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A radial stagnation point flow system was used to investigate the influence of Cryptosporidium parvum
surface properties on oocyst deposition kinetics onto solid surfaces. To determine the role of oocyst surface
proteins in adhesion, the deposition kinetics of viable oocysts were compared with the deposition kinetics
of oocysts treated (inactivated) with either heat or formalin. Results showed a significantly higher deposition
rate with formalin and heat-treated oocysts compared to viable oocysts under identical solution ionic
strengths. Low deposition rates and corresponding attachment efficiencies were observed with viable
oocysts over the entire range of solution conditions investigated, even at high ionic strengths where DLVO
theory predicts the absence of an electrostatic energy barrier. An “electrosteric” repulsion between the
viable Cryptosporidium oocyst and the quartz substrate, attributed to proteins on the oocyst surface, is
surmised to cause this low deposition rate. Inactivation of the oocysts with either formalin or heat resulted
in increased attachment efficiencies over the entire range of ionic strengths examined. It is hypothesized
that formalin and heat treatments alter the structure of surface proteins and thus reduce steric repulsion.
Formalin treatment was also found to impart an increased hydrophobicity to the oocyst surface and thus
greater enhancement in oocyst deposition kinetics compared to heat treatment.

1. Introduction
Cryptosporidiumparvum isanenteric coccidianparasite

which is known to infect the gastrointestinal tract of both
humans and animals and causes the disease crypto-
sporidiosis.1,2 Cryptosporidiosis is a life threatening
disease to immunocompromised individuals.3 Contamina-
tion of drinking water supplies from dairy cattle and
treated wastewater effluent is the most common form of
indirect transmission of the organism.4 Recent studies
show Cryptosporidium oocysts to be ubiquitous in the
environment, with cryptosporidiosis reported in every
continent in the world.1

In the natural environment, the organism exists as an
oocyst between 3 and 6 µm in diameter.1 The hardy oocyst
is resistant to a number of environmental stresses,
including chlorination during drinking water treatment.5
Therefore, deep-bed (granular) filtration or membrane
processes are the primary barriers for oocyst passage in
water treatment plants. Additionally, treatment of surface
waters by natural filtration through alluvial valley aquifer
sedimentssa process known as bank filtrationsis emerg-
ing as a feasible method for the removal of microbial
pathogens such as Cryptosporidium.6

Numerous studies have examined the physical and
chemical properties of the oocyst wall.7-15 Structurally,

Cryptosporidium oocyst walls were determined to be
approximately 40 nm thick.14 When viewed by thin
sectioning with a transmission electron microscope, the
wall appears to consist of three distinct layers.14 An acidic
glycoprotein is thought to make up the outer layer of the
oocyst wall. The central layer of the wall is suggested to
be a complex lipid and is apparently rigid, while the inner
layer of the wall appears as a filamentous glycoprotein.14

Electrokinetic characterization shows that the oocyst
surface is negatively charged at ambient pH, with an
isoelectric point between 2 and 3.12,13,15 Zeta potentials
ranging from near neutral to -42 mV have been reported
at near neutral pH and moderate ionic strengths.7,10-12,15

Using atomic force microscopy, Considine et al.8,9

examined the interaction forces between a Crypto-
sporidium oocyst and silica (soda-lime glass and silicon
nitride) surfaces. Both monovalent (potassium chloride)
and divalent (calcium nitrate) solutions were investigated.
Magnitude and decay lengths of the measured interaction
forces, particularly with KCl, were substantially greater
than what would be expected based on classical DLVO
interactions. It has been postulated that this additional
repulsive force is attributed to surface proteins extending
into solution, yielding steric repulsion with the silica
surface. By variation of the pH or the electrolyte (KCl)
concentration, negligible changes were observed in the
magnitude of the steric interaction; however, the hairy
layer did compress to varying extents in the presence of
divalent calcium ions. In another study, Butkus et al.7
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also suggested the presence of non-DLVO forces to explain
the lack of aggregation of Cryptosporidium oocysts in 0.5
M NaCl solution. The unusually high oocyst stability in
such elevated electrolyte concentration was attributed to
Lewis acid-base forces and steric stabilization.

Numerous filtration studies have been performed to
evaluate the removal efficiency of Cryptosporidium oo-
cysts. Deep bed16,17 and slow sand18 filtration studies
evaluated the removal of oocysts under operational
conditions relevant to water treatment practices. Emelko17

emphasized the importance of optimized chemical pre-
treatment (coagulation) to achieve successful removal of
both viable and formalin inactivated oocysts during deep-
bed filtration. Slow sand filtration was shown to be highly
effective in the removal of heat inactivated Crypto-
sporidium oocysts, resulting in removal greater than
99.997%.18 Harter et al.19 investigated the transport
behavior of viable oocysts through natural sediments of
various grain sizes. It was found that the initial oocyst
deposition appears to be reversible, leading to significant
tailing in the oocyst breakthrough curve. The physico-
chemical filtration behavior of Cryptosporidium oocysts
through both glass and polystyrene beads was studied by
Hsu et al.20 Their results suggest that increasing the ionic
strength has a positive effect on oocyst removal while
increasing solution pH resulted in a decrease in the
removal efficiency.

While the studies discussed above demonstrate varying
degrees of Cryptosporidium oocyst removal, the adhesion
and removal mechanisms were not elucidated. This is in
large part because the filtration systems used in these
studies were not well defined, the solution chemical
conditions were not controlled or were too complex (e.g.,
use of chemical coagulants), and the oocysts used were
not well characterized. Furthermore, these studies did
not attempt to relate the filtration behavior to the
Cryptosporidium oocyst surface properties. Specifically,
the potential role of oocyst surface proteins in controlling
its transport and subsequent adhesion behavior to solid
surfaces has never been addressed.

This study examines the influence of surface proteins
on the deposition kinetics of Cryptosporidium oocysts onto
a quartz surface under well-controlled chemical and
hydrodynamic conditions. Deposition rates were deter-
mined over a range of ionic strengths for viable oocysts,
as well as oocysts treated with heat and formalin. It is
hypothesized that heat and formalin treatments alter the
structure of the oocyst surface proteins, thus changing
the interaction mechanisms between theCryptosporidium
and the quartz surface. The measured deposition kinetics
with the three types of oocysts are used to elucidate the
mechanisms governing the adhesion of Cryptosporidium
oocysts to solids surfaces in aquatic environments.

2. Materials and Methods

2.1. Cryptosporidium Oocyst Source and Prepara-
tion.ViableCryptosporidium oocystswerepurchased from
the Sterling Parasitology Laboratory (SPL) at the Uni-
versity of Arizona. The oocysts were shed from the same
calf which was infected with the Iowa Isolate from Dr.

Harley Moon at the National Animal Disease Center in
Ames, IA. For heat treatment (inactivation), oocysts were
heated on arrival at 80 °C for 1 h in a Boekel dry bath
incubator (Boekel Scientific, Feasterville, PA).21 Formalin
treatment was done at SPL by contacting the oocysts with
a 5% formalin solution.22 All oocysts were purified (at SPL)
using discontinuous sucrose and cesium chloride cen-
trifugation gradients.23 Oocysts were stored (at 4 °C) in
an antibiotic solution containing 0.01% Tween 20, 100 U
of penicillin, and 100 µg/mL gentamicin. Before experi-
ments 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 experiments.

Fluorescent microscopy was used to determine the
number concentration of Cryptosporidium oocysts before
the deposition kinetics experiments in the radial stagna-
tion point flow system. In this procedure, 1 mL of the
oocyst suspension was heated for 1 h and then filtered
through a 25 mm polycarbonate membrane using a
Millipore sampling manifold attached to a dry vacuum
pump. After the water was filtered off, the oocysts were
stained with DAPI (4′,6-diamidino-2-phenylindole, Fisher
Scientific) and were allowed to sit for 30 min in the dark.
After 30 min, the remaining stain was removed by applying
vacuum for 1 min. Next, a drop of immersion oil (Cargille
Laboratories Inc., Cedar Grove, NJ) 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 DAPI emission wavelength
(excitation at 350 nm, emission at 470 nm) and at least
20 fields at 100× were counted. A multiplication factor
was used to determine the number of oocysts per milliliter
in the sample solution.

2.2. Cryptosporidium Oocyst Characterization.
The electrophoretic mobilities of the oocysts were deter-
mined immediately before a deposition experiment, with
the ionic strength (adjusted by KCl) ranging from 1 to 177
mM. Measurements were carried out with a ZetaPALS
analyzer (Brookhaven Instruments Corporation, Holts-
ville, NY) at a fixed temperature (25 ( 1 °C) and ambient
pH (5.5-5.7). Electrophoretic mobilities were converted
to zeta potentials using the Smoluchowski equation. This
equation is adequate because of the relatively large size
of the oocysts and the range of ionic strengths used.24

To determine the oocyst average size, images of the
oocysts (106 cells/mL) were taken with an inverted
microscope (Axiovert 200m, Zeiss, Thornwood, NY) op-
erating 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 oocysts was calculated to be 4.65 ( 0.35 µm.

Cryptosporidium oocyst hydrophobicity was measured
by the microbial adhesion to hydrocarbon (MATH) test.25,26

A 4 mL oocyst suspension in 20 mM KCl (about 1.5 × 105
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oocysts/mL) was transferred to test tubes, each containing
1 mL of dodecane. The test tubes were then vortexed at
full speed for 2 min using a touch mixer (model 231, Fisher
Scientific) and then allowed to stand for 15 min to allow
phase separation. After 15 min, 1 mL of the aqueous phase
was removed using a pipet and the number of oocysts was
enumerated using the fluorescent microscopy technique
described previously. This concentration was compared
to the initial bulk oocyst concentration to determine the
fraction of oocysts partitioned in the hydrocarbon phase.
Five replicates of the MATH test were performed for viable,
heat-treated, and formalin-treated oocysts.

2.3. Radial Stagnation Point Flow Setup. A radial
stagnation point flow system was used for the oocyst
deposition (adhesion) experiments. The oocyst suspension
was transferred by a syringe pump (model 230, KD
Scientific) into a custom-made glass cell through a 2-mm
inner diameter capillary tube. Upon flowing out of the
capillary, thesuspension impingesagainst the transparent
quartz cover glass located 2 mm from the capillary opening
and flows radially over the cover glass. Deposition of the
Cryptosporidium oocysts onto the quartz surface was
viewed in real time from above by an 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, Thornwood, NY). Using
the CCD camera, images of oocyst deposition in a 106 µm
× 80 µm area at the stagnation point region were captured
in 1 min intervals. The images were analyzed to determine
the oocyst deposition flux (number of oocysts per area per
time). This flux was then used to calculate the oocyst
transfer rate in the radial stagnation point flow system.

2.4. Quartz Substrate Preparation and Charac-
terization. The high-purity (99.9% SiO2) quartz cover
slides (25 mm in diameter and 0.1 mm thick) were acquired
from Electron Microscopy Sciences (Ft. Washington, PA).
All cover slides were thoroughly cleaned before performing
deposition experiments. First, the slides were soaked in
2% Extran MA02 solution (EM Science, Gibbstown, NJ),
followed by rinsing with ethanol (Pharmcoproducts, Inc.
Brookfield, CT) and deionized water (Barnstead). Next,
they were sonicated for 15 min in 2% RBS 35 detergent
solution (Pierce, Rockford, IL), which was again followed
with an ethanol and deionized water rinse. The cover slides
were then soaked in NOCHROMIX solution (Godax
Laboratories, Inc., Takoma Park, MD) for 24 h and were
thoroughly rinsed with deionized (DI) water before being
mounted on the glass flow chamber described above.

Deposition experiments under favorable electrostatic
conditions (i.e., with positively charged surfaces) were
created by chemically modifying the quartz slides using
15 µL of a 0.2% (vol/vol) mixture of (aminoethylamino-
methyl)phenethyltrimethoxysilane (Gelest, Inc. Tully-
town, PA) in ethanol. After the aminosilane solution was
spread on 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.27,28

A streaming potential analyzer (EKA, Brookhaven
Instruments Corp.) with an asymmetric clamping cell27

was used to determine the electrokinetic properties of the
quartz cover slides. Measurements were obtained over
the range of ionic strengths (KCl) 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 taking the streaming
potential measurements, the quartz slide was equilibrated
with the corresponding fresh electrolyte solution for 10
min. The zeta potential was calculated from the measured
streaming potential as described elsewhere.27

2.5. Radial Stagnation Point Flow Deposition
Experiments. Deposition experiments were carried out
over a range of ionic strengths (1-177 mM KCl) with a
target oocyst concentration of 2.5 × 106 oocysts/mL. All
deposition experiments were repeated at least twice. The
influent Cryptosporidium concentration was confirmed
before each deposition run by directly counting the oocysts
using the fluorescence microscopy technique described
above. The oocyst suspension was collected during each
run in the RSPF system, and by adding the necessary
amount of a stock KCl solution, the ionic strength was
raised 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 182.2. For all experiments, the pH was
unadjusted (5.5-5.7) and the temperature was fixed at
25 ( 1 °C.

2.6. Determination of Oocyst Deposition Kinetics.
Oocyst deposition onto the quartz surface in the radial
stagnation point flow system is presented as a transfer
rate coefficient, kD. It is related to the oocyst deposition
flux (number of oocysts per area per time), J, and the bulk
particle concentration, C0, via

The oocyst deposition flux was determined by normalizing
the initial slope of the number of deposited particles versus
time curve by the microscope viewing area (106 µm × 80
µm). Oocyst deposition kinetics are also presented as the
attachment efficiency, R. 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 conditions, kD,fav

Favorable electrostatic conditions were achieved by
chemically modifying the quartz surface with aminosilane
to create a net positive charge on the surface as described
earlier. The favorable deposition runs in the RSPF system
were carried out at 88.5 mM KCl and ambient pH (5.5-
5.7). Two runs with formalin-treated oocysts resulted in
transfer rates of 8.90 × 10-7 and 6.74 × 10-7 m/s. One run
was also performed with viable oocysts and with heat-
treated oocysts, resulting in transfer rates of 8.57 × 10-7

and 8.60 × 10-7 m/s, respectively. The average of these
four runs resulted in a mean favorable transfer rate
coefficient (kd,fav) of 8.20 × 10-7 m/s.

3. Results and Discussion
3.1. Oocyst Electrokinetic Properties. The zeta (ú)

potentials of the viable, heat-treated, and formalin-treated
Cryptosporidium oocysts as a function of ionic strength
(KCl) are presented in Figure 1. Also presented are the
zeta potentials of the quartz cover glass. Zeta potentials
of all surfaces are negatively charged at the pH of the
experiments (5.5-5.7) and, as expected, become less
negative with increases in the ionic strength of the
solution. Knowledge of the exact chemical composition of
the oocyst wall and its relation to the oocyst charge and

(27) Walker, S. L.; Bhattacharjee, S.; Hoek, E. M. V.; Elimelech, M.
Langmuir 2002, 18, 2193-2198.

(28) Elimelech, M.; Chen, J. Y.; Kuznar, Z. A. Langmuir 2003, 19,
6594-6597.

J ) kDC0 (1)

R ) kD/kD,fav (2)

712 Langmuir, Vol. 21, No. 2, 2005 Kuznar and Elimelech



electrokinetic properties is limited.10,12,15 Karaman et al.12

suggested the presence of carboxylate and/or phosphate
groups based on a fitted pKa value of 2.5. Other researchers
determined the oocyst surface to have high contents of
the amino acids cysteine, proline, and histidine.29

A noteworthy observation is the near identical zeta
potentials for the three oocyst types. For example, in 1
mM KCl, the zeta potentials range from -8.1 to -8.6 mV,
while at 177 mM, the zeta potentials range from -1.9 to
-2.7 mV. It is important to reaffirm that all Crypto-
sporidium oocysts were shed from the same calf and
underwent identicalpurificationtechniques.Furthermore,
the viable and heat-treated oocysts came from the same
shed event, while the formalin-treated oocysts were shed
the previous day. Hence, the results clearly show that
inactivation of the viable oocysts with either heat or
formalin does not affect the electrokinetic properties of
the oocyst surface.

Cryptosporidium has been reported to have a wide
variability in its electrokinetic properties. Previously
reported zeta potentials for viable oocysts include ú ) -25
( 2.8 mV in DI water at pH 6,15 ú ranging from -19 to
-36 mV in 1 mM NaCl at pH 6,12 ú ranging from -37 to
-42 mV at neutral pH,11 and ú ) -28.4 mV at pH 7 in 10-3

M KCl.30 However, only a few studies measured the effect
of heat and formalin treatment on the electrokinetic
properties of oocysts originating from the same source.
Considine et al.9 found negligible differences in the zeta
potentials between viable and formalin-treated oocysts
from a calf infected with the Iowa Isolate, reporting both
to have ú ≈ -17 mV at ambient pH. Using capillary
electrophoresis, Butkus et al.7 found that formalin did
not change the electrokinetic properties of the oocyst. In
contrast to formalin treatment, there are no studies
comparing the zeta potentials of viable and heat-treated
oocysts, though a zeta potential of -22 mV has been
reported for heat-inactivated oocysts in deionized water
at pH 6.10

3.2. Oocyst Deposition Kinetics. The oocyst transfer
rate coefficient (kD) and the corresponding attachment

efficiency (R) as a function of KCl concentration for viable,
heat-treated, and formalin-treated oocysts are presented
in Figure 2. As can be seen, the attachment efficiency of
the viable Cryptosporidium oocysts onto the quartz cover
slip is negligible over the 20 min run at 1 mM KCl and
remains much lower than 1 over the entire range of ionic
strengths investigated. To explain the observed deposition
behavior, particularly the low attachment efficiency at
the higher ionic strengths, we resort to DLVO interaction
energy calculations as described below.

Repulsive electrostatic interaction energy was deter-
mined using the constant surface potential interaction
expression of Hogg et al.31 while the expression of Gregory32

was used to determine the retarded van der Waals
contribution.Asphere-plategeometrywasassumed when
calculating the interaction energies. In absence of litera-
ture values for the Hamaker constant of the oocyst-
water-quartz media, a value of 6.5 × 10- 21 J was chosen,
similar to that reported for other microbial particles
(bacterial cells) interacting with quartz in an aqueous
medium.33-35 The calculated energy barriers from DLVO
theory for all ionic strengths investigated are presented
in Table 1.

For viable oocysts, a sizable energy barrier (260kT)
exists at 1 mM, which, in principle, should inhibit the
deposition of the oocysts onto the quartz surface. However,
at ionic strengths greater than 1 mM, electrostatic energy
barriers cease to exist because of the relatively low zeta
potentials of the oocysts. Even at these high ionic
strengths, the oocyst attachment efficiency is still far from
unity, implying the presence of additional repulsive forces.
We attribute this behavior to electrosteric repulsion
imparted by the oocyst surface proteins as described later
in the paper.

The deposition kinetics for heat- and formalin-treated
oocysts are also presented in Figure 2. It is clearly seen
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Figure 1. Zeta potentials of viable (lot 40330-06), heat-treated
(lot 40330-06), and formalin-treated (lot 40330-05) Crypto-
sporidium parvum oocysts as a function of ionic strength (KCl)
at ambient pH (5.5-5.7) and a temperature of 25 °C. Also shown
is the zeta potential of the quartz surface.

Figure 2. Heat-treated (lot 40330-06), formalin-treated (lot
40330-05), and viableCryptosporidium (lot 40330-06) deposition
kinetics onto a quartz surface as a function of ionic strength
(KCl). The deposition kinetics are expressed as oocyst transfer
rate coefficient, kD, and attachment efficiency, R. The capillary
flow rate in the RSPF system was fixed at 9.0 mL/min (average
velocity of 4.77 cm/s), resulting in a capillary Reynolds number
of 47.8 and a particle Peclet number of 182.2. Other experi-
mental conditions employed were an ambient pH (5.5-5.7) and
a temperature of 25 °C ((1 °C).
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that at ionic strengths greater than 1 mM, the deposition
rate of both heat- and formalin-treated oocysts is greater
than the deposition rate of viable oocysts. Treatment of
oocysts with formalin resulted in the highest deposition
rate with an attachment efficiency rising to near 1 at an
ionic strength of 177 mM. This difference in deposition
kinetics is marked even though all oocyst types have near
identical zeta potentials.

According to DLVO calculations (Table 1), a sizable
energy barrier exists at 1 mM for both the heat- and
formalin-treated oocysts (254kT and 285kT, respectively).
This energy barrier should hinder deposition onto the
quartz surface, in qualitative agreement with the negli-
gible deposition observed at 1 mM. At ionic strengths equal
to or greater than 31.6 mM, no electrostatic energy barrier
to deposition exists for all oocyst types. However, at these
ionic strengths, the oocyst deposition rate continues to
increase as the ionic strength is increased. It is clearly
seen that significant deposition takes place for both the
heat- and formalin-treated oocysts, much higher than
viable oocysts. For example, at 177 mM, the attachment
efficiencies of the heat- and formalin-treated oocysts rise
to 0.65 and 0.85, respectively, compared to an attachment
efficiency of 0.35 for the viable oocysts. These results
strongly suggest that interpretation of oocyst deposition
kinetics within the framework of DLVO theory may not
be adequate.

An electrosteric repulsion can be invoked to explain the
low deposition rate of viable oocysts, especially at high
ionic strengths. Electrosteric repulsion is relevant to
surfaces where both electrostatic and steric repulsive
forces are present.24,36-38 It has been suggested that the
oocyst surface contains anchored glycoproteins9,14 which
are surmised to impart this electrosteric repulsion with
the quartz substrate. However, a higher attachment
efficiency to the quartz substrate is observed when the
oocysts are treated with either formalin or heat, despite
having near identical zeta potentials. Therefore, treatment
of the oocysts with either heat or formalin does not affect
the electrokinetic properties of the oocyst surface but does
disrupt the original state of the surface proteins as
described below. This reduces the steric repulsion with
the quartz substrate and increases the oocyst deposition
rate.

3.3. Role of Oocyst Surface Features. In the pre-
ceding results, we attributed the higher deposition kinetics
for heat- and formalin-treated (inactivated) oocysts to the
direct effects of heat and formalin treatment to the surface

proteins. The role of surface proteins and the possible
impactofheatand formalin treatmentarediscussed below.

3.3.1. Formalin Treatment. Formaldehyde is one of
the most common aldehydes. Since it exists as a gas at
room temperature, it is often stored in the aqueous phase
as formalin.39 Formaldehyde is highly effective at killing
microorganisms such as bacteria and protozoa.22,40 For
this reason, it is commonly used as an antiseptic,
disinfectant, and as a preservative for biological materials.
In fact, storage in a solution of 10% formalin for 24 h has
shown to reduce the percent of viable Cryptosporidium
oocysts to 21.9 ( 2.0%, while after 7 days, the percent of
viable oocysts was reduced to 8.0 ( 5.3%.22

Aldehydes, such as formalin, are known to cross-link
the proteins of cell membranes and chromosomal pro-
teins.22,41,42 Formalin is a very potent cross-linking agent,
active in the micromole per liter concentration range.42

The reaction mechanism for this agent is thought to involve
initial addition of formalin to a primary amine on either
an amino acid residue or DNA base to yield a hydroxy-
methyl intermediate. In the subsequent step, the hy-
droxymethyl group condenses with a second primary
amine to yield a methylene bridge (-NH-CH2-NH-).41,42

We postulate that through such a reaction mechanism,
the original state of the oocyst surface proteins is modified,
but their electrokinetic properties remain unchanged. This
modification to the original state of the surface proteins
is surmised to reduce the steric repulsion which is seen
with viable oocysts. The reduction in steric repulsion
significantly increases the deposition rate for formalin-
treated oocysts over the ionic strengths investigated.

3.3.2. Heat Treatment. When proteins are exposed to
high temperatures, they undergo denaturation and gen-
erally lose their biological properties.43 Peptide bonds
between the amino acids are unaffected due to covalent
bonding, but the higher order structure of the molecule
is destroyed.43 For this reason, heat treatment has been
adapted as a feasible way to inactivate Cryptosporidium
oocysts, making it noninfectious to the host. It has been
reported that when oocysts were exposed to temperatures
of 72.4 °C or higher for 1 min, infectivity could not be
detected in tissues from the intestinal tracts of 36 mice.21

After exposure to 80 °C for 1 h, the deposition rate of
the oocysts onto the quartz substrate is approximately
double that of the viable oocysts, while retaining an almost
identical zeta potential. By denaturing the surface proteins
on the oocyst surface, we suggest there is a reduction in
the steric repulsion imparted by the surface proteins,
which results in an increase in the overall attachment
efficiency.

3.3.3. Influence of Inactivation on Oocyst Surface
Hydrophobicity. To further investigate any changes
formalin or heat treatment would impart to the oocyst
surface proteins, the relative hydrophobicity of each oocyst
type was determined. By evaluating the concentration of
oocysts which were partitioned into dodecane by the
procedure described previously, the fraction of oocysts
considered hydrophobic was determined (Figure 3). The
relative partitioning of formalin treated oocysts in the
dodecane phase was determined to be the highest at 44%.

(36) Israelachvili, J. Intermolecular and Surface Forces, 2nd ed.;
Academic Press Inc.: San Diego, CA, 1992.

(37) Pedersen, H. G.; Bergstrom, L. J. Am. Ceram. Soc. 1999, 82,
1137-1145.

(38) Hunter, R. J. Foundations of Colloid Science, 2nd ed.; Oxford
University Press: New York, 2001.

(39) Wade, L. G. Organic Chemistry, 3rd ed.; Prentice Hall, Inc.:
Englewood Cliffs, NJ, 1995.

(40) Li, K. C.; Powell, D. C.; Aulerich, R. J.; Walker, R. D.; Render,
J. A.; Maes, R. K.; Bursian, S. J. Vet. Hum. Toxicol. 1999, 41, 225-232.

(41) Fraenkel-Conrat, H.; Olcott, H. S. J. Am. Chem. Soc. 1948, 70,
2673-2684.

(42) Kuykendall, J. R.; Bogdanffy, M. S. Mutat. Res. 1992, 283, 131-
136.

(43) Madigan, M. T., Martinko, J. M., Parker, J. Brock Biology of
Microorganisms, 9th ed.; Prentice Hall: Upper Saddle River, NJ, 2000.

Table 1. Energy Barrier Size as a Function of Ionic
Strength for Viable, Heat-Treated, and Formalin-Treated

Oocysts as Calculated by DLVO Theorya

oocyst energy barrier height (kT)

ionic strength
(mM) viable

heat
treated

formalin
treated

1 260.2 254.3 285.9
31.6 NBb NB NB

100 NB NB NB
177 NB NB NB

a Interaction energies were calculated using experimentally
determined zeta potentials (Figure 1), a Hamaker constant of 6.5
× 10-21 J, and an oocyst diameter of 4.65 µm. b No energy barrier.
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Heat treated and viable oocysts partitioned at nearly equal
percentages in the dodance phase, namely 33% and 30%,
respectively.

Overall, the oocysts demonstrate hydrophilic properties,
which agree with the findings of previous researchers.15,44

However, the fact that formalin treatment had a discern-
ible effect on the oocyst hydrophobicity is not surprising.
As described above, formalin creates cross-links between
amino groups.41,42 Because fewer sites are available on
the oocyst surface for water to form hydrogen bonds,
specifically on the amino groups, the surface of the oocyst
will become more hydrophobic. This increase in hydro-
phobicity could also be attributed to a change in the
exposed functional groups on the oocyst surface due to
conformational changes imparted by formalin treatment.
We propose the conformational changes reduce the steric
repulsion between the oocyst surface proteins and the
quartz substrate. This decrease in the steric repulsion
brings about the marked increase in the overall deposition
kinetics of formalin-treated Cryptosporidium oocysts.

3.4. Additional Supporting Oocyst Deposition
Kinetics Data. Electrokinetic properties and deposition
kinetics data of three additional batches of viable, heat-

treated, and formalin-treated Cryptosporidium oocysts
are presented in this section. In contrast to the previous
results, the three oocyst types were shed from different
calves on different dates. The purpose of the experiments
presented here was to investigate whether the findings
described earlier can be generalized to a wide range of
Cryptosporidium parvum oocysts.

The zeta (ú) potentials of the three additional batches
of viable, heat-treated, and formalin-treated Crypto-
sporidium oocysts as a function of ionic strength (KCl)
are presented in Figure 4. Also presented are the zeta
potentials of the quartz cover glass. As before, the zeta
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 of the solution. Despite
all three oocyst types being shed from different calves on
different dates, they all have remarkably similar zeta
potentials after heat and formalin treatment.

The Cryptosporidium transfer rate coefficient (kD) and
the corresponding attachment efficiency (R) as a function
of KCl concentration for the additional batches of viable,
heat-treated, and formalin-treated oocysts are presented
in Figure 5. Again, the formalin and heat-treated oocysts
exhibit higher deposition rates than the viable oocysts
over the entire ionic strength range investigated, with
the formalin-treated oocysts resulting in the highest
attachment efficiency. The low deposition rate of the viable
oocysts can again be attributed to a steric repulsion
between the oocyst surface proteins and the quartz
substrate as described previously in this paper.

(44) Dai, X. J.; Hozalski, R. M. Environ. Sci. Technol. 2003, 37, 1037-
1042.

Figure 3. Fraction of Cryptosporidium oocysts partitioned in
the hydrocarbon (dodecane) phase as determined by the MATH
test at an ambient pH of 5.5-5.7 and a temperature of 25 °C
((1 °C).

Figure 4. Zeta potentials of viable (lot 31103-07), heat-treated
(lot 30505-13 A-D), and formalin-treated (lot 30810-16,17,18)
Cryptosporidium oocysts as a function of ionic strength (KCl)
at ambient pH (5.5-5.7) and a temperature of 25 °C. Also shown
is the zeta potential of the quartz surface.

Figure 5. Heat-treated (lot 30505-13 A-D), formalin-treated
(lot 30810-16,17,18), and viable Cryptosporidium (lot 31103-
07) deposition kinetics onto a quartz surface as a function of
ionic strength (KCl). The deposition kinetics are expressed as
oocyst transfer rate coefficient, kD, and attachment efficiency,
R. The capillary flow rate in the RSPF system was fixed at 9.0
mL/min (average velocity of 4.77 cm/s), resulting in a capillary
Reynolds number of 47.8 and a particle Peclet number of 72.3.
Other experimental conditions employed were an ambient pH
(5.5-5.7) and a temperature of 25 °C ((1 °C).

Table 2. Energy Barrier Size as a Function of Ionic
Strength for Viable, Heat Treated, and Formalin Treated

Oocysts as Calculated by DLVO Theorya

oocyst energy barrier height (kT)

ionic strength
(mM) viable

heat
treated

formalin
treated

3.16 548 402 143
10 26 37 NBb

31.6 NBb NB NB
100 NB NB NB

a Interaction energies were calculated using experimentally
determined zeta potentials (Figure 4), a Hamaker constant of 6.5
× 10-21 J, and an oocyst diameter of 3.70 µm. b No energy barrier.
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Using DLVO theory (Table 2), we can see that sub-
stantial energy barriers exist for viable, heat-treated, and
formalin-treated oocysts at 3.16 mM (548, 402, and 143kT,
respectively). The deposition rates of viable and heat-
treated oocysts remain negligible at this ionic strength,
while the formalin-treated oocysts have an attachment
efficiency of 0.19. However, at ionic strengths of 10 mM
or greater, the energy barriers become negligible. Despite
having near identical zeta potentials at these ionic
strengths, the heat- and formalin-treated oocysts again
have a much higher attachment efficiency than the viable
oocysts. In fact, at 100 mM KCl, heat- and formalin-treated
oocyst attachment efficiencies rise to 0.37 and 0.53
compared to 0.14 for the viable oocysts. This once more
emphasizes the marked difference in the deposition
kinetics of the oocysts after heat or formalin inactivation.
The results also reiterate the fact that oocyst deposition
kinetics cannot be solely explained by classic DLVO theory.

4. Conclusion
A radial stagnation point flow system was used to

investigate the influence of oocyst surface proteins on the
deposition kinetics of Cryptosporidium oocysts onto solid
surfaces. We propose that oocyst surface proteins extend
into the solution to impart an “electrosteric” repulsion
with the quartz substrate. This electrosteric repulsion
results in low deposition rates, even at high ionic strengths
whereelectrostatic repulsion is suppressed.However,after
the oocysts are treated (inactivated) with formalin or heat,
a drastic increase in the oocyst deposition rate is observed.
The increased deposition rate is attributed to changes in
the structure of the surface proteins. The results further
suggest that deposition kinetics of Cryptosporidium
oocysts cannot be described by classic DLVO theory.
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