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A dynamic mathematical model is proposed to describe bacterial cell adhesion in viscous
shear flow that is mediated by specific receptor : ligand binding. Bacterial cells are assumed
here to be ideal spheres covered uniformly with spring-like receptors. The model describes the
specific binding between receptor molecules on the cell and ligands associated with the target
surface. Accounting for the processes of attachment, detachment, and growth of attached bac-
teria, a set of non-linear ordinary differential equations (ODEs) is derived that governs the
net accumulation of cell numbers per surface area (S) of ligand-coated surface, cell numbers
(X) and growth-limiting substrate concentration (S) per volume of solution passing over the
target substratum. The non-linear ODEs are numerically solved by using the fourth-order
Runge-Kutta algorithm. Results of numerical simulations reveal that various stages of bacter-
ial attachment are pertinent at different stages of biofilm development. The recommendation
of a proper time duration for experimental adhesion research is possible, based on model
solutions. A sensitivity analysis is carried out and the results indicate that bacterial deposition
is dominated by the attachment and detachment rate constants rather than by ligand density
or shear rate. Specific adhesion of a defined mixed culture is also simulated with an expanded
version of the basic model.
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INTRODUCTION

Adhesion of cells is of great interest to various aspects of science due to its
pivotal role in a wide range of phenomena. Numerous studies show cells,
bacterial and mammalian, adhere with high specificity in many situations.
Sufficient evidence suggests that cells possess specific molecules, receptors,
on their surfaces which are able to bind in a highly selective way to com-
plementary molecules, ligands, bound to a target surface (Jones, 1977;
Ofek et al, 1978). Specificity of the interaction is a result of receptor:
ligand binding.

Specific adhesion of bacteria to tissue surfaces is an important stage
which results oftentimes in an infection (Savage, 1985). This specific bac-
terial adhesion has been observed in the intestine of a pig, the human oral
cavity, and the lung (Costerton et al, 1978). Escherichia coli strains cause
infections of the intestine of newborn pigs (Jones & Rutter, 1972).
Gibbons and van Houte (1971; 1975a; 1975b) observed the selective nature
of adhesion of various oral bacteria to human and animal epithelial cells.
Pseudomonas aeruginosa causes lung infection in the genetic disease, cystic
fibrosis (Lam et al, 1980), and in bacterial-derived keratitis associated
with extended-wear contact lenses (Slusher et al., 1987). Staphylococcus
aureus is the most common pathogen in osteomyelitis, whereas Staphylo-
coccus epidermidis infects vascular prostheses, total artificial hearts (TAH),
total joint replacements, and orthopedic implants (Masur & Johnson,
1980; Sugarman & Young, 1984; Gristina et al, 1987). Today, specific
adhesion is well-known as a mechanism responsible for bacterial infections
and inflammations. For bacteria, specific adhesion provides the advantage
of firm attachment to tissue surfaces.

The majority of receptors on bacterial cells reported in the literature are
proteins that fall in the category of lectins as defined by the capacity to
bind to specific sugar residues or matrix proteins (Jones, 1977; Duguid &
Old, 1980; Jones & Isaacson, 1983; Christensen et al, 1985; Katz et al,
1991). Some receptors may be associated with fimbriae in some Gram-
negative bacteria (Pearce & Buchanan, 1980) and fibrillae in Gram-posi-
tive bacteria (Gibbons, 1977; Ofek & Beachey, 1980). Other receptors are
various surface-bound enzymes (Gibbons & van Houte, 1980).

Several mathematical models that deal with specific adhesion phenom-
ena in mammalian cells have been developed. Bell (1978) first proposed
two models to predict the rate of bond formation and breakage for specific
adhesion between animal cells, introducing the idea of "lifetime of a
bond". Hammer and Lauffenburger (1987) presented a dynamic model,
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referred to as a "point attachment model" that predicted that the affinity
between receptor and ligand, as well as bond formation and adhesion rate
control specific cell adhesion. Cozens-Roberts et al. (1990b) extended this
deterministic model to a probabilistic protocol. They presented a model of
receptor : ligand formation to describe the probability of specific cell adhe-
sion in a shear flow. Hammer and Apte (1992) presented another more
complicated probabilistic model by using random number sampling of
probability functions for simulating the distribution of microvilli on cell
surface and the receptors on microvilli tips, as well as the kinetic rates of
forward and reverse reactions between receptor and ligand.

Saterbak et al. (1993) used a "combined model" to investigate the cell
detachment profiles of specific adhesion. Receptor number and ligand het-
erogeneities that arise due to variations in cell sizes and the ligand con-
centrations from different tissue types were treated with a deterministic
kinetic model, while probabilistic binding employed a probabilistic ap-
proach. Results from a deterministic kinetic model, a probabilistic model,
and a "combined model" were compared to experimental detachment data
(Cozens-Roberts et al., 1990a; 1990c). Saterbak et al. (1993) concluded
that both receptor number heterogeneity and probabilistic binding effects
should be taken into account to predict cell detachment. A simple determin-
istic kinetic model incorporating receptor number heterogeneity could
satisfactorily explain most of the experimental data on detachment kinet-
ics. Within a proper parameter range, the probabilistic binding influence
contributed less than 10% to the character of the detachment profiles.
Therefore, receptor number heterogeneity was considered the main cause
of any deviation between model predictions and experimental results.

The specific adhesion mechanism has been considered in mathematical
models as well as in experimental observation. However, all existing models
consider mammalian cells only. This paper is the first to focus on the spe-
cific adhesion mechanism mathematically as it pertains to bacteria. Since
there is no such model available currently, this paper begins by assuming a
deterministic form and receptor and ligand heterogeneities are not con-
sidered in the modeling system. The scope of this study is restricted to bac-
terial cell adhesion in shear flow. Effects of viscosity and different size of
cells and shear rates are considered. The model is used to simulate an
adhesion experiment, predicting both the number of the cells adhering on
a surface and the number of the suspended cells in the bulk liquid flowing
past the surface as a function of various parameters related to the flowing
fluid and the adhesion process such as receptor number, ligand density,
bond force, flow shear rate, and rate constants of adhesion, detachment
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and growth. A sensitivity analysis is used to reveal the dependence of the
rate of bacterial cell adhesion on these various factors.

MATHEMATICAL MODEL

Conceptual Framework

Figure 1 is an illustration of the cell-surface system under consideration.
The bacterial cell is modeled as a sphere of radius Rc- The cell is covered
uniformly with RT number of receptors on its surface. Ligand density on
the deposition surface is N/. Under uniform shear flow, which is characteri-
zed by negligible inertia (Hammer & Lauffenburger, 1987), the shear force
and torque acting on the cell will cause translational and rotational
motions in addition to the shear contribution. Meanwhile, the shear force
also lifts those cells which are in the reversible adhesion stage away from
the deposition surface.

Upon close approach to the surface, a contact area for receptor : ligand
binding is formed on the bacterial cell and the bond is built. The contact
area is assumed to be a disk of radius a and is considered to remain con-
stant throughout the adhesion period. Based on the geometric estimate by
Cozens-Roberts et al. (1990a), a is 10% of the cell radius Rc. The bond
stress is assumed to be constant within the contact area Ac.

Unlike mammalian cells, bacteria do not spread upon surface attach-
ment. Thus, surface receptors on the bacterial cells are assumed not to
move on the cell surface and the contact area does not change. Only those
receptors which happen to be within the contact area will participate in the
specific binding and thus mediate adhesion. In addition, only one site on
each receptor/ligand molecule is assumed to be available for binding.

The whole system is modeled as a reactor with a feed of suspended cells,
Xin, as well as an entering growth limiting substrate, Sim and a clean
ligand-coated surface. The basic assumption is that ligand numbers exceed
the number of receptors available for binding within the contact area, i.e.
NiAc^> RTAC/Sarea, where Sarea stands for the surface area of one cell.
Therefore, the adhesion rate constant is dominated by RT. A set of non-
linear ordinary differential equations can be obtained based on a mass bal-
ance of suspended cell concentration (X), attached cell concentration (B),
and the substrate concentration (S).



shear torque
(rotational motion)

contact area
(a disk with radiusa )

k— 2a«2xlO%R

receptor
(RT per cell)

shear force
(translational
motion)

ligands
( Nf/unit area)

1HHJTTTTTT
receptonligand
bindingS g

TÎTTTTTTTTTT
deposition surface

FIGURE 1 Pictorial representation of a bacterial cell-surface system in an uniform shear flow. The deposition surface is coated with Ni ligands per
area. The receptors on the bacterial cell are assumed not to move on the cell surface and the contact area is a disk with radius a which is 10% of the
cell radius Rc.

>

O

o
aw

3
M
>

tn

on
"•a
too
55
o
X
tn
VI

O



232 G T-Y WANG AND J D BRYERS

Mathematical Derivation

First-order kinetics is used to express the adhesion rate {Radh), detachment
rate (Rdel), and growth rate (Rg) on the surface, with corresponding rate
constants Kadh, kdet, and fig. As the assumption stated above, the adhesion
rate is dominated by the number of receptors, RT. Therefore, the overall
adhesion rate constant must be a function of receptor number on the cell,
RT . Taking RT into account, the adhesion rate is written as

where
y

Kadh = kfRT— = overall adhesion rate constant (cm min )
A

X = number of cells suspended in bulk liquid at time t(# of cells cm"3)

k/= specific rate constant (per cell min~'[# of receptor molecules]" )

RT = receptor number (# of receptor molecules/cell)

V = reactor volume (cm3)

A — substratum area (cm2).
The following Monod-like expression is used for describing the bacterial

cell growth rate constant (Characklis, 1989)

where

ßmax = maximum specific growth rate of attached cell (min"1)
S=substrate concentration at time / (g cm"3)
ks = saturation coefficient (g cm"3).

In summary, the time rate of changes in B, X, and S is given as follows:

- ( ^ ^

^ ^ B (3)

= D{Xin -X)-kfRT^Xj+ kdetB p (4)
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where

B = number of cells attached to surface per unit area at time t (# of
cells cm"2)

X= number of cells suspended in bulk liquid at time t (# of cells cm"3)
Xin = inlet concentration of cells in bulk liquid (# of cells cm"3)

S = substrate concentration at time t (g cm"3)
Sin = inlet substrate concentration (g cm"3)

t = time (min)
Y = yield of attached cells (g-B formed/g-S1 used)
F=flow rate into the reactor (cm3 min"1)
D = dilution rate (min~') = j

The growth of suspended cells is not considered in Eqn 4 because the
amount of growth can be rendered negligible experimentally by ensuring
that the residence time of suspended cells within the reactor volume is less
than the generation time of the bacteria. Since this is a heterogeneous sys-
tem, the area of the reaction surface is the basis for expressing all the rates
(Radh, Rdet, and Rg)-

The initial conditions at / = 0 are B = 0, X=Xin, and S=Sin. Once the
cells come close to the deposition surface, the receptors and the ligands
will form a specific bond and thus the bacterial cells adhere to the surface.
Meanwhile, the adherent cells are subject to possible detachment from the
surface if the binding force between the cells and the surface is not strong
enough to withstand the shearing forces of flow (Morat, 1985). The
detachment rate constant is in the form of a decreasing lifetime function
(Zhurkov, 1965; Bell, 1978), which is related to the characteristic bond
length (7), the force acting on each bond (Fb), and the temperature (T).
When the bonds are unstressed (at equilibrium), k^t will take the base
value of k^et as follows:

(6)

where

kb = Boltzmann constant = 1.38E—16 erg mole" ' ^ " 1

T= absolute temperature (°K).
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Fb is calculated from the total force acting on the bonds per cell, F,, and
the density of bonds formed per cell, Nb. For this calculation, it is assumed
that the adherent cell is in mechanical equilibrium with its surroundings.
Therefore, the bonds experience the force and torque which are applied to
the cell by the shear fluid (Hammer & Lauffenburger, 1987). Eqn 7 is
based on the analysis performed by Goldman et al. (1967a; 1967b) and
Hammer and Lauffenburger (1987):

F, = NbAcFb

(7)

= 6irnR2
cT) (Rooti)

)

where

Nb = bond density (# of bonds cm'2)
Ac = contact area size (cm2/cell)
Fs = dimensionless shear force (unity)
r* = dimensionless shear torque (unity)
Sc = separation distance (cm)
/i = fluid viscosity (g cm"1 s"1)
r/ = shear rate (s"1).

Here, let

for simple notation. Fs and TS are functions of separation distance only.
Some values of Fs, TS and Rooti corresponding to different SJRC are
shown in Table I. Details of this mathematical derivation are provided in
Wang (1993).

TABLE I Values for functions in Eqn 7

SJRc

2.00 E - 3
3.00E-3
4.00 E - 3
4.50 E - 3
7.50 E - 3
1.00 E - 2

Fs

.699
1.698
.697
.697
.695

L.693

T1

0.9442
0.9443
0.9444
0.9444
0.9446
0.9448

Rooti

54.96
54.99
55.01
55.04
55.10
55.17
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To obtain the expression for Nb, the idea of adsorption in a hetero-
geneous system is adapted (Gibbons et al, 1976; Marshall, 1976). The
complete derivation is presented in the Appendix. In equilibrium, Nb, the
bond density, is given as

„ kfRT(Ac/Sarea)N,
" kfRT{Ac/Sarea)+kl, W

where

Nb = bond density (# of bonds cm"2)
TV/=ligand density (# of ligand molecules cm"2)
Ac = contact area size (cm2/cell)

^arra = surface area of one cell (cm2/cell).

Solutions to the non-linear ordinary differential equations were obtained
by using the fourth-order Runge-Kutta algorithm (Etter, 1992; Press et al.,
1992; Vetterling et al, 1992). Computations were performed on DEC-2100
Workstation by using either literature values or reported experimental esti-
mations for various parameters. The initial base case study estimated para-
meter values are listed in Table II.

Analyses of the effect of various parameters on bacterial adhesion, such as
ligand density, receptor number, shear rate, and bond density, were carried
out for pure culture modeling. Based on these results, a second bacterial

TABLE II Parameter values characterizing the model system

Parameter

N,

Re
Kadh
Kdet

Y
ks
D
A/V
7
V
P
T

Definition

Ligand density

Cell radius
Overall adhesion rate constant

Detachment rate constant
(base value)

Max. growth rate constant
Yield*

Saturation coefficient
Dilution rate

Reactor surface/volume ratio
Characteristic bond length

Shear rate
Viscosity

Temperature

Estimated value *

5E11 ( 2 )

(ß of ligand molecules cm )
l u m = l ( T 6 c m
0.01 cm min"1

0.0070 min"1

0.00833 min"1 = 0.5 h"1

0.5g-B/g-S
l E - 5 g c m " 3

4h"1

10 cm"1

5 E - l l c m ( l )

200s"1(2)

0.01 gern"1 s"1 (3)

310°K(2)

•Sources: (1)Bell (1978); (2>Hammer and Lauffenburger (1987); (3)Lawrence and Springer (1991); fYield:
0.5g-£/G-S= 1 Ell bacterial cells/g-S
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species was introduced for comparison and sensitivity analysis purposes.
Temperature effects are not considered in this study. A fixed tempera-
ture (310°K) was chosen and kept constant throughout the modeling
processes.

RESULTS AND DISCUSSION

Base Case Study in Pure Culture Modeling

Computer simulations were carried out at four values of SJRC, at different
separation distances, to estimate the effects on predicted numbers of
attached cells after 12 h. Sc/Rc values varied from a minimum of 2 x 10~3

to a maximum of 1 x 10~2 with values of B varying imperceptibly. There-
fore, the closest distance is chosen in the base case study, Sc/Rc = 2 x 10~3.

Figure 2 shows the predicted results for attached cell concentration B,
suspended cell concentration X and dissolved substrate concentration S.
After 48 h both B and X gradually reached their respective steady state
conditions, and substrate S was essentially zero. In addition, during the
period between 20-32 h, B and X increased rapidly corresponding to a
rapid consumption of S. This rapid increase during 20-32 h implies that
growth of the attached bacteria was the most significant contribution to
the net accumulation of cells at the surface. Growth caused rapid accumu-
lation of B and X. The increasing number of attached cells on the deposi-
tion surface increased the numbers that detached from the surface, thus
giving rise to an increasing suspended cell concentration, X. The attached
cell growth rate term began to dominate the overall cell accumulation pro-
cess after about 20 h. For example, after 48 h in this first simulation, net
cell accumulation at the surface, dß/dr, gradually approached steady state.
At steady state, the detachment of one cell from the surface is the result of
either the adhesion of another or growth. The steady state is thus a
dynamic balance of attachment, detachment, and growth.

In flowing fluid, low nutrient (oligotrophic) systems such as ground
water, cooling water, drinking water, or open ocean systems, bacterial sur-
face area coverage is in the range of 0.01-5% (Characklis, 1984). Any
higher cell densities must result from the growth of attached cells. In the
base case simulation, at approximately 18.5 h, the surface coverage reached
a limit of 5%. This suggests computer simulation time less than 18.5 h is a
proper time duration within which the increase of cell number at the sur-
face is mostly a result of attachment but not growth of attached cells. For
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FIGURE 2 Predicted results of (A) attached cell concentration, B, (B) suspended cell
concentration, X, and (C) dissolved substrate concentration, S, for a time duration of 48 h.
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closer observation, Figure 3 shows the the result of computer simulations
corresponding to the original parameter estimations in the base study case
with a shortened time duration of 12 h, where the changes of B and X are
more reflective of specific adhesion of cells. Approximately 0.39 h after the

0.0e+0
10 12

10 12

time (hr)

FIGURE 3 (A) Attached cell concentration, B, and (B) suspended cell concentration, X, for
a time duration of 12 h.
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onset, X fell to a minimum and then began to increase monotonically until
it reached the middle of the growth dominating regime mentioned above.
By 3.75 h, it returned to the value of the starting number, Xin. This behavior
is understandable since those cells entering from the influent begin to
adhere to the surface and result momentarily in diminishing cell number in
the bulk solution. At the same time, the attached cells start to consume the
substrate and grow. Some of these attached cells detach from the
substratum due to shear forces and re-enter the liquid phase. As cells accu-
mulate on the surface due to attachment and replication, the cell detach-
ment rate increases due to its dependency on B, the number of cells
attached to the surface. Based on this result, a time duration shorter than
3.75 h will be a better argument in computer simulations for initial attach-
ment events.

Analysis on Effects of Various Parameters on Pure Culture Modeling

To elucidate the sensitivity of various parameters to variations in their
values, several simulations were carried out as the time span was limited to
3 h because the initial adhesion event was the focus of this study. Four
parameters were independently changed as shown in Table III and the
results were as follows.

(I) Effect of the shear rate (r)) change on B

Predicted values of B at three different rj were imperceptibly different. As 77
decreased by half, 100 s"1, B increased only 0.08% compared to the value
in the base case at the end of 3 h. When the value of rj used in the simula-
tion was doubled to 400 s"1, B only decreased 0.14%.

(II) Effect of the ligand density (Nft change on B

The changes of predicted B values at 12 h at various N/ were also minor.
When Ni increased 100%, from 5 x 1011 to 1 x 1012 ligand molecules/cm2,

TABLE III Summary of various parameter value case studies for pure culture simulations

Parameter varied Range of values

Shear rate (?y) 100-400 s" '
Ligand density (Ni) 2.5E11-1E12

ligand molecules cm"2

Detachment rate constant (k"det) 0.0035-0.014min"'
Overall adhesion rate constant (Kaln,) 0.005-0.02 cm min"1
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B at 3 h increased by 0.08% only. When Nt decreased to half of the origi-
nal value, B at 3 h decreased 0.14%.

(III) Effect of the detachment rate constant (kdet) change on B

Figure 4 shows the B predictions at different kdel. When kdet decreased by
50%, B at 3h increased by 18.5%. When kdet increased by 100%, B
decreased by 26.9%.

(IV) Effect of the adhesion rate constant (K®dh) change on B

B predictions at different Kadh are shown in Figure 5. It shows that when
Kadh increased by 100%, B increasesd by 43.6%. When Kadh decreased by
50%, B decreased by 38.2%.

A summary of these results is presented in Table IV. Evidently, the
effect of change in the base value of the detachment rate constant kdet or
the overall adhesion rate constant Kadi, are much greater than the effects of
change in shear rate T\ or ligand density N/. This result is interpreted as
follows. N/ does not influence the adhesion rate directly (according to the
conceptual derivation of this model), but restricts the receptor number on

2.09+4

O.Oe+0

time (hrt
FIGURE 4 Attached cell concentration, B, as a function of the cell. detachment rate
constant.
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FIGURE 5 Attached cell concentration, B, as a function of the overall adhesion rate
constant.

TABLE IV Summary of predicted attached cell concentration values at 3 h as a function of
changes in various parameters for pure species study. All other parameters held constant in
each simulation

Parameter
varied

Difference in percentage compared to B value @ 12 h in base
case study

2x: 1/2 x

V
N,
1,0
Kdel

-0.14%*
+ 0.08%
-26.9%
+ 43.6%

+ 0.08%
-0.14%

+ 18.5%
-38.2%

* x is the multiple based on the original parameter value; * + and — imply increase and decrease,
respectively

the bacterial cell introduced to this system. Shear rate affects the magni-
tude of the shear force acting on the cell, thus affecting the detachment
rate constant kdet, although the difference is minute. N/ will also change
kdet because ligand density is one of the variables of Fb, the force acting on
a bond, which is in the exponential term of the detachment rate constant
i^det) expression. However, changing r\ or Ni has less of an effect than
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changing the base value of the detachment rate constant (k°det) directly. The
same result occurs by either increasing rj or decreasing Nh or vice versa,
because Fb is proportional to 77 and inversely proportional to Nh

Moreover, under a fixed volume/surface ratio, Kadh can be split into two
factors, kf and RT, since the adhesion rate is proportional to these two
parameters. Changing Kadh infers a change in either specific rate constant
(k/) or receptor number per cell (RT)- In this analysis, kf and RT are con-
sidered together as Kadh. However, RT must fit in a certain range corre-
sponding to the ligand density in every simulation for the formation of
binding. Using the original parameter values, the range of RT is
4.4 x 10 3<ß r<3.1 x 104(# of receptor molecules/cell).

Mixed Culture Study

Two species with different maximum growth rate constants

A second bacterial strain or species, which grows at a different growth rate
from that of first species, was added to the modeling system to determine
the effects of different adhesion traits on biofilm formation. Assume the
second species, which will compete for the same growth-limiting substrate
with the first species, carries the same cell characteristics in appearance, i.e.
the same cell shape, size, and receptor number. A different maximum
growth rate constant (p.max = 0.25 h"1) was chosen for the second strain in
the mixed culture simulation. Due to the weak effect of shear rate and
ligand density (77 and Ni) on adhesion, the following analyses were carried
out for variations in adhesion/detachment rate constants Kadh and kdet

only. Figure 6 shows the plot of the base condition for the mixed culture
study. Table V summarizes the analysis of the effects of various param-
eters on mixed culture modeling. B values were obtained at the end of 3 h
for every computer simulation.

For both bacterial strains, the decrease in B as a consequence of dou-
bling the detachment rate was smaller than the increase in B resulting from
doubling the attachment rate. Apparently, in these simulations, the attach-
ment term is a more influential factor in net bacterial accumulation.
Meanwhile, irrespective of whether Kadh or kdet was doubled, the influence
on Species 1, whose maximum growth rate constant is higher, was greater
-than that on Species 2, i.e. the same adjustment in either parameter leads
to a more substantial change for the faster growing species, even in the
early adhesion event. The same results were obtained in the rate constant
decreasing simulations.
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FIGURE 6 Attached cell concentration, B, for two different bacterial species under base
study conditions with (ßmax)l=O.5h~1 and (/imax)2 = 0.25 h"1. For the base condition,
adhesion and detachment rate constants were the same as the original values used in the pure
culture modeling.

TABLE V Summary of individual results of studies on attachment and detachment rate
changes with two bacterial species having different growth rate constants. The numbers in
columns 1-4 index the multiples of original values with Ara<//, = 0.01cmmin~ l, and
k?det = 0.0070 min"1

G*
(K-adh

1

2

1

1

1

1/2
1

1

1

Species 1
™„)i = 0.5h-1

1

1

1

2

1

1

1

1/2

1

Species 2
(MmOl)2 = 0 .25h" 1

(Kadh)2

1

1

2

1

1

1

1/2

1

1

1

1

1

1

2

1

1

1

1/2

B@3h-s

Sp. 1

11809

16956

11809

8630

11809

7303

11809

13988

11809

Sp.2

8092

8092

11420

8092

6138

8092

5091

8092

9404

/
0

increase/decrease

Sp. 1 Sp.2

base condition

+ 43.6

-26.9

-38.2

+ 18.5

~

+ 41.1

-24.1

-37.1

+ 16.2

implies no change relative to the B value in the base condition
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Two species with identical maximum growth rate constants

Attached cell concentrations, B, from 5 sets of simulations for two species,
Species 1 and Species 2, which grow at identical maximum growth rate
constants were predicted. For each simulation set, the attachment and
detachment rate constants of Species 1, (Kadi,)\ and (^e,)[ were always
kept same values as base condition. Several runs of different combinations
of various attachment and detachment rate constants of Species 2, (Kadh)2

and (k%el)2, were carried out and are summarized in Table VI. When the
detachment rate constant (k®el) remained at the original value, the attached
cell concentration, B, at 3 h increased when \imax and attachment rate con-
stant (Kadh) increased. With a constant attachment rate constant, (Kadh)oii,
a smaller k°det and higher ßmax will result in a higher B value at 3 h vs the
base case. Figures 7 and 8 show these results, respectively.

The simulations show that changes in the attached cell concentration B
at the end of 3 h are larger for the species with higher maximum growth
rate constant \imax. These computer simulations in different sets with origi-
nal attachment and detachment constants show that B values at 3 h
increased as \imax increased. Moreover, it can be observed from the results
that B values for Species 1, the species without changes in any parameters,
remained constant at the end of 3 h. This lack of influence of Species 2 is
because the mathematical model does not incorporate any interactions
between the two species except the competition for growth-limiting sub-
strate. Since the simulations were terminated prior to growth being a dom-
inating factor, the effect of ßmax for either species was minimal. Therefore,
the two species will accumulate independently and any changes in attach-
ment/detachment parameters of one species will not affect the other unless

TABLE VI Results of various binary culture biofilm formation simulations with identical
maximum growth rate constants, when attachment/detachment rate constants are varied. The
numbers in the first two columns index the multiples of the original base case values, with
(Kadll)OTi = 0.01 cm min"1, and (fc^,)ori = 0.0070 min"1

Rate constant
adjustments on

Species 2

(.KaM)2 {k"de,)i

1 1
2 1
1 1/2
1 2
1/2 1

ß @ 3 h for Species 2

0.5

11809
16956
13988
8630
7303

Various \ima

0.4

10138
14458
11919
7518
6312

0.3

8702
12323
10151
6551
5456

in different sets

.(h"1)

0.25

8092
11420
9404
6138
5091

0.2

7537
10601
8725
5759
4758

% increase!decrease compared to
B @ 3 h on Species 1

0.5

+ 43.6
+ 18.5
-26.9
-38.2

Various pmax

0.4 0.3

+ 42.6 +41.6
+ 17.6 +16.7
-25.8 -24.7
-37.7 -37.3

(h"1)

0.25

+ 41.1
+ 16.2
-24.1
-37.1

0.2

+ 40.7
+ 15.8
-23.6
-36.9
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x10

multiple of (Kadh)on. 0.5 0.2
0.25

0.3
0.35

FIGURE 7 Attached cell concentration, B, at 3 h as a function of ßmax and Kadh at
(kdet)2 = l(**<)ori = 0-0070 min"1. The values of (ßmax)2 used in the simulations were 0.5, 0.4,
0.3, 0.25 and 0.2h"', and the Kadh values were 2, 1, and 0.5 times (kadh)oli (= 0.01 cm min"1).

14000-,

multiple of (C<) 0.5 0.2
0.25

0.3

/ W t ( l / h r )

FIGURE 8 Attached cell concentration, B, at 3 h at function of ßmax and k%el at
CKa<ffi)2=l(Kfl<ft)ori = 0.01cm min"1. The values of (p.max)z used in the simulations were 0.5,
0.4, 0.3, 0.25 and 0.2h"1, and the k°del values were 2, 1, and 0.5 times (k°del)0Ti(= 0.0070 min"1).
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©
co

x10

/Wc(l/hr)
different cases

FIGURE 9 Plot of attached cell concentration, B, at 3 h shown as a function of different
rate constant adjustments and maximum specific growth rate, coded 1-5. 1. (Katnl)2 =

/ 2 ( ^ ( A 4 ) l ( O 2 ( ) l ( * ) ( * ) 2 ( * ) 3 (K) l ( * i )/ ( o r i ( 4 , ) 2 (Oon ( )
K,h = l(*£,)ori (base condition); 4.

^ ) o r i . ( * , ) 2 ( * f ) « i ( a ) l ( i * ) o r i .
= 1 {Kadh)oü, (k°del)2 = l / 2 (^ , ) o r i ; 5. (Ai*)2 =

growth processes are allowed to contribute. Referring to Figure 2(c), the
substrate concentration at 12 h was still 97% of the initial value, indicating
any effects of growth were minimal.

The difference in B at 3 h between two species from each set increased
when the maximum growth rate constant, fimax increased. Figure 9
illustrates the results from each base condition and different attachment or
detachment rate constant adjustments which are coded from 1 to 5, as
indicated in the Figure.

SUMMARY

According to the profile of attached cell accumulation predicted from
computer simulation, a proper time duration for the solution of a complex
dynamic model of bacterial specific adhesion under uniform shear flow
can be suggested for better understanding of the role of cell adhesion rela-
tive to a growth-dominated regime. In this adhesion stage, a minimum of
suspended cells, X, shall occur in initial stages of every cell accumulation
process. The time duration of negative dX/dt is about 0.39 h in the base
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study. This is due to the inlet cells initially attaching to the deposition sur-
face, which results in the momentary decrease of cell numbers in the bulk
solution. This decrease stops at a point where the number of cells detach-
ing from the surface begins to dominate attachment.

From the results of the computer simulations, variation in flow dynam-
ics, e.g. shear rate (77), or variation in ligand density on the deposition sur-
face (Ni) has a minor effect on net attached cell accumulation when
compared to the influence of a variation of lesser magnitude in the attach-
ment or detachment rate constant of the cell. Adjusting 77 and N/ alters
the forces acting on each bond and thus leads to a slight change on
detachment rate constant. This implies that the receptor : ligand binding
rate constants are more important factors in the net accumulation of
attached bacterial cells. This result is observed in both pure species and
mixed culture simulations. For the B value prediction in species with dif-
ferent maximum growth rate constants, the amount of change in B at 3 h
resulting from variations in attachment and/or detachment rate constant(s)
is larger for the species with the higher specific growth rate constant.

SYMBOL NOMENCLATURE

A = substratum area (cm2)
a = radius of contact area (cm)
Ac = contact area size (cm2/cell)
B = number of cells attached to surface per unit area at time t (# of

cells cm"2)
D = dilution rate = F/ V (min"1)
F = flow rate into the reactor (cm3 min"1)
Fb = force acting on each bond (g cm s ~2)
Fs = dimensionless shear force (unity)
F, = total force acting on the bonds per cell (g cm s ~2)
7 = characteristic bond length (cm)
77 = shear rate (s"1)
Kadh = kfRr^=overall adhes ion rate cons tan t (cm m i n " 1 )

kb =Boltzmann constant= OSE-lôergmole"1^"1

kdet = de tachment ra te cons tan t (min" 1 )

k°det = base value of kdet (min"1)
kf = specific rate constant (per cell min"1 # of receptor molecules"1)
ks = saturation coefficient (g cm"3)
jji = fluid viscosity (g cm"1 s"1)
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fig = growth rate constant of attached cells (min^1)
ßmax = maximum specific growth rate of attached cell (min~!)
Nb = bond density (# of bonds cm"2)
Ni = ligand density (# of ligand molecules cm"2)
Radh = adhesion rate (# of cells cm"2 min"1)
Rc = cell radius (cm)
Rdet — detachment rate (# of cells cm"2 min"1)
Rg = growth rate (# of cells cm"2 min"1)
RT = receptor number (# of receptor molecules/cell)
S = substrate concentration at time t (g cm"3)
Sarea = surface area of one cell (cm2/cell)
Sc = separation distance between the cell and substratum (cm)
Sin = inlet substrate concentration (g cm"3)
T = absolute temperature (°K)
t = time (min)
TS = dimensionless shear torque (unity)
V — reactor volume (cm3)
X = number of cells suspended in bulk liquid at time t (# of cells

cm"3)
Xin = inlet concentration of cells in bulk liquid (# of cells cm"3)
Y = yield of attached cells (g-2? formed/g-S used)
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APPENDIX

Derivation of Bond Density on the Substratum Area, Nb

Based on the concept of the Langmuir adsorption isotherm, the Nb expres-
sion of monolayer attachment in this study can be derived (Gibbons et al,
1976; Marshall, 1976). Some assumptions made for this derivation are as
follows: 1) localized binding for the receptor and ligand; 2) one receptor
on the bacterial cell binds to one ligand on the deposition surface; 3) there
is a dynamic equilibrium between bonded receptors and free receptors.

For the rate of receptor binding with ligands,

rbinding =/(number of receptors available per cell within the contact area

{RTA), fraction of free ligands)

where

RTA = RT-,

RTA = receptor number available within contact area per cell (# of recep-
tor molecules in the contact area/cell)

RT=receptor number per cell (# of receptor molecules/cell)
Ac = contact area (cm2/cell)

Sarea = surface area of a bacterial cell (cm2/cell).

For the rate of the bonded receptors becoming free,

r&ee =/(bonded ligands).
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According to Assumption 2 above, for a specific bond to form, a ligand
will be occupied by a receptor. Therefore, the number of ligands bonded
within the contact area equals the number of bonds formed per cell. Let
Nb represent the bond density on the substratum area per contact area
(number of bonds cm"2). This leads to

NbAc = the bond number formed within the contact area (number of
bonds/cell)

= the number of ligands bonded with receptors in the contact area
(number of ligand molecules bonded/cell).

Within a contact area,
0 = the fraction of ligands bonded by receptors = {NtAc/NiAc) =

(Nb/N,)
1—0 = fractions of free ligands = 1 — (Nb/Ni).

Therefore,

where

kf = the specific rate constant (per cell min"1 # of receptor molecules"1).

And,

rfree=kdet6 (A2)

where

kdet = the base value of the detachment rate constant at equilibrium
(min"1).

At steady-state (equilibrium)

rbinding = rfree (A3)

kfRTA(l-9)=kdet0 (A4)

Solve for (Nb/N,):

- > ^ <A 5»

Nb _ kfRTA

*rkfRTA+kit
 (A6)
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N/, can be obtained:

k/RTANi
Nb=-

IT /-Km -4- IT".

(A7)kfRT{Ac/Sarea)N

' kfRT{Ac/Sarea) + kdet


