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The transport and deposition (adhesion) kinetics of viable
Cryptosporidium parvum oocysts onto ultrapure quartz
surfaces in a radial stagnation point flow system were
investigated. Utilizing an optical microscope and an image-
capturing device enabled real time observation of oocyst
deposition behavior onto the quartz surface in solutions
containing either monovalent (KCl) or divalent (CaCl,) salts.
Results showed a significantly lower oocyst deposition
rate in the presence of a monovalent salt compared to a
divalent salt. With a monovalent salt, oocyst deposition rates
and corresponding attachment efficiencies were relatively
low, even at high KCI concentrations where Derjaguin—
Landau—Verwey—0verbeek (DLVO) theory predicts

the absence of an electrostatic energy barrier. On the
otherhand, inthe presence of a divalent salt, oocyst deposition
rates increased continuously as the salt concentration
was increased over the entire range of ionic strengths
investigated. The unusually low deposition rate in a monovalent
salt solution is attributed to “electrosteric” repulsion
between the Cryptosporidium oocyst and the quartz surface,
most likely due to proteins on the oocyst surface that
extend into the solution. It is further proposed that specific
binding of calcium ions to the oocyst surface functional
groups results in charge neutralization and conformational
changes of surface proteins that significantly reduce
electrosteric repulsion.

Introduction

Cryptosporidium is a protozoan parasite which is able to
infect the intestinal tract of its host, causing the disease
cryptosporidiosis. It was first described in 1907 in the gastric
mucosa of a laboratory mouse (1), but it was not until 1976
that the first human cases were reported, with the individuals
suffering from severe diarrhea (2). Cryptosporidium parvum
has been identified as the only species known to infect
humans, and with the onset of the AIDS epidemic in the
early 1980s, cryptosporidiosis became known as a life-
threatening disease to immunocompromised individuals (3).
Waterborne transfer, due to contamination of drinking water
supplies from dairy cattle and treated wastewater effluent,
is the most common form of indirect transmission of the
organism (4).

Cryptosporidium is ubiquitous in aquatic environments,
with surveys conducted in several regions of the United States
reporting the presence of Cryptosporidium in 25 out of 55
surface water samples, and 12 out of 49 wastewater samples
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(5). The organism exists as an oocyst in the aquatic environ-
ment with a diameter ranging from 4 to 6 ym. The hardy
oocyst has been found to be resistant to a number of
environmental stresses, including chlorination during drink-
ing water treatment (6). Therefore, deep-bed (granular)
filtration or membrane processes are the primary barriers
for Cryptosporidium oocyst passage in water treatment plants.
In addition, natural filtration in alluvial valley aquifers—a
process known as bank filtration—is emerging as a viable
method of pretreating surface waters for the removal of
microbial pathogens such as Cryptosporidium oocysts (7).

Due to the threat that Cryptosporidium poses to drinking
water supplies, numerous studies have investigated the
physical and chemical properties of Cryptosporidium oocysts
in aquatic systems. Results from electrokinetic () potential
characterization report the oocysts to be negatively charged
at ambient pH, with the oocyst isoelectric point between 2
and 3 (8—10). In addition, { potentials in the range of —19
to —42 mV have been determined at near-neutral pH and
moderate ionic strengths (8, 9, 11, 12). Using atomic force
microscopy (AFM), Considine et al. (13) reported a substantial
repulsive force between a soda-lime glass and viable
Cryptosporidium oocysts in the presence of both monovalent
(potassium chloride) and divalent (calcium nitrate) electro-
lytes. The magnitude and decay lengths of the measured
interaction forces, particularly with KCI, were substantially
greater than what would be expected on the basis of classical
DLVO interaction. The authors attributed this observation
to steric repulsive forces originating from a hairy layer of
surface proteins extending into the solution.

Compared to Cryptosporidium oocyst characterization,
studies on the mechanisms governing the adhesion of oocysts
to solid surfaces in aquatic systems are relatively scarce. Hsu
et al. (14) studied the influence of ionic strength and pH on
the filtration of Cryptosporidium oocysts in columns packed
with glass and polystyrene beads. Their results showed
increased removal of viable oocysts at higher ionic strengths,
while lower removal rates were observed with an increase in
solution pH. Such filtration behavior is expected on the basis
of reduction of electrostatic repulsion between the oocyst
and filter collectors.

Despite the efforts discussed above, the mechanisms
governing the adhesion of Cryptosporidium oocysts to solid
surfaces are still poorly understood. In this study, we delineate
the mechanisms governing the adhesion of viable Cryptospo-
ridium oocysts to solid surfaces under well-controlled
chemical and hydrodynamic conditions. A radial stagnation
point flow cell, with a well-defined flow field, was used to
visualize individual Cryptosporidium oocysts as they deposit
onto a uniformly charged, flat quartz surface. Utilizing an
optical microscope and an image-capturing device, the
deposition kinetics of the viable oocysts onto the ultrapure
quartz surface were determined in solutions containing either
monovalent (KCl) or divalent (CaCl,) salts. Results suggest
that electrosteric repulsion, most likely due to oocyst surface-
bound proteins, plays an important role in oocyst adhesion.

Materials and Methods

Cryptosporidium Oocyst Source and Preparation. Viable
Cryptosporidium oocysts were purchased from the University
of Arizona Sterling Parasitology Laboratory (SPL). The oocysts
were shed from a calf infected with the Iowa Isolate from Dr.
Harley Moon at the National Animal Disease Center in Ames,
IA. The oocysts were purified (at SPL) using discontinuous
sucrose and cesium chloride centrifugation gradients (15).
Oocysts were stored (at 4 °C) in an antibiotic solution
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containing 0.01% Tween 20, 100 U of penicillin, and 100 ug
of gentamicin/mL. Before the experiments were conducted,
the oocysts were spun down twice at 12 000 rpm for 1 min,
and the supernatant was removed and replaced with 1 mL
of deionized water (Barnstead). Purified oocysts were diluted
to the desired concentration and suspended in the solution
chemistry of interest prior to transport and adhesion experi-
ments. Two separate oocyst batches, denoted 30505-11 and
31103-07, were utilized in the deposition experiments; the
batches were shed from different calves on different dates.

Fluorescent microscopy was used to determine the
number concentration of Cryptosporidium oocysts before
the experiments in the radial stagnation point flow system
(to be described later). In this procedure, 1 mL of the
Cryptosporidium oocyst solution was filtered through a 25
mm, 0.22 um polycarbonate membrane, using a Millipore
sampling manifold attached to a dry vacuum pump. After
the water was filtered off, the oocysts were stained with a
Merifluor-CG detection reagent and counterstain (Meridian
Scientific, Cincinnati, OH), and were allowed to sit for 30
min in the dark. After the 30 min, the remaining stain was
removed by applying a vacuum for 1 min. Next, a mounting
medium (Meridian Scientific) and a 25 mm cover slide (Fisher
Scientific, Pittsburgh, PA) were applied to the membrane
and placed under an Olympus BX41 fluorescence microscope.
To fluoresce the oocysts, the microscope was set to the FITC
emission wavelength (excitation at 490 nm, emission at 525
nm), and at least 20 fields at 100x were counted. A
multiplication factor was used to determine the number of
oocysts per milliliter in the sample solution.

Solution Chemistries. Oocyst adhesion (deposition) and
electrokinetic characterization experiments were conducted
with monovalent (KCl) and divalent (CaCl,) salts. Experiments
were carried out over a range of ionic strengths. For the
monovalent salt (KCl), the ionic strength ranged from 1 to
316 mM, while, for the divalent salt (CaCly), the ionic strength
ranged from 0.1 to 100 mM, corresponding to molar CaCl,
concentrations from 0.03 to 33.3 mM, respectively. All
solutions were unbuffered, resulting in a pH between 5.5
and 5.7.

Cryptosporidium Oocyst Characterization. The electro-
phoretic mobilities of the Cryptosporidium oocysts were
determined immediately before a deposition experiment
under solution chemistries similar to those used in the
corresponding deposition runs. The electrophoretic mobility
measurements were performed at 25 °C (£1 °C) using a
ZetaPALS analyzer (Brookhaven Instruments Corp., Holts-
ville, NY). Electrophoretic mobilities were converted to ¢
potentials using the Smoluchowski equation. This equation
is adequate because of the relatively large size of the oocysts
and the ionic strengths used (16). To determine the oocyst
average size, images of the oocysts (10° oocysts/mL) were
taken with an inverted microscope (Axiovert 200m, Zeiss,
Thornwood, NY) operating in phase contrast mode. An image-
processing program (ImageJ, NIH) was used for analysis of
the images and determining the average major and minor
axes of the oocysts. The resulting equivalent spherical
diameter of the Cryptosporidium oocyst was calculated to be
3.7 ym.

Radial Stagnation Point Flow System. A radial stagnation
point flow system was utilized for the oocyst deposition
(adhesion) experiments. The oocyst suspension was pumped
by a syringe pump (model 230, KD Scientific) into a custom-
made glass cell through a 2 mm inner diameter capillary
tube. Upon emerging from the capillary, the suspension
impinges against the transparent quartz cover glass located
2 mm from the capillary opening and flows radially over the
cover glass. The oocyst suspension was continuously removed
from the cell via a waste stream. Oocyst deposition onto the
quartz surface was observed in real time from above by an
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optical microscope (Axioplan 2, Zeiss, Thornwood, NY). The
microscope images were recorded by a CCD camera (CCD-
300-IFG, Dage MTI, Michigan City, IN) and analyzed with
image analysis software (KS400, Zeiss). Utilizing the CCD
camera, images of oocyst deposition in a 106 um x 80 um
area at the stagnation point region were captured every
minute. The images were analyzed to determine the deposi-
tion flux (number of oocysts per area per time), which was
used to calculate the oocyst transfer rate in the radial
stagnation point flow system.

Quartz Surface Preparation and Characterization. The
high-purity (99.9% SiO,) quartz cover slides (25 mm in
diameter and 0.1 mm thick) were obtained from Electron
Microscopy Sciences (Ft. Washington, PA). Cover slides were
cleaned by soaking in 2% Extran MA02 solution (EM Science,
Gibbstown, NJ), followed by rinsing with ethanol (Pharmco
Products, Inc., Brookfield, CT) and deionized water (Barn-
stead). Next, the quartz cover slides were sonicated for 15
min in 2% RBS 35 detergent solution (Pierce, Rockford, IL)
and rinsed again with ethanol and deionized (DI) water. The
cover slides were then soaked in NOCHROMIX solution
(Godax Laboratories, Inc., Takoma Park, MD) for 24 h and
thoroughly rinsed with DI water. At this time, the quartz
slides were mounted onto the glass flow cell utilized in the
radial stagnation point flow system described above.

To create electrostatic conditions favorable for deposition
(i.e., positively charged surfaces), the quartz slides were
chemically modified using a 0.2% (v/v) mixture of (amino-
ethylaminomethyl)phenethyltrimethoxysilane (Gelest, Inc.,
Tullytown, PA) in ethanol. After the aminosilane solution
was spread onto the quartz surface, the slide was cured at
130 °C for 90 min, followed by a deionized water rinse. Details
on the chemical modification of quartz surfaces with
aminosilane are given in our recent publications (17, 18).

The electrokinetic properties of the quartz cover slides
were determined by a streaming potential analyzer (EKA,
Brookhaven Instruments Corp.) with an asymmetric clamp-
ing cell (17). Measurements were obtained in KCl and CaCl,
over the range of ionic strengths used in the deposition
experiments. The instrument was first rinsed with 1 L of
deionized water followed by 0.5 L of the electrolyte solution
used in the measurement. Prior to the streaming potential
measurements being taken, the quartz slide was equilibrated
with the corresponding fresh electrolyte solution for 10 min.
The ¢ potential was calculated from the measured streaming
potential as described elsewhere (17).

Adhesion Experiments in the Radial Stagnation Point
Flow System. The oocyst deposition rate onto the quartz
surface was determined in the presence of monovalent (KCI)
or divalent (CaCl,) salts. Experiments were conducted over
the range of ionic strengths discussed previously, with a target
oocyst concentration of 2.5 x 10® oocysts/mL. All deposition
experiments were repeated at least twice. For each experi-
ment, the influent oocyst concentration was verified by
directly visualizing and counting the oocysts using the
fluorescence microscopy technique described above. The
oocyst suspension was collected during each run in the RSPF
system, and the solution ionic strength was raised by adding
the necessary amount of a KClI or CaCl; solution to achieve
the desired ionic strength for the next deposition experiment.
Deposition experiments were performed at a flow rate of 9
mL/min corresponding to a capillary Reynolds number of
47.8 and a particle Peclet number of 72.3. For all experiments,
the pH was unadjusted (5.5—5.7) and the temperature was
fixed at 25 °C (£1 °C).

Determination of Oocyst Deposition Rate and Attach-
ment Efficiency. Cryptosporidium oocyst deposition onto



the quartz surface in the radial stagnation point flow system
is presented as a transfer rate coefficient, kp:

kD == (1)

where /is the oocyst deposition flux and Cjis the bulk number
concentration of Cryptosporidium oocysts in solution. The
oocyst deposition flux was determined by normalizing the
initial slope of the number of deposited oocysts versus time
curve by the microscope viewing area (106 um x 80 um). The
deposition kinetics of Cryptosporidium oocysts were also
presented in terms of the attachment efficiency, a. The latter
was calculated by normalizing the actual oocyst transfer rate
coefficient at each ionic strength by the transfer rate
coefficient under favorable (nonrepulsive) electrostatic con-
ditions, kpav:

ki

kD,fav

a 2)

Favorable electrostatic conditions were achieved in two
ways. In the first method, the quartz surface was chemically
modified with aminosilane by the procedure outlined earlier
to create a net positive charge on the surface. Two runs were
performed in the RSPF system with the chemically modified
cover slip at 30 mM KCl and ambient pH (5.5—5.7), resulting
in an average favorable transfer rate coefficient (kp ) of
1.08 x 10-®m/s. Favorable electrostatic conditions were also
achieved by lowering the solution pH to 2.5, rendering oocyst
and quartz surface ¢ potentials of near zero. Performing two
deposition runs with the quartz cover slip at pH 2.5 and at
an ionic strength of 30 mM KCl resulted in an average oocyst
transfer rate of 1.10 x 1076 m/s. The nearly identical values
obtained with both methods resulted in an average kp f.v of
1.09 x 1076 m/s.

Results and Discussion

Electrokinetic Characterization of Cryptosporidium Oo-
cysts. The ¢ potentials of the Cryptosporidium oocysts and
quartz surface in the presence of monovalent (KCl) and
divalent (CaCl,) salts are presented in Figure 1. { potentials
of all surfaces are negatively charged at the pH of the
experiments (5.5—5.7), and become less negative with
increases in the ionic strength in the presence of both the
monovalent and divalent electrolyte solutions. The decrease
in ¢ potential with increasing KCI concentration is attributed
to double-layer compression, while, with a divalent (CaCl,)
salt, specific binding of Ca?" to surface functional groups
and subsequent charge neutralization also take place as
evidenced by the much greater reduction in the absolute
value of the ¢ potential. Thomas et al. (19) found similar
results with divalent salts, reporting a near-neutral { potential
(—2 mV) of Cryptosporidium oocysts in 0.01 M CaCl, at pH
7.0. The ¢ potentials shown in Figure 1 will be used later to
calculate the DLVO interaction energies between the oocysts
and the quartz surface.

An interesting observation in the { potential versus KCl
curves is the significant difference between the ¢ potential
behaviors of the two oocyst batches. For instance, at a KCI
concentration of 1 mM, the ¢ potentials of the different
batches are —17.2 and —30.6 mV. It should be noted that
these two oocyst batches were shed from different calves,
but underwent identical purification techniques. The ob-
served variation in § potential is consistent with previously
reported literature values: —37 mV < ¢ < —42 mV at neutral
pH for viable oocysts (11), =19 mV < { < —36 mV in 1 mM
NaCl at pH 6 for viable oocysts (8), { = —25 £ 2.8 mV in DI
water at pH 6 for viable oocysts (9), and ¢ ~ —22 mV in DI
water at pH 6 for heat-inactivated oocysts (20).
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FIGURE 1. (a) ¢ potentials of viable Cryptosporidiumoocysts (batches
31103-07 and 30505-11) and quartz cover slip as a function of ionic
strength (KCl) at pH 5.5—5.7. (b) £ potentials of viable Cryptosporidium
oocysts (batch 30505-11) and quartz cover slip as a function of ionic
strength (CaCl,) at pH 5.5—5.7.

Current knowledge of the chemical composition of the
oocyst wall is limited. Previous studies (8, 9, 20) have shown
that the oocyst surface is negatively charged at pH values
greater than 3.5. Although the nature of the surface groups
has not been identified, it has been determined that the
surface of the Cryptosporidium oocyst wall contains cysteine,
proline, and histidine (21). On the basis of a fitted pK, value
of2.5, Karaman et al. (8) suggested the presence of carboxylate
and/or phosphate groups, which would lead to the overall
negative charge at the pH range investigated (5.5—5.7). The
carboxylate groups could be associated with the cysteine-
rich proteins and glycoproteins on the oocyst surface (8).

Deposition Rate of Cryptosporidium Oocysts in the
Presence of a Monovalent Electrolyte. The oocyst transfer
rate coefficient (kp) and the corresponding attachment
efficiency (o) as afunction of KCl concentration are presented
in Figure 2a. As can be seen, the transfer rate and attachment
efficiency of the viable Cryptosporidium oocysts onto the
quartz cover slip are negligible over the entire range of ionic
strengths investigated. The attachment efficiency remains
zero up to an ionic strength of 177 mM, and increases to a
value of 0.03 at an ionic strength of 316 mM. It should be
emphasized that the zero attachment efficiency means that,
under the employed experimental conditions, no measurable
oocyst deposition could be observed over the 20 min
deposition run. To explain the observed deposition behavior,
particularly the negligible deposition rate at such high ionic
strengths, we resort to DLVO interaction energy calculations
as described below.

The total interaction energy was calculated as the sum of
electrostatic and van der Waals interactions. The repulsive
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FIGURE 2. (a) Cryptosporidium oocyst deposition kinetics (batch
30505-11) onto the quartz surface as a function of ionic strength
(KCl). The deposition kinetics are expressed as oocyst transfer
rate, kp, and attachment efficiency, a. Experimental conditions were
as follows: capillary flow rate in the RSPF 9.0 mL/min (average
velocity 4.77 cm/s), pH 5.5—5.7, and temperature 25 °C (&1 °C). (b)
Calculated DLVO interaction energy profiles between a Cryptospo-
ridium oocyst (batch 30505-11) and a quartz surface as a function
of separation distance for various ionic strengths (KCI). Interaction
energies were calculated from the experimentally determined &
potentials (Figure 1) assuming a value of the Hamaker constant of
6.5 x 1072 J and an oocyst diameter of 3.7 um.

electrostatic double-layer interaction energy was calculated
using the Hogg et al. (22) expression

1+ exp(—/(h)]

$epL, = ”Eoerap{ 299 ln[l — exp(—«h)

W,” +v.) In[l — exp(—2«h)]}p (3)
where ¢ is the dielectric permittivity in a vacuum, e, is the
relative dielectric permittivity of water, aj, is the oocyst radius,
« is the inverse Debye length, h is the separation distance
between the Cryptosporidium oocyst and the quartz surface,
and vy, and 1. are the surface () potentials of the Cryptospo-
ridium oocyst and quartz surface, respectively. The retarded
van der Waals attractive interaction energy was calculated
by using (23)

B Aap

14h)-1
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@
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where 1 is the characteristic wavelength of the dielectric
(assumed to be 100 nm) and A is the Hamaker constant of
the interacting medium. In the absence of literature values
for the Hamaker constant of the oocyst—water—quartz
medium, we have chosen a value of 6.5 x 1072! J, similar to
that reported for bacterial cells interacting with quartz in an
aqueous medium (24—26).
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FIGURE 3. (a) Cryptosporidium oocyst deposition kinetics (batch
31103-07) onto the quartz surface as a function of ionic strength
(KCl). The deposition kinetics are expressed as oocyst transfer
rate, kp, and attachment efficiency, o.. Experimental conditions were
as follows: capillary flow rate in the RSPF 9.0 mL/min (average
velocity 4.77 cm/s), pH 5.5—5.7, and temperature 25 °C (&1 °C). (b)
Calculated DLVO interaction energy profiles between a Cryptospo-
ridium oocyst (batch 31103-07) and a quartz surface as a function
of separation distance for various ionic strengths (KCl). Interaction
energies were calculated from the experimentally determined &
potentials (Figure 1) assuming a value of the Hamaker constant of
6.5 x 107" J and an oocyst diameter of 3.7 um.

The calculated DLVO interaction energy profiles (Figure
2b) demonstrate that sizable repulsive energy barriers exist
up to an ionic strength of 10 mM, ranging from over 1100
kT at3.16 mM to 367 kT at 10 mM. Such high energy barriers
inhibit the deposition of Cryptosporidium oocysts onto the
quartz surface. However, at ionic strengths greater than 10
mM, electrostatic energy barriers cease to exist. Interestingly,
despite the absence of an energy barrier, no measurable
oocyst deposition was observed up to an ionic strength of
177 mM (or 10-%7 M). Even at a very high ionic strength of
316 mM (107%% M), the oocyst deposition rate was very low,
resulting in oo = 0.03.

The deposition kinetics for a second batch of oocysts in
the presence of KCl and the corresponding DLVO interaction
energy profiles are presented in Figure 3. As demonstrated
earlier (Figure 1), the oocysts in this batch have less negative
¢ potentials compared to those in the batch used in the
experiments presented earlier in Figure 2. The deposition
rate of the oocyst (Figure 3a) is higher than that observed for
the previous batch, but the attachment efficiency is still much
lower than unity over the entire range of ionic strengths
studied. It can further be seen from the DLVO interaction
energy profiles that, as with the previous batch, sizable energy
barriers exist up to an ionic strength of 10 mM, ranging from
over 750 kT at 1 mM to 27 kT at 10 mM. As observed in Figure
3a, such high energy barriers inhibit deposition of oocysts
onto the quartz surface. At ionic strengths greater than 10



mM, electrostatic energy barriers are absent. However, the
oocyst attachment efficiency is still far from unity even though
favorable electrostatic conditions for oocyst deposition exist.

From the preceding experimental data, it can be seen
that classic DLVO theory drastically overpredicts the deposi-
tion rate of the viable oocysts onto the quartz surface in the
presence of a monovalent salt. This observation suggests the
presence of an additional non-DLVO repulsive force that
prevents oocyst attachment. As discussed in more detail later
in this paper, we propose the presence of a steric repulsive
force, originating from the protein layer on the oocyst surface,
which significantly reduces the oocyst deposition rate.

Is Deposition in the Secondary Minimum Relevant for
the RSPF System? Due to the large size of the Cryptospo-
ridium oocysts, a deep secondary minimum energy well exists
for the investigated ionic strengths where electrostatic energy
barriers prevent irreversible deposition onto the quartz
surface. However, in the stagnation point flow system,
Cryptosporidium oocysts that are entrained in the secondary
minimum experience a hydrodynamic force in the radial
direction. This radial hydrodynamic force will sweep the
oocysts out of the field of view of the stagnation point (106
um x 80 um), and therefore, only particles that are deposited
irreversibly in the primary minimum will be enumerated. In
this way, studying particle deposition in the radial stagnation
point flow system differs from column experiments where
spherical collector grains are used. When using spherical
collector grains, oocysts that deposit in the secondary energy
minimum translate along the grain surface and accumulate
in either the rear stagnation point of the collector or other
regions of stagnant flow on the collector grain created by
grain surface irregularities (24, 27). Therefore, deposition in
both the primary and secondary minima will occur when
column experiments are performed, while only primary
minimum deposition takes place when experiments with
the radial stagnation point flow system are performed.

The particle velocity in the vicinity of the stagnation point
flow region can be calculated from (16, 28, 29)

Ogspr Y,
U, = E(H)—RS};F 2(h+ ay)r )

where Girspr is a flow parameter that is calculated numerically
and depends on both the Reynolds number and the geometry
of the system, V is the average velocity of the fluid in the
capillary, Ris theradius of the RSPF capillary, h is the surface-
to-surface separation distance between the Cryptosporidium
oocyst and the quartz surface, aj is the oocyst radius, ris the
distance from the stagnation point in the radial direction,
and f3(H) is a universal function to account for hydrodynamic
(viscous) interactions, which depends on the dimensionless
separation distance (H = h/ay). Goldman et al. (16, 30)
presented an approximate expression for this function at
close separation distances (H — 0) which applies quite well
to typical distances of the secondary minimum from the
quartz surface:

0.7431

FH) ~ 55376 — 0.200In H

(6)

Equations 5 and 6 were used to calculate the average radial
velocity of Cryptosporidium oocysts in the secondary mini-
mum over a 50 um radial distance in the RSPF system. The
average velocity over the 50 um distance is considered since
the velocity is a function of the radial distance from the
stagnation point (eq 5). Table 1 presents the variation of the
secondary minimum depth and the distance of the secondary
minimum from the quartz surface as a function of ionic
strength, as well as the predicted average oocyst velocity in
the radial direction of the stagnation point flow region at a

TABLE 1. Variation of the Secondary Minimum Depth and
Separation Distance from the Quartz Surface as a Function of
lonic Strength (1:1 Electrolyte) along with the Calculated
Oocyst Average Radial Velocity in the Secondary Minimum

ionic secondary min  secondary min avg oocyst
strength (mM) depth (kT) separation (nm) velocity (zm/s)
Oocyst Batch 31103-07
1 -0.25 110 44.2
3.16 -0.97 50 38.4
10 —4.5 20 33.2
31.6 NB? NB NB
100 NB NB NB
177 NB NB NB
316 NB NB NB
Oocyst Batch 30505-11
1 -0.29 100 44.1
3.16 —1.06 50 38.4
10 —6.89 15 31.8
31.6 NB NB NB
100 NB NB NB

2 No calculated barrier to deposition (i.e., no secondary minimum).

separation distance equal to the location of the secondary
minimum away from the collector surface. As can be seen
from the table, the average velocity over the 50 um distance
is greater than 30 um/s for each ionic strength. Therefore,
the oocyst will be swept away from the stagnation point flow
region inless than 2 s when entrained in the secondary energy
minimum. The theoretical times calculated for oocysts to be
swept from the stagnation region are on the same order of
magnitude as those observed experimentally for the Cryp-
tosporidium oocysts via the microscopic system.

Cryptosporidium Oocyst Deposition Kinetics in the
Presence of a Divalent Electrolyte. The oocyst transfer rate
coefficient (kp) and attachment efficiency (o) in the presence
of a divalent, 2:1 electrolyte (CaCl,) are presented in Figure
4a. Deposition of oocysts begins at an ionic strength as low
as 0.316 mM and rises steadily up to an ionic strength of 100
mM. According to the calculated DLVO interaction energy
profiles (Figure 4b), a repulsive energy barrier exists up to
1 mM, ranging from 67 kT at 0.316 mM to 17 kT at 1 mM.
Such electrostatic energy barriers should, in principle, prevent
deposition of Cryptosporidium oocysts onto the quartz
surface. However, divalent cations can chemically bind to
negatively charged functional groups (via complex formation)
and effectively neutralize the surface charge (31, 32); such
chemical effects are not accounted for in classical DLVO
theory. Hence, the observed oocyst deposition at very low
calcium chloride concentrations and the gradual increase in
deposition rate with salt concentration are attributed to the
binding of Ca?" to protein functional groups on the oocyst
surface and substantial reduction in electrostatic repulsion.
Binding of Ca*" to protein and the resulting charge neu-
tralization can also result in protein conformational changes
and reduction of electrosteric repulsion as discussed later in
the paper. Supporting evidence for these mechanisms can
be found in the AFM study of Considine et al. (13), where
substantial reduction in the magnitude and range of the
repulsive force between an oocyst and a glass surface was
obtained in the presence of calcium ions.

Comparison of oocyst deposition kinetics with monova-
lent and divalent salts is presented in Figure 5. It is obvious
that, in the presence of a divalent salt, the oocyst transfer
rate is much higher than with the corresponding ionic
strength of a monovalent salt. It should be noted that the
oocysts used in the experiments with KCl which resulted in
nonmeasurable deposition (ionic strength lower than 316
mM) are from the same batch as those performed in the
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FIGURE 4. (a) Cryptosporidium oocyst deposition kinetics (batch
30505-11) onto the quartz surface as a function of the ionic strength
of a divalent electrolyte (CaCl,). The deposition kinetics are
expressed as oocyst transfer rate, kp, and attachment efficiency,
o. Experimental conditions were as follows: capillary flow rate
in the RSPF 9.0 mL/min (average velocity 4.77 cm/s), pH 5.5—5.7, and
temperature 25 °C (1 °C). (b) Calculated DLVO interaction energy
profiles between a Cryptosporidium oocyst (batch 30505-11) and a
quartz surface as a function of separation distance for various ionic
strengths of a divalent electrolyte (CaCl,). Interaction energies were
calculated from the experimentally determined ¢ potentials (Figure
1) assuming a value of the Hamaker constant of 6.5 x 10-2' J and
an oocyst diameter of 3.7 #m.
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FIGURES. Comparison of Cryptosporidiumoocyst deposition kinetics
for monovalent (KCI) and divalent (CaCl,) electrolytes. Details are
given in Figures 2— 4.

divalent salt. Oocysts from the same batch come from the
same calf, and are collected and purified from the same shed
event. This emphasizes the drastic differences in deposition
rate with monovalent compared to divalent electrolytes. It
further underscores our assertion that DLVO theory drasti-
cally overpredicts the deposition rate of Cryptosporidium
oocysts in the presence of KCI. As discussed below, an
electrosteric repulsion between the oocyst surface proteins
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and the quartz surface is suggested as the cause for this
deviation from classical DLVO theoryin the monovalent salt.

Mechanisms Controlling Cryptosporidium Oocyst Ad-
hesion. The observed attachment efficiency of Cryptospo-
ridium oocysts onto the quartz surface is unusually low in
a monovalent salt, even at a high KCI concentration when
no electrostatic barrier to deposition exists. However, in the
presence of a divalent salt, the attachment efficiency increases
with salt concentration over the entire range of ionic strengths
investigated. This behavior points to an additional repulsive
force that cannot be captured by classic DLVO theory. We
propose an electrosteric repulsion between the oocysts and
the quartz surfaces.

Electrosteric repulsion is relevant to surfaces containing
polyelectrolytes where both electrostatic and steric repulsive
forces are present (16, 31, 33, 34). The electrostatic component
originates from the presence of charged functional groups
on the particle surface and/or the polyelectrolytes. Steric
repulsion, on the other hand, is attributed to the compression
of surface polymers upon contact with another surface (31).
Several studies addressing interactions between particles and
surfaces support the presence of electrosteric repulsion (13,
33, 35, 36).

Previous studies involving characterization of Cryptospo-
ridium oocysts suggest that the oocyst surface possesses
anchored glycoproteins (13, 37). These macromolecules are
probably stretched into the solution due to electrostatic
repulsion of surface ionizable groups distributed along the
polypeptide backbone. We surmise that this brushlike
structure of surface proteins imparts steric repulsion which
significantly hinders oocyst deposition.

As the ionic strength of the 1:1 electrolyte (KC) is raised,
charge screening of the protein functional groups occurs.
Though the transfer rate increases with increasing ionic
strength (in the 1:1 electrolyte), the attachment efficiency
remains unusually low due to the very strong electrosteric
repulsion. With a 2:1 electrolyte (CaCly), the transfer rate
and corresponding attachment efficiency rise considerably
over the range of ionic strengths investigated. This behavior
is attributed to binding of the divalent cations to the
functional groups along the protein polypeptide (31, 32, 38,
39). We hypothesize that charge neutralization of the surface
proteins results in conformational changes and subsequent
collapse of the proteins which eliminate steric repulsion.
Thus, with divalent cations, the combined effects of protein
conformational changes along with reduction in the range
of electrostatic interactions yield higher oocyst attachment
efficiency.
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