20 Amnwar et al.,
1998a,b

P. aeruginosa NA Ix 0* Hypochlorite at pH 7 10 This work

P. aeruginosa 3 6% 10* Hydrogen peroxide 1,700 This work

P. aeruginosa 7 2x 10° Tobramycin 200 Anwar et al.,
1998a,b

microbial dose concentration and dose duration. Higher
concentrations of antimicrobial agent always yielded im-
proved disinfection, even when a proportional decrease in
the dose duration was implemented (Fig, 2C).

Four sets of experimental data on biofilm killing versus
time were fit to the models described above. All four of the
data sets pertain to pure cultures of Pseudomonas aerugi-
nosa, so while there are differences in the biofilm culture
methods and antimicrobial agents, the fundamental micro-
biology is similar. There were two broad objectives to this
data fitting analysis. The first was to determine whether any
of the models could reasonably capture experimentally ob-
served phenomena. A second objective was to gain insight
into the possible resistance mechanisms that were operative
in a particular case. Important features of the experimental
data sets are summarized in Table II. Results of the model
fitting are summarized in Table 111 and are discussed case
by case below.

Two-Day-Old P, aeruginosa Biofilm Challenged
with Tobramycin

Anwar and co-workers (1989a,b) grew iron-limited biofilms
of P, geruginosa in a chemostat and challenged these bio-
films with the aminoglycoside antibiotic, tobramycin, The
first data set, shown in Figure 3, is a disinfection time series
over 5 hours on a 2-day-old biofilm, The physiological limi-
tation model fit the data best according to the AIC measure.
The fitted parameter. values indicated that the resistant sub-

- populauon within.the- biofilm. constituted only 2.6% of the .-
totat cell population, This resistasit populatlon exhibited a

disinfection rate coefficient that was 2 orders of magnitude

Table Il Ranking of model fits by the AIC measure for each experi-
mental data set.”

: 3-Day-old
2-Day-old Gel bead biofilm, 7-Day-old
biofiim, biofilm, hydrogen biofitm,
Rank .tobramycin hypochlorite peroxide tobramycin
H r S P C
2 C C C P
3 S P s s

“The model selected afler consideration of other factors is in boldface.
Model designations are as defined in Table [

462

smaller than that measured for planktonic cells. The cata-
Iytic transport model fit the data less well, though it did
capture approximately the right shape. The stoichiometric
transport model was not able to fit this data set adequately
as it is incapable of predicting a concave up curve shape.

Artificial P. aeruginosa Biofilm Challenged with
Hypochlorous Acid

P. aeruginosa cells entrapped in alginate gel bead artificial
biofilms were challenged with 10 mg/f. chlorine at neutral
pH. The shape of the disinfection curve in this case clearly
implies a stoichiometric transport limitation {Fig. 4). The
physiological limitation and catalytic transport models fit
this data set véry poorly as both of those models are inca-
pable of predicting a concave down curve, The time re-
guired to fully penetrate the biofilm, according o the stoi-
chiometric transport model fit, was approximately 97 min.

P. aeruginosa Biofilm Challenged with
Hydrogen Peroxide

P. aeruginosa biofilms challenged for 1 h with 50 mM
hydrogen peroxide resisted killing (Fig. 5) (Elkins et al.,

0.0 3 T T E ]

2.5 L 1 I 1 I

0 3000 6600 9600 12000 15000 18000
(mgs L’ )

dose
Figure 3. Survival of 2-day-old P, aeruginesa biofilms treated with to-
bramycin with fits for the physiological limitation model {dotted line),
stoichiometric fransport mode! (dashed line), and catalytic transport model
(solid line).
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