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Two commercial immunomagnetic separation (IMS) kits for Cryptosporidium were compared for recovery of
oocysts from environmental samples. Oocyst recovery efficiencies with the Dynal and Crypto-Scan kits ranged
from 62 to 100% and 34 to 74%, respectively, for seeded environmental water concentrates (turbidity of 210 to
11,480 nephelometric turbidity units). Recovery efficiencies were dependent on the mechanism of agitation
during the magnetic capture procedure. An assay combining in vitro cell culture and reverse transcriptase PCR
demonstrated that oocysts recovered by IMS retained their infectivity.

Waterborne Cryptosporidium parvum continues to present a
significant threat to public health. To protect against further
waterborne outbreaks of cryptosporidiosis, water utilities are
taking additional measures to protect watershed areas, inves-
tigating new disinfection procedures, routinely monitoring
sources of water, and developing new technologies for detect-
ing C. parvum and other pathogens in water. However, the
recovery efficiencies of the method currently used to detect
waterborne oocysts are low and extremely variable. Recent
interlaboratory evaluations of the method demonstrated recov-
ery efficiencies ranging from 0 to 140% (15). Oocyst losses are
known to occur at the filtration, standard centrifugation, and
density gradient centrifugation stages of the process (18, 19).
Because of the inadequacies of the method, alternative tech-
niques have been proposed and evaluated and are routinely
used outside the United States.

Since large volumes of source water (10 to 100 liters of raw
water) need to be analyzed, filtration cannot be eliminated
from the procedure, although alternative filtration techniques
have been shown to increase recovery. Such filtration tech-
niques include the use of flat membrane filters, vortex flow
filtration, and filter capsules (9, 14, 19). In contrast, some or all
of the centrifugation steps used to concentrate and purify fil-
tered samples can be modified or replaced by alternatives.
Immunomagnetic separation (IMS), with antibodies, paramag-
netic particles, and magnetic concentration, provides such an
alternative. IMS-captured cells are associated with a solid sur-
face, which can be held stationary while the surrounding su-
pernatant matrix is removed by repeated washing. Therefore,
the technique effectively eliminates or greatly reduces the con-
centration of substances that might be inhibitory to subsequent
manipulations or toxic to the target cells. IMS has been used
with varying efficiencies to recover a variety of microorganisms
spiked into environmental samples, although naturally occur-
ring organisms were not recovered from unspiked samples in
all investigations. The organisms used for such studies included
Giardia lamblia, enteric viruses, and Helicobacter pylori from
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fresh water (4, 13, 23); hepatitis A virus from shellfish (11);
Pseudomonas stutzeri from seawater (2); and Salmonella spp.,
Mycobacterium avium, and enterohemorrhagic Escherichia coli
from fecal samples (8, 17, 25). IMS has also been used to
recover Cryptosporidium sp. oocysts from environmental water
samples. Recovery efficiencies from seeded 1-liter water con-
centrates ranged from 63 to 82% with a flowthrough magnetic
column but were as low as 10% when a static separation system
was used (24). A continuous IMS procedure, with the oocyst
suspension circulating past a magnet, was reported to be useful
for recovery of oocysts, but the efficiency was affected by flow
rate, oocyst-paramagnetic bead contact time, and oocyst-bead
ratio (22). In addition, concentration of oocysts by IMS has
been used prior to PCR-based detection (10, 16). In both of
these previous studies, low numbers of oocysts were detected
by the final PCR but recovery efficiencies for IMS were not
reported.

Although the use of IMS has been reported for recovery of
C. parvum oocysts from environmental samples, different sys-
tems have been used without a thorough evaluation of the
recovery efficiencies. Also, recently developed Cryptosporidium
IMS kits, specifically aimed at the water industry, have become
commercially available. These kits have been evaluated in-
dividually, with widely differing recovery efficiencies which
ranged from 68 to 126% for one kit (Crypto-Scan [14]) and 49
to 102% for the second (Dynal [7]), with a variety of oocyst
seed densities and water turbidities. However, the kits have not
been compared in side-by-side evaluations. Consequently, the
objective of this investigation was to evaluate IMS for recovery
of C. parvum oocysts from water concentrates by comparing
two commercial kits. In addition, studies were conducted to
evaluate the effect of IMS on the infectivity of captured oo-
cysts. Because IMS is an antibody-based technique and in vitro
application of antibodies has been demonstrated to inhibit the
infectivity of C. parvum (12, 20), it might be expected that IMS
recovery of oocysts would neutralize captured oocysts. There-
fore, the effect of IMS on oocyst infectivity was evaluated by
means of a previously described in vitro cell culture assay
combined with mRNA extraction and reverse transcriptase
(RT) PCR (21).

Viable C. parvum oocysts (Iowa isolate) were obtained from
the Sterling Parasitology Laboratory (University of Arizona,
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Tucson). Different oocyst densities were obtained by dilution
in sterile deionized water and were seeded into 10-ml volumes
of deionized water, packed pellets of source water, or fecal
samples for evaluation of recovery efficiencies. Nonviable, for-
malin-fixed oocysts were used for some experiments. These
oocysts were resuspended in 10% formalin for 2 h and then
washed with phosphate-buffered saline by centrifugation and
resuspension. Diluted oocyst suspensions were enumerated (10
replicate counts) by fluorescence microscopy on 50-pl aliquots
by using well slides (Meridian Diagnostics, Cincinnati, Ohio)
and a fluorescein isothiocyanate-labeled anti-Cryptosporidium
immunoglobulin M antibody (Waterborne, Inc., New Orleans,
La.).

Packed pellets of source water samples (100 liters) were
obtained by filtration and centrifugation (1). The turbidity of
environmental water samples and concentrates was deter-
mined with a Hach 2100N turbidity meter (Hach Co., Love-
land, Colo.). The turbidity and pH values of the original water
samples at the time of collection ranged from 0.45 to 8.3
nephelometric turbidity units (NTU) and pH 7.9 to 8.5. The
turbidities of the concentrates ranged from 210 to 11,480 NTU.
Most of these source water concentrates did not contain Cryp-
tosporidium oocysts, as determined by fluorescence micros-
copy. Two samples did contain oocysts but at levels which did
not have an impact on the reported recovery efficiencies (sam-
ple C-2, one oocyst per 100 liters; sample E-4, four oocysts per
100 liters). Oocysts were seeded into a packed pellet volume
equivalent to 10 liters in a total volume of 10 ml. One-gram
aliquots of a Cryptosporidium-negative bovine fecal sample
were also seeded with 496 = 22 oocysts. The negative status of
fecal samples was determined by IMS and immunofluorescent
staining prior to seeding. The oocysts used for recovery studies
in this investigation were “aged” (i.e., were 2 to 6 months old)
because oocysts in environmental water samples are more
likely to be aged. Use of fresh oocysts as the seed may result in
overestimation of recovery efficiencies if fresh oocysts, with
intact surface antigens, are bound by the antibody more readily
than aged oocysts with potentially degraded antigens. How-
ever, to ensure that we were assessing the effects of IMS rather
than the effects of oocyst age on oocyst infectivity, fresh oocysts
(<1 month old) were used for the infectivity investigations.

Recovery of oocysts with the Dynal and Crypto-Scan IMS
kits was performed according to the instructions provided by
the manufacturers (Dynal, Lake Success, N.Y., and Clearwater
Diagnostics, Portland, Maine, respectively). The suitability of
IMS-recovered oocysts for molecular analysis was demon-
strated by PCR after three cycles of freezing (—70°C) and
thawing (65°C), followed by incubation (99°C) for 5 min, to
lyse the oocysts. A 361-bp fragment of the C. parvum heat
shock protein gene (hsp70) was amplified by using previously
described primers (21). The infectivity of IMS-recovered oo-
cysts from seeded environmental water concentrates was de-
termined by in vitro cultivation on monolayers of the contin-
uous human cell lines Caco-2 (ATCC HTB37) and HCT-8
(ATCC CCL244). Following IMS and with oocysts still at-
tached to the paramagnetic beads, a conventional in vitro ex-
cystation procedure was performed (6). The oocyst-paramag-
netic bead complex (OBC) was incubated in 300 wl of Hanks’
balanced salt solution (Sigma Chemical Co., St. Louis, Mo.)
containing 0.7% bile and 50 ul of sodium bicarbonate (5 mM)
at 37°C for 3 h, without vortexing, instead of 0.1 M HCl as used
in the normal disassociation procedure. The disassociated
beads were removed by magnetic capture along with unex-
cysted and empty oocysts, leaving a suspension of purified
sporozoites. The sporozoites were resuspended in 3 ml of Ea-
gle’s minimal essential medium (Sigma) or RPMI 1640 (Sig-
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TABLE 1. Comparison of Dynal and Crypto-Scan IMS Kkits for
recovery of C. parvum from 12 different seeded environmental
water concentrates

Recovery efficiency

Turbidity of 10-liter Oocyst seed »)?
Sample concentzate (NTU) de};lsity" )
Dynal Crypto-Scan
A-1 370 976 = 47 93¢ 794
B-1 320 273 =13 85 514
C-1 280 273 =13 75 464
C-2 370 273 =13 62 504
B-2 280 273 =13 67 494
D-1 210 36 7.8 100 534
E-1 210 36 =78 81 574
E-2 540 142 = 11 90 58¢
E-3 830 284 = 22 64 35¢
C-3 1,050 277 £ 15 80°¢ 46°°
A-2 1,400 71 £5.6 86 35¢
E-4 11,480 355 £ 28 66 34¢

“ Mean * standard deviation (n = 10).

 Based on single determinations for each of the 12 concentrate samples.
¢ Mean of duplicate determinations.

@ Crypto-Scan method with no disassociation of OBC.

¢ Crypto-Scan method with acid disassociation of OBC.

ma) containing 0.1% bovine serum albumin and then inocu-
lated onto Caco-2 or HCT-8 cell monolayers, respectively, and
grown in single-well chamber slides (Erie Scientific, Ports-
mouth, N.H.) as described previously (21). Infections were
detected by RT-PCR of C. parvum-specific mRNA according
to previously described methods which have been used to dem-
onstrate infectivity of 10 oocysts or fewer (21). Control RT-
PCR amplifications were performed on the extracted mRNA
by using primers that amplified a 600-bp fragment from mRNA
transcripts of the GAPDH (glyceraldehyde-3-phosphate dehy-
drogenase) gene present in the human cells (Stratagene, La
Jolla, Calif.). Amplification products were visualized by ethidium
bromide staining of an agarose electrophoretic gel.

The Dynal kit generated consistently higher recovery effi-
ciencies from water concentrates, with turbidities ranging from
210 to 11,480 NTU (Table 1). With a seed density of 976
oocysts, the Dynal kit demonstrated 14.5% higher recovery
than the Crypto-Scan kit, and this increased to 35.5% higher
recovery when only 36 oocysts were seeded into packed pellets
from 10 liters of source water. For the Crypto-Scan kit there
was a significant negative correlation between oocyst recovery
and water concentrate turbidity at the 95% level (r = 0.621)
but not at the 99% level. Recovery efficiency was not signifi-
cantly correlated with turbidity for the Dynal kit nor with
oocyst seed concentration for either kit. In one instance, the
Dynal kit demonstrated 100% recovery of 36 oocysts, although
the actual recovery was within the range of 82 to 128% based
on the mean and standard deviation of the seed enumeration
for this experiment (36 * 7.8 oocysts). Recovery efficiencies
from seeded bovine fecal samples (496 = 22 oocysts/g) were
lower than from environmental water concentrates, but the
highest recovery (67 + 4.5%) was obtained with the Dynal kit.
Microscopic observation of Dynal-recovered oocysts was faster
than by the Crypto-Scan method due to the smaller volume of
recovered oocyst suspension. Only 3 h were required to enu-
merate all of the Dynal-recovered oocysts from eight seeded
environmental samples compared to more than 20 h for eight
samples with the Crypto-Scan kit. In addition, suspensions of
oocysts recovered by the Dynal procedure were contaminated
with an average of 7 (n = 3) algae per 10-liter concentrate,
whereas the Crypto-Scan procedure recovered an average of
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334 (n = 3) algal organisms from concentrates of the same
water, based on enumeration of red fluorescing algal cells with
excitation and emission wavelengths of 510 to 560 nm and 590
nm, respectively.

Losses were determined at various stages of the oocyst re-
covery process for both methods. For Dynal IMS, 3.1 to 4.6%
of oocysts were not captured during the initial separation, 0.6
to 3% of oocysts remained in the microcentrifuge tube follow-
ing the second capture, and 2 to 4% of oocysts remained
attached to the paramagnetic beads following acid disassocia-
tion. Other researchers have reported that up to 8% of cap-
tured oocysts remained attached to Dynal beads following acid
disassociation (5). The protocol provided with the original
Crypto-Scan kit described resuspension of the OBC in 400 pl
of deionized water (without disassociation) and division of the
suspension over multiple wells for fluorescent staining and
microscopic observation. However, this increased the micro-
scopic observation time eightfold compared to the procedure
for the Dynal kit (Crypto-Scan, eight 50-pl wells; Dynal, one
50-pl well). Also, oocysts recovered with the Crypto-Scan kit
were more difficult to observe because of the high density of
paramagnetic particles, which masked oocysts and defracted
fluorescence emission. Therefore, the efficiency of acid disas-
sociation was evaluated for Crypto-Scan particles. By using the
same disassociation procedure as that described for Dynal
beads, it was determined that 33% of oocysts remained at-
tached to the Crypto-Scan particles. In addition, up to 17% of
oocysts were not captured by the initial Crypto-Scan magnetic
capture.

During the latter stages of this evaluation, the Crypto-Scan
kit was redeveloped by the manufacturer to accommodate dis-
association of the OBC in 0.1 M HCI. Recovery efficiencies for
the redeveloped kit averaged 42% for a range of seeded source
water concentrates (Table 1). Disassociation of the OBC ob-
tained with the redeveloped kit required resuspension and
vortexing in two successive 50-pl volumes of 0.1 M HCI. The
first disassociation released 18 to 40% of oocysts, while the
second disassociation released a further 10 to 18% of oocysts.
To determine whether the lower recovery efficiencies obtained
with Crypto-Scan were caused by the paramagnetic beads or
the assay format, the two kits were compared in terms of their
respective and each other’s procedures. The Crypto-Scan
beads recovered an average of 42% (n = 2) of oocysts with the
Crypto-Scan procedure compared to 83.5% (n = 2) of oocysts
with the Dynal procedure. The Dynal paramagnetic beads
demonstrated 100% recovery efficiency when assayed by the
Dynal procedure, but only 52% of oocysts were captured by the
Crypto-Scan assay format (n = 2). Therefore, the Crypto-Scan
beads performed almost as well as the Dynal beads, and the
magnetic properties of the beads and the affinity or avidity of
the anti-Cryptosporidium antibodies were similar. The lower
recovery efficiencies obtained with the Crypto-Scan kit resulted
primarily from the format of the recovery procedure. The 90°
vertical agitation used with the Dynal magnet ensured that
particulate matter and debris in the sample stayed in solution
in the glass tube while the paramagnetic beads were being
captured by the magnet. Thus, the oocysts were separated from
the rest of the sample. The flat, round magnet used with the
Crypto-Scan kit necessitated a horizontal, 360° rotary action
(40 to 70 rpm) to capture paramagnetic beads in a plastic petri
dish. Unfortunately, the rotary action concentrated most of the
sample debris in the center of the petri dish along with the
OBC. Therefore, the oocysts were not effectively separated
from the sample debris. Although a higher concentration of
paramagnetic beads was used for the Crypto-Scan method, the
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larger size of the Dynal beads made a 4.5-fold-larger surface
area available for immunomagnetic capture of the target.

A recent study by the manufacturers of the Dynal kit re-
ported an average recovery of 66% for 2 X 10* oocysts seeded
into environmental water concentrates (5,000 to 10,000 NTU)
and 83% for eight oocysts seeded into the same sample (7).
The lowest oocyst density used in our investigation was
36 = 7.8, seeded into a water concentrate with a turbidity of
210 NTU, from which we obtained 81 to 100% recovery.
Nevertheless, the recovery efficiencies obtained in this investi-
gation are at least equal to, and generally higher than, those
reported by the kit’s manufacturer (7). In contrast to the
lower recoveries obtained with the Crypto-Scan kit in this
investigation, a recent report demonstrated recovery efficien-
cies as high as 100% for 106 oocysts seeded into very turbid
(4,600-NTU) river water concentrates (14). Although the Dy-
nal kit produced consistently superior results in this investiga-
tion, it did demonstrate variable recovery efficiencies with
seeded environmental water concentrates (62 to 100%), which
indicates that there is a need for continued development of
IMS methods.

An important aspect of recovery of oocysts from environ-
mental samples is the ability to determine whether they are
infectious. An infectivity assay is important for the water in-
dustry, as it provides water utilities with a tool to assess the
public health risk posed by waterborne C. parvum and to de-
termine the efficacy of disinfection practices. Therefore, it is
essential that methods used to recover oocysts do not have
deleterious effects on oocyst viability or infectivity. IMS is an
antibody-based technique, but it has been reported that in vitro
application of antibodies inhibited the infectivity of C. parvum.
In one study, antisporozoite monoclonal antibodies attached to
100% of viable sporozoites and neutralized their in vivo infec-
tivity (20). A specific anti-C. parvum antibody was also shown
to significantly reduce the infectivity of C. parvum oocysts for
in vitro cultures of MDBK and Caco-2 cell lines (12). Conse-
quently, the effect of IMS recovery on oocyst infectivity was
evaluated in the present investigation. The infectivity of IMS-
recovered oocysts was determined by an assay combining in
vitro cell culture with mRNA extraction and C. parvum-specific
RT-PCR (21). The OBCs obtained by the Dynal kit from an
environmental water concentrate seeded with 142 to 568 oo-
cysts were treated with an in vitro excystation procedure, and
the paramagnetic beads, unexcysted oocysts, and empty oocysts
were then removed by magnetic separation. Excystation effi-
ciencies were always greater than 50% with this procedure.
The resulting sporozoite suspensions were inoculated onto
confluent cell monolayers. C. parvum-specific hsp70 mRNA
transcripts were detected by RT-PCR amplification of mRNA
extracted from the infected HCT-8 cells (361-bp amplicon [Fig.
1A]) and Caco-2 cells (Fig. 1B). The paramagnetic beads did
not appear to inhibit either the in vitro excystation or the
infectivity of released sporozoites. The same RT-PCR assay
was used to demonstrate that oocysts recovered by an in-house
IMS method using MACS paramagnetic particles (Miltenyi
Biotec, Inc., Auburn, Calif.) and indirect antibodies were also
infectious on Caco-2 cells (Fig. 1B). Negative controls com-
prising uninfected cell monolayers demonstrated that 361-bp
amplicons were specifically amplified from C. parvum-infected
cells. In addition, inoculation of cell monolayers with formalin-
fixed oocysts demonstrated that amplicons were derived from
active infections rather than from uninfective oocysts remain-
ing on the monolayer following the 2-h postinfection wash.
This was also confirmed by the absence of amplicons from
inoculated cell monolayers which did not support infection
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FIG. 1. Detection of infectious C. parvum recovered by IMS. (A) HCT-8 cells
were infected with oocysts recovered by Dynal IMS from a 10-liter environmental
water concentrate seeded as follows: lane 1, no oocysts; lane 2, 142 = 11 oocysts;
lane 3, 284 = 22 oocysts; lane 4, 568 + 44 oocysts. Other lanes: 5, RT negative
control; 6, C. parvum DNA positive control; 7, PCR negative control; 8, molec-
ular size markers. A C. parvum-specific 361-bp fragment was amplified from
hsp70 gene transcripts by RT-PCR. The 600-bp amplicon was amplified from
mRNA transcripts of the GAPDH housekeeping gene. (B) Caco-2 cells were
infected with oocysts recovered from 10 ml of reagent water by Dynal (lane 3)
and MACS (lane 4) IMS. Other lanes: 1, uninfected Caco-2 cells; 2, Caco-2 cells
infected with oocysts not exposed to IMS; 5, monolayer inoculated with formalin-
fixed oocysts; 6, 10° oocysts inoculated onto cells which did not support infection;
7, RT negative control; 8, C. parvum DNA positive control; 9, PCR negative
control; 10, molecular size markers.

(Fig. 1B). These results clearly demonstrated that IMS-recov-
ered C. parvum oocysts retained the ability to infect human cell
cultures grown in vitro.

Although the Dynal and Crypto-Scan kits are the only com-
plete Cryptosporidium IMS kits commercially available, in-
house methods are readily formulated. We have used a variety
of different types of paramagnetic beads and antibodies to
obtain oocyst recovery efficiencies of up to 94% with biotin-
labeled antibodies and streptavidin-coated paramagnetic beads
(results not shown). Our observations demonstrate that the
efficiency of an IMS system is not simply a function of the
properties of the paramagnetic particles employed. Biomag
paramagnetic particles have 18-fold greater magnetic suscep-
tibility than do Dynal beads (3) and are approximately one-
fifth the size of Dynal beads. This combination of small diam-
eter (which leads to reduced drag during separation) and high
magnetic susceptibility suggests that Biomag particles should
be superior to Dynal beads. Nevertheless, the Dynal beads
demonstrated higher recovery efficiencies than an in-house
method using Biomag particles (unpublished observations).

The results of this study clearly demonstrate that IMS is a
practical method for recovering Cryptosporidium oocysts from
environmental samples and that captured oocysts retain their
infectivity. However, different commercial IMS kits exhibit
widely varying performance characteristics.
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