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A methodology and analysis is presented to quantitatively characterize bacterial at-
tachment and detachment kinetics on biomaterial surfaces in a laminar flow field as a
function of shear stress. The spatial distribution of adherent bacteria on the surface of a
radial-flow chamber is monitored via automated videomicroscopy with motorized
three-axis stage and focus control, allowing rapid automated measurement of the at-
tached cell density as a function of time and radial position. Intrinsic rate constants for
attachment and detachment are defined and estimated by fitting mathematical models
fo the resulting data. The model for cell attachment accounts for the global transport of
cell in the chamber to estimate the cells concentration near the collector surface. The
model for cell detachment accounts for heterogeneity in the adhesion energy of the
attached cell population. These models yield first-order attachment and detachment rate
constants that intrinsically reflect the probabilities of bacteria attachment and detach-
ment as a function of applied shear stress, depending on only the local interactions
between the cell and the surface. The validity of each model was tested by statistical
analyses of the goodness-of-fit to data that resulted from a study comparing adhesion of
Staphylococcus aureus to three different polymeric surfaces of varying surface properties

and adhesive protein coatings.

Introduction

Infections of implanted and intravascular devices are po-
tentially life-threatening complications that impede the long-
term use of many biomedical devices. Common features of
device-centered infections are the impairment of the host de-
fense mechanisms, extreme resistance to antimicrobial thera-
pies, and high mortality rate (Dankert et al., 1986; Gristina et
al., 1987; Dougherty, 1988; Gristina et al., 1993). Despite this
enormous clinical relevance, the pathogenesis of these infec-
tions remains poorly understood.

Device-centered infections typically occur at the site of the
biomaterial surface, and bacterial adhesion to the biomate-
rial is a necessary step in the pathogenesis of these infections
(Dankert et al., 1986; Gristina et al., 1987; Dougherty, 1988;
Vaudaux et al., 1990). Despite progress in identifying molecu-
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lar components that are involved in adhesion of some strains,
the fundamental physical and molecular mechanisms that
govern bacterial adhesion to biomaterial surfaces remain to
be elucidated. These mechanisms depend upon the composi-
tion and properties of the cell surface, the biomaterial sur-
face, and the conditioning layer of adsorbed proteins on the
biomaterial surface (Dankert et al., 1986; Gristina et al., 1987;
Dougherty, 1988, Wadstrom, 1989; Vaudaux et al., 1990;
Gristina et al., 1993). Elucidation of the mechanisms requires
examination of bacterial adhesion under experimental condi-
tions where these properties are well-defined and control-
lable.

Depending on the device and application, biomaterials may
be exposed to a wide range of shear rates. In the human
circulation, for example, shear rates can range between 40
s™! and 2,000 s™' for stable Poiseuille flow in vessels
(Goldsmith and Turitto, 1986), with much higher shear rates
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possible at vessel entrances, at bifurcations, or, for example,
in complex flow patterns such as that of the total artificial
heart (NASA Report, 1989). Therefore, stable adhesion re-
quires the ability of the cell to attach and to resist detach-
ment when subjected to a fluid shear force, and full quantita-
tive characterization of the “adhesiveness” requires measur-
ing parameters that reflect the probabilities of the attach-
ment and detachment events. Ideally, the measured parame-
ters should be intrinsic: they should depend only on the local
fluid dynamics and the local interactions between the cell and
the surface, and should be independent of arbitrary global
experimental parameters, such as incubation time, assay di-
mensions, and cell concentration in suspension.

Several recent studies have used parallel-plate flow cham-
bers (Wilkinson et al., 1984; Sjollema et al., 1989; Lawrence
et al, 1990; Jen and Lin, 1991; van Kooten et al, 1992) or
radial-flow chambers (RFCs) (Fowler and McKay, 1980;
Crouch et al.,, 1985; Cozens-Roberts et al., 1990b) to study
cell attachment or detachment on surfaces. Flow chambers
offer advantages over blind assays, such as incubation of a
coverslip or spinning disc in a bacteria suspension then
counting the number of attached cells after an arbitrary incu-
bation time. The flow conditions in the flow chambers are
well-defined and real-time direct observation and enumera-
tion are possible, thus allowing the attached cell density to be
measured as a function of time.

Many studies have measured cell deposition rates in paral-
lel-plate flow chambers (Sjollema et al., 1988, 1989; Jen and
Lin, 1991; Busscher et al., 1992, Cowan and Busscher, 1993;
Meinders et al., 1994). Under the assumption of first-order
attachment kinetics, the deposition rate can be normalized by
dividing by the concentration of suspended cells introduced
into the chamber to yield an effective attachment rate constant.
A limitation of this approach, however, is that the actual cell
concentration near the surface is generally not known and
may vary with the point of measurement. For example, rapid
attachment can lead to a downstream depletion of cells near
the surface, and slow attachment with cell sedimentation can
likewise lead to a downstream accumulation of cells near the
surface. Therefore, the measured effective attachment rate
constant is not an intrinsic measure of the probability of at-
tachment; it is generally a function of the distance from the
inlet port as determined by the global cell transport within
the chamber and is therefore dependent on the global pa-
rameters of the assay. As shown in this article, this caveat can
be overcome by estimating the true cell concentration near
the surface, thus allowing estimation of an intrinsic attach-
ment rate constant.

When shear-dependent cell adhesion is of interest, the RFC
offers an advantage over the parallel-plate flow chamber in
that the shear rate varies continuously with radial distance
from the inlet port. However, previous RFC cell-adhesion
studies have not measured attachment or detachment kinet-
ics under multiple shear rates simultaneously, thus limiting
this advantage.

We describe here a novel methodology and analysis to de-
fine and measure intrinsic rate constants for attachment and
detachment as a function of shear rate, which only depend
on the local interactions between the cells and the surface,
and the local fluid dynamics. With the aid of automated
videomicroscopy and three-axis motorized stage and focus
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control, the cell density in an RFC was measured as a func-
tion of time and radial position by rapidly scanning the sur-
face of the chamber at incremental positions corresponding
to varying shear rates. The resulting data for the attached
cell density were subsequently interpreted with the aid of
phenomenological mathematical models. Fitting numerical
solutions of the models to the experimental data via nonlin-
ear least-squares regression yielded estimates of intrinsic at-
tachment and detachment rate constants as functions of shear
rate. The validity of each model was tested by a statistical
analysis of the goodness of fit to data that resuilted from a
study comparing adhesion of Staphylococcus aureus to three
different polymeric surfaces of varying surface properties and
adhesive protein coatings (Dickinson et al., 1995b).

Materials and Methods
Buffered media

The fluid media used in all flow experiments was Dul-
becco’s phosphate-buffered saline (Gibco BRL, Gaithers-
burg, MD), supplemented with 0.1 mg/mL MgCl, and 0.1
mg/mL CaCl,, at pH 7.35, (Hereafter, this solution will be
referred to as “buffer.”) The buffer was filtered and degassed
before use.

Bacteria strain and growth conditions

The Newman strain of Staphylococcus aureus was used in
all experiments. Staphylococcus aureus is a common pathogen
in device-associated infections (Vaudaux et al., 1985; Herr-
mann et al., 1988, 1992; Ohtomo and Yoshida, 1988), and the
Newman strain is characterized by binding sites for the plasma
protein, fibrinogen (Herrmann et al., 1992; McDevitt et al.,
1992, 1994). Working cultures were maintained on Mueller-
Hinton agar plates. Bacteria were grown overnight in
Mueller-Hinton broth, washed twice in buffer, lightly soni-
cated to separate any clumped cells, then resuspended in
buffer at a concentration of 5X 107 /mL for attachment ex-
periments, or at 2X 108 /mL for detachment experiments. As
indicated by microscopic observation and by the data (see the
titled section Analysis below), this concentration was suffi-
ciently low for insignificant cell-cell interactions.

Proteins

Whole fresh human platelet-poor plasma was prepared
from the blood of healthy volunteers by centrifuging ACD
(citric acid, final concentration, 5 mM; sodium citrate, 10 mM;
and dextrose, 15 mM)-anticoagulated blood for 15 min at
1,500 g; plasma was pooled, aliquoted, and stored at —70°C.
Human albumin was purchased from Sigma Chemical Co.
(Fraction V, 96-99% pure, Sigma Chemical Co., St. Louis,
MO). Human fibrinogen was purchased from Sigma Pharma-
ceuticals (St. Louis, MO) and further purified using a
Gelatin-Sepharose 4B (Pharmacia, Piscataway, NJ) column to
remove residual fibronectin, Purity was confirmed by SDS-
PAGE.

Radial-flow chamber

The RFC is shown in Figure 1. The design is a modifica-
tion of that used by Cozen-Roberts et al. (1990b). The RFC
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Figure 1. B,_a‘gial-ﬂow chamber.

(a) Dismantied. (b) Assembled. A Plexiglas chamber houses
two optically flat glass discs that are separated by a thin gap.
One disc is fixed to the chamber with the inlet port bored in
its center and the other disc can be removed and treated
with conditions of interest. The fluid flows in through the
center of the fixed disc, out radially between the two discs,
collects in a surround trough, then flows out through three
equally spaced exit ports. (¢) Diagram of the scanned re-
gions of radial-flow chamber surface. A region containing
eight fields by four fields of the disc was scanned. The fields
were spaced radially, the fields at increments inversely pro-
portional to the shear rate. The central circle represents the
inlet tubing, which blocked the light path for transmitted
light microscopy, and thus limited the minimum measurable
radius.

consisted of two optically flat glass discs (Melles Griot, Irv-
ing, CA) that were separated by a thin gap (215£5 um) and
housed in a Plexiglas chamber. One disc (50-mm dia., 3-mm
thickness) was permanently cemented to the chamber and
bored with a 0.080-in.-(2-mm)-dia. inlet port through its cen-
ter. The second disc (75-mm-dia., 3-mm thickness) was re-
movable to be pretreated with conditions of interest. This disc
fit snugly along a ridge within the chamber and was sealed in
place with two O-rings. The lid was tightly bolted to prevent
leakage and significant deflection of the removable disc from
the impinging fluid. The fluid flowed in through the center of
the fixed disc, flowed out radially through the gap between
the discs, collected in a larger annular trough surrounding
the fixed disc, and then flowed out through three equidistant
1.5-mm-dia. exit ports around the circumference of the cham-
ber.
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The laminar fluid velocity profile in the RFC has been
solved from the Navier—Stokes equation elsewhere (Moller,
1963; Fowler and McKay, 1980) to find the fluid velocity in
the radial direction, v,(r,z) at any radial position, r, and ver-
tical distance from the collector surface, z:

3
Q z(1-z/h), Y

wrh?

vr,z)=

where Q is the volumetric flow rate, and 4 is the gap width.
Equation 1 implies that the shear rate at the surface of the
disc, S, varies inversely with r, as

3
S=Q

wrh?’

2

In the derivation of Eq. 2, incompressible laminar flow of a
Newtonian fluid was assumed, with local Reynolds number,
Re = Q/mrv, less than 2,000 (v is the kinematic viscosity). In
the data presented here, the highest flow rate used was 75
mL /min for the detachment experiments such that the radial
position corresponding to Re = 2,000 was approximately 0.02
cm, which is smaller than the radius of the inlet port; there-
fore, laminar flow can be safely assumed.

Flow apparatus

The flow apparatus was similar to that used by Cozens-
Roberts et al. (1990b). All tubing was 1/8" ID Silastic sili-
cone tubing (Dow Corning, Midland, MI) except where oth-
erwise specified, and flow was regulated with two-way and
three-way stopcocks with luer lock adapters (Rainin, Woburn,
MA). A constant head tank (CHT) (consisting of a separatory
funnel (250 mL for attachment; 1 L for detachment) with
stopcock, a rubber stopper with single hole, and glass capil-
lary tubing extending beneath the fluid level) was used as a
constant-pressure feed source for the fluid, and a variable
flow rate controller (VFRC) was used to control the volumet-
ric flow rate. A syringe with three-way luer lock valve was
placed in the tubing between the VFRC and the RFC. The
three exit ports of the RFC were controlled by two-way stop-
cocks with luer lock adapters, connected to 1/16-in. (1.6-
mm)-ID Tygon tubing that joined at a cross-junction flow
connector (Glass-Filled PTFE Cross, Rainin, Woburn, MA),
then led to a waste container.

Before operation, all tubing was equilibrated with buffer
and air bubbles were removed by using the syringe to manu-
ally pump the fluid through the lines at high shear rates. The
stopcock of the CHT was opened to drain cell-free buffer
from the CHT and the cell suspension was added. The VFRC
was fully opened until cells appeared at a significant concen-
tration in the RFC, then the VFRC was adjusted to maintain
a volumetric flow rate of 2.0 mL /min, corresponding to mea-
surable shear rates between about 35 s™! and 200 s™!. A
constant flow rate was maintained by counting the number of
drops per second into the waste flask. (The flow rate was
previously calibrated by measuring the accumulated volume
over a known time period.)

The flow apparatus was modified for the detachment ex-
periments in the following ways: an additional syringe with
three-way luer lock valve was inserted between the VFRC
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and RFC. Another three-way valve allowed flow to be
switched from the waste container to a flow-fluctuation sup-
presser (FFS) (consisting of a sealed flask with an inlet capil-
lary tube extending just below the stopper, and the exit tube
extending below the fluid level in the flask). Tubing con-
nected FFS to a peristaltic pump, then the peristaltic pump
to an additional capillary tube entering the CHT. Eight mL
of bacteria suspension (2 10® /mL) was introduced into the
RFC without introducing air bubbles by first removing one
syringe to draw in the cell suspension, reattaching the sy-
ringe, setting the luer lock valves to connect the adjacent sy-
ringes, then pumping the suspension back and forth to dis-
place any interceding air in the line between the syringes,
ending with approximately 6 mL of the cell suspension in one
syringe. The valve configuration was then set to connect this
syringe with the RFC, and the cell suspension was then in-
jected into the RFC. The cells were allowed to settle for 10
min before initiating a very slow flow rate ( <1 mL /min) to
purge the chamber of all remaining suspended cells between
the syringes and the trough of the RFC. Detachment experi-
ments were then conducted at a flow rate of 75 mL /min,
corresponding to measurable shear rates between 1,500 and
7,000 s~!. During the first few minutes of detachment, the
initial cell-rich fluid was collected in the waste flask to flush
all suspended and early-detaching cells from the circuit. The
circuit was then closed and the peristaltic pump was used to
recirculate buffer to the CHT. Although a closed circuit al-
lowed detaching cells to recirculate through the chamber, the
large volume of buffer (>1 L) containing a relatively small
number of cells maintained a negligible cell concentration in
the circulating fluid. The FFS kept pressure in the lines steady
by preventing pump-induced pressure fluctuations, and the
pump speed was monitored to maintain a constant pressure
in the CHT.

The RFC and flow apparatus were disassembled and thor-
oughly cleaned in disinfectant soap between uses to avoid
contamination.

Polymers

To obtain the example data shown here, attachment and
detachment kinetics were observed on three different
polyurethanes synthesized in our laboratory. Complete re-
sults of this study are presented elsewhere (Dickinson et al.,
1995b). The materials were chosen for their similar overall
chemistry, but distinct surface properties. These included a
“base” polyetherurethane (PEU-B) (polytetramethylene hard
segment, methylene diphenylene diisocyanate hard segment,
1,4-butanediol chain-extender), and two ionomer derivatives
of the base material: a positively charged aminated poly-
etherurethane (PEU-N) (obtained by substituting the butane-
diol chain-extender with a diol containing a cationic methyl
quaternized amine side chain), and a negatively charged
polyether-urethane ionomer (PEU-S) (obtained by substitut-
ing the urethane hydrogen with an anionic pendant sulfonate
group). Synthesis and characterization of these materials are
described elsewhere (Grasel, 1987; Grasel and Cooper, 1989;
Hergenrother, 1991; Goddard and Cooper, 1994).

Disc preparation

The discs were pretreated by first soaking overnight in a
concentrated chromium trioxide /sulfuric acid solution (25-
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mL Monostat Chomerge per 9-1b (4.1-kg) concentrated sulfu-
ric acid, Baxter Diagnostics, Inc., McGaw Park, IL), then
soaking twice for one hour in twice-distilled deionized water,
twice for one hour in methanol, and dried one hour in a vac-
uum oven. Polymer-coated discs were prepared by spin coat-
ing a polymer film onto the discs from 1% N,N-dimethyl-
acetamide solution, allowing the discs to dry in a vacuum oven
(60°C, ~ 10 torr), then equilibrating overnight in buffer. This
method generally yielded smooth, uniform polymer films, as
could be determined macroscopically and microscopically.
Before use in adhesion experiments, discs were incubated
overnight in buffer, then pretreated in one of four ways: (1) 2
h in buffer alone as a bare control; (2) 1 h in 0.020 pg,/mL
fibrinogen solution (in buffer), then 1 h in 0.5% human albu-
min in buffer; (3) 1 h in buffer, then 1 h in 0.5% human
albumin solution; or (4) 2 h in 1% platelet-poor plasma solu-
tion. (Hereafter, these treatments are referred to as “Bare,”
“Fg,”“HSA,”and “PPP,” respectively.) During treatment, the
discs were swirled in the protein solutions {or control buffer)
on a rotating platform. After the treatment period, the pro-
tein solution was replaced with buffer.

Automated videomicroscopy

An automated videomicroscopy and image-analysis system
was used to achieve rapid counts of attached bacteria over
the surface of the treated disc in the RFC as a function of
time. This system consisted of a Nikon Diaphot inverted mi-
croscope (40X Extra Long Working Distance Objective) with
motorized stage (0.1-pm spatial resolution) with associated
three-axis stage and focus controller (LUDL Electronics
Products Ltd., Hawthorne, NY), a Dage NC-65 Newvicon
video camera (Dage MTI, Inc., Michigan City, IN), a Sony
SVO-9500MD Videocassette Recorder (VCR) with Trinitron
color monitor {Sony Medical Systems, Montvale, NJ), and a
Gateway2000 4DX2-66E minicomputer (Gateway 2000, North
Sioux City, SD) with OFG frame-grabbing board (640 % 480
pixels) (Imaging Technologies, Bedford, MA) and Optimas
image analysis software (Bioscan, Inc., Edmonds, WA). The
VCR and the motorized stage /focus controller were con-
nected on-line to the minicomputer via RS232C serial con-
nections, and analog video input from the video camera
or VCR was digitized by the frame-grabbing board and
processed by Optimas software functions, thus allowing rapid
and automated operation of microscope field selection, im-
age archiving, and image processing.

Data acquisition

Data were acquired with the aid of two programs written
in the Optimas ALI (Analytical Language for Images) pro-
gramming language. In the first program, the planar x, y,
and z coordinates of a wedge-shaped region of the RFC disc
were first defined and stored, then 32 fields of the region
were recursively scanned using automated motorized and fo-
cus control, as images of the scanned fields were stored on
videotape. As shown in Figure Ic, the scanned region con-
sisted of four azimuthal positions for each of eight of radial
positions, which were spaced at incremental distances in-
versely proportional to the radius (hence proportional to the
shear rate). A second program then replayed the taped image
sequences, processed the images to remove any background
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shading effects, counted the number of attached cells (ex-
cluding background noise based on size discrimination), and
then stored the cell counts in a spreadsheet file. Separating
image acquisition and image analysis into two steps maxi-
mized the rate of data acquisition such that the rate was only
limited by the stage movement velocity, allowing images to be
acquired at an overall rate of approximately 20 fields per
minute, with the four fields of each radial distance being
scanned over about 10 s. This high image acquisition rate was
essential to allow cell counts in muitiple fields, and thus a
statistically significant measurement of the cell density as a
function of time and radial position. Observations of cell
clumps were uncommon and considered insignificant relative
to the number of individual bacteria.

The surface density of attached cells was measured by av-
eraging the number of cells in the four azimuthal fields, and
dividing this average by the area per field (~ 0.032 mm?),
The cell-counting procedure could not distinguish cell-sized
dust particles on microscope or video camera surfaces or
anomalies on the biomaterials surface from bacteria. There-
fore, during the detachment experiments, each field was
counted twice before bacteria were introduced into the
chamber, after which the average of the two counts was sub-
tracted from subsequent cell counts. The calculations for the
attachment experiments, however, did not depend on the ini-
tial attached cell density (only the rate of increase, as dis-
cussed below); therefore, quantifying this small background
“noise” was unnecessary.

Estimation of settling velocity

The settling velocity, I/, was estimated by filling the cham-
ber at a cell concentration of ¢y =2x 107 cells /mL, and fo-
cusing the objective 5 um above the surface. All cells within
a volume immediately above and including the surface were
then viewed and counted as the bacteria settled to the sur-
face. The Optimas programs just described were then run to
count cells within this volume as a function of time. For a
rapidly binding surface such as bare glass where the flux of
cells due to binding is greater than the settling velocity, then
the number of cells within this volume per unit area, N, in-
creases with a constant rate equal to Ve, V' was obtained
from a linear regression estimate of the slope of N vs. time,
then divided by ¢y, yielding a value of 3.5X10™* cm /min.

Analysis
Attachment

Figure 2 shows example data for the attachment of Staph-
Ylococcus aureus to Fg- and HSA-coated PEU-N. The at-
tached cell density, ¢ (r, ¢), is plotted vs. time, ¢, at a radial
position, r, corresponding to a shear rate of about 100 s~ 1.
These results were consistent for all surfaces measured for
shear rates up to 200 s™', in that ¢, increased linearly with ¢.
This observation implies that the rate of change c¢(r, ¢), and
thus the net flux of cells to the surface, was constant in time.
A constant net flux suggested that (1) the spatial distribution
of cells in suspension, c(r, z), was at a steady state; (2) the
attached cell density was sufficiently low as to not influence
the attachment of new cells; and (3) the rate of detachment
was negligible relative to the rate of attachment (otherwise,
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Figure 2. Example data for cell attachment kinetics.

The attached ccll density of attached Staphylococcus aureus
is plotted vs. time on the aminated polyurethane (PEU-N)
pretreated in albumin (circles) or human plasma (squares).
The values were calculated from the average of cell counts,
four fields at a radial position corresponding to approxi-
mately 100 s~!. The solid lines are the linear least-squares
solution fitted to the data.

dc, /dt would not be constant because the rate of detachment
is expected to be an increasing function of ¢,). Under these
conditions, the flux of cells to the surface can be assumed to
be proportional to the concentration of cells introduced into
the chamber, ¢, that is,

de(r,t)

4t = kcff(r)c()g (3)
where k.;(r) is the effective attachment rate constant at ra-
dius, 7. The solution to Eq. 3 is simply

c(r 1) =k (r)ec,t. 4)

Therefore, k.;(7) can be obtained by dividing the slope of
c(r, 1) vs. t by c,.

Although measuring k.(r) may provide useful overall
comparison of attachment rates between experimental condi-
tions, it inadequately reflects the dependence of attachment
on shear rate; k. can depend on r not only because the
probability of cell attachment depends on S(r), but also be-
cause the number of cells (cell concentration) near the sur-
face that are available for attachment may vary with r. Be-
cause the rate of attachment is expected to be proportional
to the concentration of cells “near” the surface, k. depends
on the global transport of cells within the chamber and there-
fore is not an intrinsic parameter.

Assuming that the actual cell concentration, ¢(r, z), can be
defined as a continuous function of r and z, a more descrip-
tive model for attachment is

de(r,t)

= =k, (rclr,z~0), (5)
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where k_(#) is the intrinsic attachment rate constant that de-
pends only on the local interactions between the cell and the
surface. Combining Egs. 3 and 5, k is related to k. by the
relation

keg(r) =k, (r)c(r,z~0) /e (6)
Therefore, if k. # 0, then k4 = k. if and only if ¢(r, z ~ 0)
= ¢,. Estimating k_(r) from k_,(r) requires the additional
knowledge of c(r, z), which, unfortunately, depends on &, (r)
itself.

To proceed, we construct a mathematical model for the
transport of cells in the RFC to predict ¢(r, z) and k_g(r),
which is based on a simple two-parameter phenomenological
expression for k_(r). One parameter represents a base value
of £, in the limit of zero shear; the other reflects the de-
pendence of k. on S(r). The model solution can then be
fitted to the experimental data for k.4(r) to obtain estimates
for these two parameters.

Because we wish &k to reflect all interactions between the
cell and the surface with as few unknown or ill-defined pa-
rameters as possible, we apply the so-called surface force
boundary layer approximation for colloid deposition (Rucken-
stein, 1975; Bowen et al., 1976; Dabros and van de Ven, 1982;
Adamczyk et al., 1983; Chari and Rajagopalan, 1985), where
the z direction is segregated into two regions: a “bulk”region
where interactions between the cell and surface are insignifi-
cant, and an “interaction” region of distance, I', where all
interactions between the cell and the surface, including addi-
tional hydrodynamic drag on the cell from the presence of
the surface (Brenner, 1961), are assumed to occur. The flux
of cells in the z direction, J,(r, z), is assumed uniform across
I', and proportional to the cell concentration at I' with pro-
portionality constant k.. The net flux toward the surface
(—J,) is then equal to the rate of accumulation:

de(r,t)

= M

=-L(r, D)=k, (r)e(r,T).

For the bulk region, because the fluid velocity is zero in the z
direction, only diffusion and gravitation contribute to the cell
flux:

dc
J(r,z2)=—-D— Ve  (z2T), (8)
dz

where D is the cell diffusion coefficient, and V is the settling
velocity. Therefore, assuming negligible diffusion in the x di-
rection relative to convection, the continuity equation for ¢(r,
z) at steady state provides

dc 3% dc
0=- v,(r,z)a—+ D—+V—
r

>T).
az* 9z (z=T)

®

The lower boundary condition is obtained by matching the
fluxes at I, which, upon combining Egs. 7 and 8 is

aclr,z)
D__—

I+ Ve(r, D)=k, (re(r,D). (10)
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At this point we must propose a phenomenological expres-
sion for k£, as a function of S(r). Assuming cells must cross
through a transitional energy state when moving between
unattached and attached states, we hypothesize that k, obeys
an Arrhenius-type law (Bromberg, 1984):

k (S)=Aexp(— E(S)/xT), (1)
where E is the free-energy difference of the transitional en-
ergy state and the free state (activation energy), A is a con-
stant ( preexponential factor), k is Boltzmann’s constant, and

T is the absolute temperature. As a first approximation, we
assume E, is a linear function of S,

Ea(:;)=E0+ElS (12)
This assumption yields
S
k.=k,,exp| 5 (13)
Smin

where k_ is the base attachment rate constant, that is, the
hypothetical zero-shear limit of k£, given by
k,o=Aexp(—E,/kT). (14)
Here, S, = S(R) is the minimum shear rate, and § = E|§
is the attachment shear-sensitivity coefficient.
To reduce the number of independent parameters and fa-
cilitate subsequent numerical analysis, Eqgs. 1 and 9 are made
dimensionless and combined to obtain a dimensionless par-

tial differential equation for dimensionless cell concentra-
tion, u =c /c,:

min

X

- 1
By —my*) (13

(uy, +u,)

Uy

where the new dimensionless spatial variables are x =r/R,
and y = zV/D. The term B is a dimensionless flow parame-
ter defined by

SR ( > )2 (16)
RV

and is essentially the ratio of convective velocity to settling

velocity, multiplied by the square of the inverse of the Peclet

number, Pe= RV /D; n= D /Vh is the inverse of the Peclet

number of sedimentation. Upon combining Egs. 10 and 12,

the dimensionless boundary condition at the surface is

uy(x,7)=(ae_5/"—1)u(x,'y), an

where two additional dimensionless groups are defined as

a=k,/V 18
y=TV/D, (19)
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which are the dimensionless base attachment rate constant, and
the dimensionless interaction distance, respectively.

To this point, we have ignored the upper boundary condi-
tion. Under conditions where cells near the center of the gap
are convected out of the chamber much faster than they can
diffuse or settle to the surface, we expect the upper surface
of the chamber to have no effect on the cell concentration
near the lower surface. Mathematically, if (3Q /mRh?)> Vh
and D /V > h, then the upper boundary is effectively at infi-
nite distance away from the lower surface with respect to cell
transport in the z direction. Therefore, we can set the upper
boundary condition either as

ulx,y>1)=1 i)

or as

uy(x,y>1)=0. (@3]

Boundary conditions 20 and 21 equivalently reflect the situa-
tion where the bulk cell concentration is undisturbed far from
the lower surface. For numerical analyses, Eq. 20 is assumed
and is justified by the results presented below.

Detachment

We also seek an intrinsic parameter that reflects the prob-
ability of bacteria detachment. We first try a similar ap-
proach as the attachment model, by assuming first-order ki-
netics with rate constant, k _, which is equivalent to the prob-
ability per unit time of a cell detaching. If k_ is constant
with time, and uniform among the population of attached
cells, then the rate of change in attached cell density, c,, is
given by

5

ok (22)
ar
For initial cell density, c,,, the solution to Eq. 22 is
c, (1) =cge . (23)

As shown in the example data in Figure 3 for Staphylococcus
aureus detaching from HSA-coated and Fg-coated PEU-S, the
data for c(¢) showed decay behavior from the initial value,
¢y, but regression fits of Eq. 23 to the data displayed system-
atic deviation of the data from the model. The data indicate
a faster rate of detachment at early time and a slower rate of
attachment at larger times than that predicted by a pure ex-
ponential decay model. This discrepancy was consistently ob-
served for all tested surfaces. A likely explanation is that the
probability of detachment was not uniformly distributed over
the cell population; all cells may not have had the same value
of k_. To explore this possibility, we define p(k_, ¢) as the
probability that an initially attached cell with detachment
probability per unit time, k_, remained attached at time ¢.
The rate of change of p(k_, t) is then given by

dp(k_, t)

P k_plk_,1)

24

2166 September 1995

200 F———7—T—T T T

150

100

[cells/field]

N

c

50

time [minutes]

Figure 3. Example data for cell detachment kinetics.
Example data for the attached cell density, ¢, of detaching
Staphylococcus aureus on Fg-coated (squares) and HSA-
coated PEU-S (circles) are plotted vs. time. The dashed line
is the least-squares regression fit of the two-parameter expo-
nential decay model, whereas the solid line is the fit of the
more general three-parameter model. For these two exam-
ples, the regression analyses for the two-parameter model
yielded k_ = 0.027 + 0.005 min~!, and k_ = 0.28 + 0.06
min~!, respectively, and for the three-parameter model, & _
=0.55+05 min~', ¢ =1.9£02, and k_=0.0094 + 0.0059
min~!, ¢ = 2.4+ 0.9, respectively.

with solution

plk_, 1) =polk_Je ", (25)
where py(k_) is the initial distributions of k_ among the
attached cell population at the initiation of flow. Term c(t)
is then equal to the integral over all possible values k_, mul-
tiplied by the initial cell density, c,,, that is,

ey =cyof plh_, dk.. ©26)
0
Combining Eq. 26 with Eq. 25, we have
cilt)=cyo [ polk_de™ " dk_. @n
0

In the limit where k_ is uniformly distributed among all the
cells, say with k_=%k_, then p,(k_) is the delta function,
8(k_—k_), and Eq. 27 becomes equivalent to Eq. 22, with
k_=k_.

We seek a distribution for py(k_) with a meaningful physi-
cal basis that predicts a function c¢/(f) that adequately re-
flects the data but minimizes the number of unknown param-
eters. Similar to the attachment model, we assume the de-
tachment rate constant obeys an Arrhenius relation of the
form

k_= Ae FxT (28)
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where E is the energy of adhesion, defined here relative to
the energy of the transition state between the attached and
detached states: E is the energy the cell must overcome to
detach. We note that heterogeneity in £ may result from any
probabilistic variations in the state of the adhesion. These
variations may result from the discrete cell-surface interac-
tions: for example, the number of cell receptors bound to
adsorbed proteins on the surface may vary from cell to cell,
even if each cell retained the same total number of receptors
{Cozens-Roberts et al., 1990b). The simplest assumption is
that E/«T has a normal distribution with mean < E > /«T,
and variance o 2. Equation 28 can then be rewritten as

k_=k_e s, 29
where € =(F — < E>)/kT, and k_ is the mean-energy de-
tachment rate constant, that is,

k =Ae——<E>/kT

(30)

and o is termed the adhesion energy heterogeneity coefficient.

Given that e is normally distributed, € ~ IY(O, o), then
k_ has a lognormal distribution, k_ ~ LN(In (k_), o), that
is,

—(n(k_)—In(k_))’

20°

1
= . (31
polk_) P exp( ) G

Therefore, from Eq. 27, the cell density is given by

202

. 1 ~(In(k_)~In(k_))’
Cs(t)=csof0€ i m/2—7;exP dk _
(32)

As o approaches 0, then p.(k_) approaches &(k_—k_),
yielding

c,(t) =cge . (33)

Hereafter, Eq. 33 will be referred to as the mtwo-parameter
detachment model (considering c,, to be an additional pa-
rameter to be estimated in the regression analysis) and Eq.
32 as the three-parameter detachment model. Statistical com-
parison of these two models is discussed below.

Resuits
Attachment

To obtain numerical solutions for Eq. 15, estimated values
of fixed parameters B, 7, and y were required, leaving o
and & to be fitted from the data. The cell diffusion coeffi-
cient was estimated from the Stoke—Einstein equation (Cus-
sler, 1984).

kT

D=-——-, 34
6muR, 4
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Figure 4. Attachment model predictions dependence of

bulk cell concentration on dimensionless at-
tachment rate constant, a =k_,/V.

The dimensionless cell concentration, u(x, y), is plotted vs.
dimensionless vertical distance, y, for three different dimen-
sionless radial positions, x = 0.1, 0.5, 1.0, and for « = 0.0
(solid lines) and « = 10.0 (dashed lines). For « <1, cells ac-
cumulation near the surface is observed, and for a > 1, the
cell depletion is observed. Also note that even for extreme
values of «, u approaches 1.0 for y > 1.0.

where x is Boltzmann’s constant (1.38% 1071 erg/K), T is
the absolute temperature (T =298 K), u is the fluid viscosity
(0.01 poise), and R, is the cell radius (0.5 wm), resulting in
D=3x10"7 cm?/min. The settling velocity was estimated
experimentally to be V' =3.5x10"* cm /min (see the section
titled Materials and Methods). Taking R =1.8 cm, then 8 =
3.0. Assuming the interaction distance, I', was slightly larger
than R, =0.5 um, and we chose I' =0.7 um, yielding y =
0.08. Finally, 2 =215 pm implied n = 0.035.

Equation 15 was solved numerically using the method of
lines. The y domain was approximated with a finite differ-
ence scheme at forty nodes, {y;}, and the resulting system of
ordinary differential equations, {dy, /dx}, was numerically in-
tegrated using an explicit fourth-order Runge—Kutta scheme
with step-size control based on the formulas of Dormand and
Prince (1980). The numerical solution for u(x, y) is plotted
in Figure 4 for three values of x and for both large and smalil
values of a =k, /V (here, 8 = Q). As this plot shows, a value
of k. larger than V (that is, @ > 1.0) results in depletion of
cells near the surface for increasing x. Conversely, k, <V
(that is, & < 1.0) results in accumulation of cells near the sur-
face for increasing x. Also note from Figure 4 that u ap-
proaches unity for large vy, indicating that the conditions
specified by Egs. 20 and 21 are valid.

The dependence of k4 on a varying c(z, y ~ 0) is shown
in Figure 5, where the ratio of effective to intrinsic attach-
ment rate constants, k.« /k ., is plotted vs. dimensionless ra-
dial distance, x, for several values of a. For a > 1, k4 is less
than k., implying that when the attachment rate is greater
than the settling rate, cell depletion near the surface (u(x,
v) < D) results in a decrease in k. relative to k, (c.f. Eq. 6).
Conversely, for « < 1, cell accumulation near the surface (u(x,
y)>1) results in an increase in k4 relative to k.

Figures 6a and 6b show the sensitivity of the model predic-
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Figure 5. Model predictions for the effect of cell deple-
tion or accumulation on k4.

The ratio of the effective attachment rate constant, k o, to the
intrinsic attachment rate constant, k ., are plotted vs. dimen-
sionless radius, x. The curves correspond to for values of «
ranging from 1073 to 10? to show the effect of accumulation
(a < 1) or depletion (a > 1) on the effective attachment rate.
For a <1, cells accumulate at increasing x, leading to an
increase in k. relative to k.. Conversely, for a >1, cell
depletion results in a decrease in k. relative to k.. Note
that for @ =1, the attachment rate constant equals the set-
tling velocity, leading to neither accumulation nor depletion.

tions to & for large and small values of a, respectively. Com-
parison of k ¢(S) to k,(S) shows that k., remains close to
k. for large S (small r), but deviates considerably from &,
at small § (large r). In fact, as shown in Figure 6a, the model
predicts a maximum in k. at intermediate shear rates when
8 > 0, resulting from cell accumulation at small r where &,
is small, but cell depletion at large r where & is large. Con-
versely, as shown in Figure 6b with a <1, no maximum is
predicted, and kg rapidly becomes much larger than k, for
small § (large r). In either case, k./V approaches unity as §
approaches zero, corresponding to the hypothetical situation
of infinite radius.

The chosen values for dimensionless parameter 8 and 7y
involved rough estimates. Parameter 8 depends on the cell
diffusion coefficient, which was estimated with the
Stokes—Einstein equation, assuming hydrodynamic radius of
0.5 um. The actual hydrodynamic radius may differ signifi-
cantly from this value; for example, the hydrodynamic radius
of a “hairy” cell may be significantly larger than of a “smooth”
cell of the same size. The interaction distance, I', was chosen
to be on the order of a cell radius, where long-range and
hydrodynamic interactions between the cell and the surface
are expected to become important, but this is really an order
of magnitude estimate. To determine whether uncertainty in
the fixed parameters adversely affects the model predictions,
the sensitivity of the solution to Eq. 15 to these parameters
was established. In Figures 7a and 7b, solutions for kg are
plotted vs. S for a range of reasonable values of B and v,
respectively, for both large and small values of «a. As these
plots indicate, the model predicts k. to weakly depend on 8
and vy, suggesting that minimal error in evaluating k. is
propagated by errors in estimating 8 or .

To determine k_, (S) from the data for kq(s), the two fit-
ted parameters, k,, (that is, a) and 8, were estimated by
fitting the numerical solution of Eq. 15 to the experimental
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Figure 6. Effect of the attachment shear - sensitivity co-
efficient, &, on model predictions of the effec-
tive attachment rate constant, kq.

ko (solid lines) and the intrinsic attachment rate constant,
k. (dashed lines), are plotted vs. shear rate, S. The curves
correspond to various values of § at two fixed values of a =
kyg/V:i(a) a =50, and (b) a =0.5.

data for k.(r) via nonlinear least-squares regression. Figure
8 shows an example plot of k.4 vs. S for the attachment of
Staphylococcus aureus to the HSA-coated and bare PEU-N
surfaces. The fitted solutions are shown for k. and &, (S)
based on Eq. 15 with regression estimates of k_, and 8. In
this example, £, was higher and & was smaller on the bare
surface relative to the HSA-coated surface.

To qualitatively demonstrate the goodness-of-fit of the
model to the data over a range of experimental conditions,
the residuals of the regression fits are plotted in Figure 9
corresponding to several sets of experimental data testing a
range of surface properties and attachment rates. These data
resulted from a study examining the attachment of Staphylo-
coccus aureus to three different polyurethanes under four dif-
ferent pretreatments (see the section titled Materials and
Methods) (Dickinson et al.,, 1995b). The uniform scatter of
residuals about zero for all of the shear rates suggests a lack
of systematic deviation of the model from the data. This qual-
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Figure 7. Sensitivity of attachment model solutions to

fixed parameters.

Model predictions for the effective attachment rate constant,
ke are plotted vs. shear rate, S, for five values of (a) the
dimensionless interaction distance, vy, ranging linearly in value
between 0.05 and 0.5 and (b) the dimensionless flow parame-
ter, B, ranging linearly between 1.0 and 5.0, for fast attach-
ment (& = 0.5) and slow attachment (a = 2.0), respectively.

itative observation was confirmed with a statistical goodness-
offit test of the regression analysis. An analysis of the vari-
ance of the residuals was performed by considering data for
all samples at any given radial position number as replicated
tests of the model at one regressor point. The total residual
sum-of-squares was decomposed into a lack-of-fit sum-of-
squares and a replication sum-of-squares, which was equal to
the total sum of squares of the residuals about their averages
at each radial position (Bates and Watts, 1988; Seber and
Wild, 1989). The ratio of the lack-of-fit mean square error over
the replication mean square error was then compared to the F
distribution, where a small p-value would indicate a signifi-
cant lack of fit. The pooled data from 12 experimental condi-
tions and 8 radial positions yielded a p-value of 0.47, thus
quantitatively confirming no systematic deviation of the model
from the data.
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Figure 8. Example application of attachment model.

Example data for the effective attachment rate constant, k 4,
are plotted vs. shear rate, S, for Staphylococcus aureus on
HSA-coated PEU-N (squares), and on bare PEU-N (circles).
The solid lines represent fits of the model solutions for
ke (S) 1o the experimental data via nonlinear least-squares
regression. The dashed lines represent the intrinsic attach-
ment rate constant, k,(S). The regression analyses yielded
values of k,,=1.024+0.42x10"%cm /min, &§ =0.59+0.19
for the HSA-coated surface, and k,q=6.30+0.10x10"*
cm /min, & = 0.068 + 0.006 for the bare surface.

Detachment

Figure 10 shows the sensitivity of the model predictions for
¢,(t) to values of k_ and o, based on numerical integration
of Eq. 27. As shown in Figure 10a, large values of k_ result
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Figure 9. Goodness of fit of the attachment model.

The residuals from the nonlinear regression analysis are
plotted vs. shear rate for the attachment of Staphylococcus
aureus to the three different polyurethane biomaterials
(PEU-B, PEU-N, and PEU-S) under the four different pre-
treatment conditions (Bare, HSA, Fg, and PPP), showing
uniform scatter of the residuals about zero, and indicating a
good fit of the model to the data.
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Figure 10. Sensitivity of the detachment model to fitted
parameters.

Model predictions for attached cell density c; (scaled to
the initial density, c,g) are plotted vs. time (arbitrary time
units). (a) The curves correspond to various values of the
mean-energy detachment rate constant, k _, with a fixed value
of the adhesion energy heterogeneity parameter, o = 3.0. (b)
The curves correspond to o = 0.0 (solid), 2.0 (dashes), and
4.0 (dotted), with x_ = 1.0 {arbitrary inverse time units) in
each case. This plot shows that for o > 0, the model pre-
dicts a faster detachment rate for early time, and a slower
detachment rate for larger time, than that predicted by the
two-parameter model.

in faster decay in c(¢), similar to that predicted by pure ex-
ponential decay (o =0). However, as shown in Figure 10b,
for o > 0, the three-parameter detachment model predicts a
larger rate of detachment for small ¢, and a smaller rate for
large 1, than that of the exponential decay model. These re-
sults agree with the experimental observations, as shown in
Figure 3, where the two models were fitted to the data via
nonlinear least-squares regression. As shown by the fitted
curves in this example, the three-parameter detachment
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model provided a much closer fit to the experimental data
than the two-parameter (exponential decay) detachment
model.

As shown by a plot of the residuals in Figure 11, the
three-parameter model fit the data better than the two-
parameter model for Staphylococcus aureus on the three dif-
ferent polyurethanes and under the four surface treatments.
The two-parameter detachment model systematically devi-
ated from the data both at early and later times (Figure 11a),
whereas the residuals from the three-parameter model were
much more uniformly scattered about zero (Figure 11b). A
slight increase in the residuals is apparent at larger ¢ for the
three-parameter model, suggesting that at longer times the
three-parameter model may slightly underpredict the data for
c o).

To justify use of the more complex three-parameter model,
its superior fit must be general and not only result from the
additional degree of freedom provided by the additional pa-
rameter. Because the models are “nested,” meaning that the
two-parameter detachment model is a limiting case (o — 0)
of the more general three-parameter model, a likelihood ra-
tio test was used. In this test, the F distribution was com-
pared to the ratio of the additional mean-square error from
use of the two-parameter model, over the mean-square error
of the three-parameter model (Bates and Watts, 1988; Seber
and Wild, 1989). Based on pooled data from all samples, a
p-value less than 10~ was obtained, strongly rejecting the
null hypothesis that the two models equivalently reflect the
data, even given the additional degree of freedom of the
three-parameter model.

To determine whether the slight upward turn in the residu-
als from zero that was observed at later times in Figure 11b
was statistically significant, a goodness-of-fit test was per-
formed similar to that discussed above for the attachment
model. Considering all data from the various surface condi-
tions and the various radial positions that correspond to the
same time point as replicates, an analysis of the variance
yielded a p-value of 0.002, which rejected the hypothesis that
the data are uniformly scattered about the model for all time
points. It is possible that a systematic deviation may result
solely from application of nonlinear regression analysis to a
finite number of data points and not necessarily the result of
a lack of model validity (Bates and Watts, 1988; Seber and
Wild, 1989). However, we suspect the discrepancy results from
a slight underprediction of the number of remaining bacteria
for later times, as is apparent in Figure 11b. It is possible that
either the assumption that each cell has a constant probabil-
ity per unit time of detaching is not strictly valid, or that & _
is not exactly lognormally distributed among the attached cell
population. A physical reason for the former is that k_ may
slowly decrease with ¢ due to strengthening of the adhesion,
thus resulting in the observed underprediction of ¢ (¢)
(Sharma et al., 1992; Meinders and Busscher, 1993). Regard-
less of the source of this deviation, and considering the few
parameters and few physical assumptions involved, we be-
lieve the fit of the model to the data satisfactory within our
primary goal of defining and measuring an objective index
that reflects resistance of the cell to detachment.

Finally, an example of the application of the detachment
model is shown in Figure 12, where estimated values of k_
and o is plotted vs. § for detachment of Staphylococcus au-
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Figure 11. Goodness-of-fit of the detachment model.

The residuals from the nonlinear least-squares regression
fit of the model solutions. The experimental data are shown
for the detachment of Staphylococcus aureus from the three
polyurethanes under the four different pretreatment con-
ditions and eight radial positions, using (a) the two-param-
eter model (equation), and for (b), the three-parameter
model. These data suggested a superior fit of the three-
parameter model over the two-parameter model, as subse-
quently confirmed by a statistical analysis of the residuals.

reus from PEU-S surfaces that were pretreated in three dif-
ferent protein solutions (Fg, HSA, and Bare). In these exam-
ples, k_ increased approximately exponentially with S, and
varied widely with the surface pretreatments. Although there
was considerably more scatter in the measurement of o rela-
tive to that of k_, o showed no significant correlation with
shear rate, as shown in Figure 12b. This observation is consis-
tent with our hypothesis that o reflects the heterogeneity in
adhesion energy before the initiation of flow.

Discussion
A novel methodology and analysis has been presented to
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Figure 12. Example of detachment model application.

The regression estimates for (a) the mean-energy detach-
ment rate constant, k., and (b) the adhesion energy hetero-
geneity coefficient, o, are plotted vs. shear rate, S, for de-
tachment of Staphylococcus aureus from PEU-S surfaces,
pretreated with Fg (circles), HSA (squares), or Bare
(crosses).

measure intrinsic indices for bacterial attachment and de-
tachment kinetics to biomaterial surfaces as a function of hy-
drodynamic shear stress. Exploiting the variable shear rate in
a radial flow chamber, the attached cell density, c (7, t), was
measured as a function of radial position, r, and time, ¢, by
recursively acquiring cell counts from multiple fields using an
automated videomicroscopy and image analysis system with
three-axis motorized stage and focus control. Shear-de-
pendent rate constants for attachment and detachment, &,
and k_, respectively, were then estimated by fitting the solu-
tions of phenomenological models for attachment and de-
tachment kinetics to the experimental data for ¢ (r, ¢). These
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parameters are intrinsic, in that they reflect only the local
interactions between the cell and the surface and local hydro-
dynamics, not the global transport of cells in the chamber, or
other factors that may influence ¢ (r, 1).

In the attachment experiments, ¢, increased linearly with
t, suggesting that the rate of detachment was negligible rela-
tive to the rate of attachment, and that the presence of at-
tached cells did not influence the attachment of new cells.
An effective attachment rate constant, k., was therefore de-
fined as the rate of increase in ¢, divided by the initial cell
concentration, ¢,. Although k¢ provided an overall compar-
ison between attachment rates with different materials or
conditions, it did not provide adequate information about the
effect of shear on attachment because it depended on the
global transport of cells in the chamber (fast attachment leads
to a depletion of cells near the surface, and slow attachment
leads to an accumulation due to settling). An infrinsic attach-
ment rate constant, k., that reflects only local interactions
between the cell and the surface was therefore defined as the
rate of increase in ¢, divided by the concentration of cells,
c(r, 2), near the surface (z ~ 0). Using a transport model that
predicts c(r, z), k, was estimated a function of shear rate,
S, by fitting model solutions to the data for k... A simply
two-parameter exponential relationship for k (S) was as-
sumed a priori, with a base attachment rate constant, k , and
the attachment shear-sensitivity coefficient, 8, as fitted param-
eters.

The transport model predictions were based on the surface
forces boundary layer approximation, which assumes that the
spatial domain above the chamber surface could be segre-
gated into an “interaction” region and a “bulk” region, and
that the flux toward the surface in the interaction region was
uniform and proportional to k.. Hence, &k reflects not only
the forces and molecular interactions between the cell and
the surface, but also the diffusion coefficient and settling ve-
locity within this region (Ruckenstein, 1975; Bowen et al.,
1976; Dabros and van de Ven, 1982; Adamczyk et al., 1983;
Chari and Rajagopalan, 1985), both of which are expected to
be a function of distance from the surface based on the hy-
drodynamics of an object moving near a surface (Brenner,
1961). Therefore, k, depends on the cell’s hydrodynamic
properties that govern the diffusion coefficient and settling
velocity near the surface, in addition to its molecular and
physical properties.

Using an experimental methodology similar to that of the
attachment experiments, bacterial detachment was also di-
rectly observed and quantified in the radial flow chamber.
Here, after the bacteria was initially allowed to settle and
attach, the flow was initiated to detach the cells. In general,
the rate of detachment was found to be extremely slow over
the range of shear stresses used in the attachment experi-
ments; therefore, a much higher flow rate was required to
induce quantifiable detachment.

An objective intrinsic index was also sought to quantita-
tively characterize the likelihood of cell detachment from the
surface. The simplest assumption was first-order kinetics: the
rate of attachment is proportional to ¢, with rate constant
k_, which implicitly assumes that the probability (per unit
time) of cell detachment was constant with time, and uniform
among the attached cell population. The data, however, indi-
cated a faster rate of detachment at earlier time, and a slower
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rate of detachment at larger times than predicted by first-
order kinetics. The hypothesis that the energy of adhesion
(and thus & _) was heterogeneously distributed among the at-
tached cell population was explored by assuming that & _
obeys an Arrhenius-type relationship with the adhesion en-
ergy, E, and that E was normally distributed among the cell
population, resulting in a lognormal distribution for £ _. This
assumption led to a three-parameter detachment model (in-
cluding the initial density, c,,, as a parameter) with a mean-
energy detachment rate constant, k_, and the adhesion energy
heterogeneity coefficient, o, to be obtained by a nonlinear
least-squares fit of the model to the data. A statistical analy-
sis demonstrated that the superior fit of the three-parameter
model was more than expected from the additional degree of
freedom alone.

The assumption of a heterogeneous distribution in E is
plausible for a homogeneous cell population considering the
small dimension and discrete nature of the molecular compo-
sition of interface between cell and the surface. Cozens-
Roberts et al. (1990a,c) and Saterbak et al. (1993) noted sev-
eral sources of heterogeneity for the detachment of homoge-
neous receptor-coated model “cells” in the RFC. These
sources included heterogeneity in the size of the contact area,
as well as probabilistic variability in the number of bound
receptors due to the finite number of receptors and ligands
in the contact area.

A probabilistic approach was not necessary to model at-
tachment because all cells in suspension were assumed ho-
mogeneous; heterogeneity was only assumed in the possible
adhesion state the cell reaches. That is, any cell at a given
distance from the surface has equal probability as any other
cell at that point of reaching one of many possible adhesion
states. However, to reverse its course, the attached cell must
escape that particular adhesion state it has reached. There-
fore, a distribution of available adhesion states creates het-
erogeneity in the detachment probability, not in the attach-
ment probability.

The behavior of ¢,(¢) in the phenomenological detachment
model presented here is qualitatively similar to that pre-
dicted by a mechanistic cell detachment model by Cozens-
Roberts et al. (1990a,c) that was based on receptor-ligand
binding and dissociation kinetics, when an (approximately)
normal distribution for the initial number of bound receptors
was assumed (a lognormal distribution with small varjance
was actually assumed in their model, which is approximately
equivalent to a normal distribution). However, in the limit of
very small o, corresponding to a homogeneous cell popula-
tion with respect to adhesion energy, their mode! predicted
near-deterministic behavior; either all cells detach at nearly
the same time, or no cells detach, depending on the strength
of fluid shear force. In contrast, the phenomenological model
presented here predicts an exponential decay for c () as o
approaches zero, as predicted by some existing models for
detachment of colloid particles from surfaces based on the
statistical mechanics of the escape of a particle from a poten-
tial well (Dahneke, 1975; Hubbe, 1984). That two models with
grossly different predictions for c(¢) for homogeneous E
predict similar behavior for heterogeneous E implies that the
characteristic behavior of ¢ (r) observed here (fast initial de-
tachment followed by slower detachment at later times) may
be relatively robust with respect to the detachment mecha-
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nism of an individual cell, but is primarily a manifestation of
the assumption that E is approximately normally distributed
among the cell population.

Here we examined attachment under a range of shear rates
from 35 to 200 s~!. The rate of detachment was found to
immeasurably slow over this range; therefore, a higher shear
rate range from 1,500 to 7,000 s™! was used to observe de-
tachment. The appropriate shear range of shear rates will
depend on the particular application, and can be varied by
adjusting the volumetric flow rate. For some surfaces and cell
types, both attachment and detachment may be significant
under the shear-rate range of interest. In this case, a more
complicated model is necessary to simultaneously estimate
attachment and detachment rate constants, by including the
rate of detachment (cf. Eq. 24) in Egs. 5 and 7. A similar
approach was taken by Meinders et al. (1992, 1994) in a par-
allel-plate flow chamber, but without obtaining an intrinsic
attachment rate constant by solving for the true cell concen-
tration near the surface.

The purpose of the methodology and analysis presented
here is not to directly simulate the adhesion events leading
pathogenesis in flow configurations found in vive, but rather
to provide a direct measurement of the intrinsic probabilities
of attachment or detachment as a function of shear rate in
vitro. This approach could be valuable to both applied and
fundamental research on device-centered infections in the ef-
fort to provide a rational basis for the design of infection-re-
sistant devices or biomaterials. Because the measured param-
eters depend only on local interactions and local hydrody-
namics, their values should be similar in situations in vivo
that have similar local hydrodynamics dynamics, limited only
by how well the relevant physical properties of the surface,
fluid, and bacteria are mimicked in vitro. These measure-
ments could aid in device design by allowing prediction of the
probability for cell adhesion for a given material and flow
configuration. Furthermore, in fundamental studies, mea-
surement of intrinsic parameters allows a direct comparison
between the roles of different factors in adhesion, such as the
cell’s receptor population (Dickinson et al., 1995a), the com-
position of the adsorbed protein layer (Dickinson et al.,
1995a,b), and the surface properties of the biomaterial (Dick-
inson et al., 1995b). Finally, these comparisons can provide a
test for mechanistic theories of bacterial adhesion (Dickin-
son, 1994).
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Notation

E, = activation energy perturbation parameter, erg-s
R = maximum measurable radius in (RFC), cm
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u = dimensionless cell concentration
y= dimensionless vertical position
€= dimensionless adhesion energy
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