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Cryptosporidium spp. is an obligate, parasitic protozoan that is difficult to detect and causes diarrhea in

healthy adults while potentially causing death in the immunocompromised and children. Its treatment

options are few and treat the symptoms, not the actual parasite. Current methods of detection are

inefficient and rely too heavily upon laboratory sample preparations and technician skill, including

differential staining, negative staining, and immunofluorescence methods [especially U.S.

Environmental Protection Agency (EPA) Method 1623]. These assays can take from hours to days and

require a laboratory environment. In this work, we demonstrated the microbead immunoagglutination

assay combined with Mie scatter detection in a microfluidic device to provide a field-deployable and

near-real-time alternative to the laboratory-based method (especially EPA Method 1623). Two main

challenges were the relatively big diameter of Cryptosporidium oocysts (5–6 mm) and the contaminants

in field water samples that negatively affected the immunoagglutination and its scatter detection. We

used 4 min sonication to liberate Cryptosporidium oocyst wall proteins (COWP), which was previously

used to inactivate Cryptosporidium oocysts. As for the contaminants, we optimized the microbead

diameter (920 nm) and the wavelength of incident light (375 nm) to find the angle of scatter detection

(45�) where the Mie scatter from immunoagglutinated microbeads was maximum and the background

scatter from contaminants was minimum. This enabled the sub-single-oocyst-level detection despite the

fact that only a very small volume of water sample (15 mL) was introduced to the microfluidic biosensor.

When combined with filtration/concentration, this method is able to detect#1 oocyst per large volume

of water, comparable to or potentially better than the EPA method 1623, while effectively reducing the

time and labor necessary for staining and microscopic analysis. For faster, near-real-time assays,

filtration/concentration may not be used, where the detection limit was 1–10 oocysts per mL with the

total assay time of 10 min including the 4 min sonication time. The linear range of assay was over 5

orders of magnitude. The final device was compact and had the potential to be used in field situations,

and required less technical expertise and/or training compared to the other methods.
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Environmental impact

Cryptosporidium is increasingly a concern for municipal water suppli

ineffective in killing the hardy protozoan oocysts. It is very difficult

symptoms are very general, typically involving dysentery and deh

exposure will not kill the oocysts. The current detection methods req

difficult laboratory based testing. We propose a new method that

finding this hardy, difficult to detect protozoan parasite.

This journal is ª The Royal Society of Chemistry 2012
Introduction

Cryptosporidium spp. are a group of obligate, intracellular,

parasitic protozoa first discovered and described by Tyzzer in

1907 and found to be pathogenic to humans by Nime et al. and

Meisel et al. in 1976 in immunocompromised individuals.1 While

healthy individuals have little to worry about concerning
es worldwide as standard methods of water treatment are simply

to detect it currently with many cases likely going unreported as

ydration. It can be found readily in the environment as UV

uire upwards of ten liters of water, a concentration process, and

is faster, more environmentally sound, and more effective in
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Cryptosporidium infections, other than minor discomfort for one

to several weeks, children, immunocompromised individuals,

and those in close or constant contact with young children are at

a high risk and the illness can last for months.2 Symptomatically,

Cryptosporidium causes mild to severe diarrhea, dehydration,

stomach cramps, and possibly a slight fever.1 This is known as

cryptosporidiosis. It is typically contained in the lower intestines,

but in immunocompromised individuals (such as those with

acquired immune deficiency syndrome —AIDS— and those

undergoing chemotherapy treatments) and children, it can

spread to other areas of the body. It has a documented infectious

dose in 50% of the experimental group (ID50) ranging from 9–

1024 oocysts2 with reports also estimating it at 83–123 oocysts3

and clinical reports (defined as diarrhea but no shedding of

oocysts) ranging from 10–83 oocysts per individual.3 It can be

very difficult to treat as it is located intracellularly but extrac-

ytoplasmicly.4 Most treatment methods rely on treating the

symptoms, such as dehydration and diarrhea. It is estimated that

the mortality rate for immunocompromised individuals is as high

as 50%.5

There are two primary species that are infectious to humans:

C. parvum and C. hominis (formerly C. parvum genotype 1).

Cryptosporidium oocysts follow a fecal-oral route to initiate

infection of a new host, making it easy for infections to spread.

Oocysts can survive easily in the environment and are found

especially near agricultural areas.6 Castro-Hermida et al.

described levels of Cryptosporidium 5 to 3375 times higher near

agricultural areas in surface water sources.6 When Cryptospo-

ridium outbreaks occur, they are often traced back to a municipal

water supply’s deficiencies or contamination. However, it can be

found in food, contaminated water, and, most commonly, in

fecal matter.7 Standard methods for sterilizing drinking water

will kill most everything in fecal matter, but Cryptosporidium is

highly resistant to many, if not all of these methods, as oocysts

have been found in water treatment facilities’ effluent at a rate of

up to 75%.8

Due to the resilient nature of the oocyst, chlorine is nearly

completely ineffective, even though it is a primary means for

modern chemical water cleaning, especially in swimming pools.

To kill Cryptosporidium, 80 ppm of chlorine is required, while

swimming pools typically have only 3–4 ppm chlorine.9 It has

been suggested that swimming pools should have separate water

reservoirs, filtration systems, and treatment systems for the

shallow ‘‘kiddie’’ swimming pools, in addition to the systems that

treat mainly the adult sections of the pool.2

Between 1984 and 1999, there were an estimated 54 outbreaks

attributable to Cryptosporidium spp., in developed nations, with

at least 421 000 individual cases.7 This accounts for 73% of all

waterborne outbreak cases involving drinking water.10 In the

U.S. Environmental Protection Agency’s (EPA) National

Primary Drinking Water Regulations: Long Term 2 Enhanced

Surface Water Treatment Rule (LT2ESWTR), it is stated that

the number of cases reported to the U.S. Centers for Disease

Control (CDC) is likely a gross underestimate.3 It is documented,

based on interpolation, that there are likely at least 300 000 cases

annually, many of which are endemic, isolated, and unre-

ported.1,3,7 In the LT2ESWTR, the minimum concentration of

oocysts in influent water supply at a water treatment plant

(WTP) that requires no special treatment is 0.075 oocysts per L.
3296 | J. Environ. Monit., 2012, 14, 3295–3304
Anything above this requires additional treatment methods,

requiring up to a 3-log treatment.1

Poor diagnostic methods as well as a poor understanding of

the pathogen by the general public and physicians1 have

undoubtedly led to higher numbers of infection and worse

treatment. The current EPA-approved detection method,

Method 1623, requires a minimum of 10 liters of water, but due

to concentration and sample quality requirements, more can

easily be required.11 The method is expensive and difficult to run.

It requires a trained technician with expensive microscopic and

filtration equipment, dyes, and reagents. The microscopic

equipment and technicians must be tested on a monthly basis for

accuracy and calibration. The method requires three visual

examination steps, introducing further steps where error and

subjectivity can be/are injected into a scientific method. The

method also has problems with false positives due to auto-

fluorescence of algae and yeast biomaterial.11 Though this

method is validated and accepted for environmental samples, it is

inefficient, extremely complicated, and not applicable in (near-

real-time) field testing.

In addition to the EPA-approved Method 1623, many other

methods have been tested to detect Cryptosporidium spp. from

water and fecal samples, as summarized in Table 1. They were

categorized into three groups: staining-based, antibody-based,

and nucleic acid-based. The detection limits of staining methods

are typically in the order of 101 to 103 oocysts per a few tens or

hundreds of mL water sample or per g fecal sample, roughly

equivalent to 102 to 105 oocysts per mL. Detection limits of

antibody-based methods are better, typically in the order of 1–

103 oocysts per mL water or per g fecal sample. While EPA

Method 1623 showed the lowest detection limit, it is actually the

most complicated and time consuming assay. Almost all methods

require filtration and/or concentration, similar to Method 1623.

Polymerase chain reaction (PCR) is typically a gold standard

for detecting a specific target in a biologically active sample;

however, there have been problems with this in the past. Two

primary sequences used are the Cryptosporidium oocyst wall

protein (COWP) gene and 18S rRNA gene. In one study, samples

have been so contaminated that as few as 6 samples had

successful PCR assays performed out of a total of 16 samples.8

There have been other problems as well, such as different species

being found in the influent and effluent after performing PCR

assay,12 indicating false positives and false negatives. It has also

been noted that genetic diversity exists within Cryptosporidium

spp. as they are identified today.13 This has undoubtedly led to

problems in identification of Cryptosporidium spp. in clinical and

other settings. PCR-RFLP (PCR-restriction fragment length

polymorphism) has shown promise,14 but is still restricted by the

speeds of conventional PCR.

The main objective of this work is to demonstrate a field-

deployable and near-real-time assay for detecting Cryptospo-

ridium oocysts from field water samples, with a reasonable

detection limit, as a field-applicable alternative or an improve-

ment to the laboratory based Method 1623. We demonstrate the

microbead immunoagglutination assay combined with Mie

scatter detection in a microfluidic device to meet the field-

deployable and near-real-time requirements. Since this particular

method has been demonstrated to show the improvement in

detection limit by several orders of magnitude compared to the
This journal is ª The Royal Society of Chemistry 2012
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other immunoassays,15,16 it should demonstrate the same low

detection limit as that of Method 1623 when used together with

filtration and/or concentration.

There exist a number of challenges in detecting Cryptospo-

ridium oocysts using a microbead immunoagglutination assay

with Mie scatter detection in a microfluidic device. The first

challenge is the size of Cryptosporidium oocysts. At 5–6 mm in

diameter,17 it is significantly larger than bacteria and viruses as

well as the typical submicron beads used in immunoagglutination

assays. The submicron, antibody-conjugated polystyrene beads

must form doublets or triplets, so that the effective bead diameter

can increase. This increase in effective diameter can be detected

by Mie scatter at a certain scattering angle, as it is dependent

more on the bead diameter and scattering angle, while less on the

wavelength of incident light and microbead concentration. Since

the oocysts are much larger than the antibody-conjugated

microbeads, the immunoagglutinated beads will not be seen as a

single entity but rather separate beads. In addition, the necessary

diffusion of oocysts towards the antibody-conjugated beads is

limited by their large diameter, which will significantly limit the

extent of immunoagglutination. Therefore, it is necessary to

break off the surface antigens from the oocysts to facilitate the

immunoagglutination. Since the oocysts are relatively big, suffi-

cient number of antigens can be generated and sub-single-oocyst-

level detection may become possible.

Sonication has been considered as a viable, yet rapid method

for inactivation ofCryptosporidium oocysts. After approximately

5.2 minutes, only 20% of oocysts have an intact oocyst wall and

97% are inactivated.18 Through sonication, the Cryptosporidium

oocyst wall protein (COWP) or other internal structures can be

broken apart and become available for binding with antibodies.

Since sonication is effective and rapid in breaking off COWP, we

use this method to facilitate microbead immunoagglutination

assays in a microfluidic platform.

The second challenge is the turbidity of the field water sample

(the same can be applied to the fecal sample dissolved in buffer).

Since our method utilizes light scattering detection, any turbidity

from the sample matrix can compromise the light scattering

signal. In scatter theory, the refractive index (n) is an important

parameter that determines the strength of scatter signals. For the

UV wavelength (375 nm) used in this study, n ¼ 1.34 for water,

while n ¼ 1.62 for polystyrene beads, which are substantially

different from each other.19 For typical proteins, n ¼ 1.38–1.40,

close to that of water.15 Most turbidity from field water origi-

nates from silica or clay particles. For silica, n ¼ 1.56 at 375 nm,

and for kaolin clay particles, n ¼ 1.55–1.57.19 These numbers

(n ¼ 1.55–1.57) are still different from n ¼ 1.62 of polystyrene

microbeads (enabling the maxima for polystyrene beads and

silica/clay particles not to overlap with each other; see below),

but are very close to it, potentially affecting the light scattering

signals from microbead immunoagglutination assays. In the

other filtration/concentration-based detection methods,

however, the existence of such silica particles has been reported

to be beneficial (and the interference from silica particles may be

unavoidable). Feng et al.20 reported that the use of pristine water

(i.e. tap water) was not ideal in recovering oocysts from a sample.

Rather, a sample matrix with silica in the 5–40 mm range with a

turbidity of 5 NTU (nephelometric turbidity unit) yielded a high

recovery rate of 85%, and 10 NTU yielded an even higher
3298 | J. Environ. Monit., 2012, 14, 3295–3304
recovery rate of 91%.20 Therefore, a method that will enable us to

detect the immunoagglutination in the presence of such sample

matrices (contaminants) should be suggested. We attempt to

achieve this goal through utilizing Mie scatter theory.

Mie scatter theory has been described in great detail by

others,21 but will be briefly described here. Mie scatter is an angle

dependent scatter technique in which the diameter of the particle

causing the scatter is roughly equivalent to or much larger than

the wavelength. Mie scatter assumes that a single particle can

scatter from different points and that these different scattering

centers can both constructively and destructively interfere with

each other. This leads to an angular dependent, non-symmetric

profile for scatter intensity. Mie light scatter intensities are given

by eqn (1) and (2):

i1 ¼
�����
XN
n¼1

2nþ 1

nðnþ 1Þ ðanpn cosqþ bnsn cosqÞ
�����
2

(1)

i2 ¼
�����
XN
n¼1

2nþ 1

nðnþ 1Þ ðansn cosqþ bnpn cosqÞ
�����
2

(2)

where i1 and i2 are the complex scattering amplitudes for two

orthogonal directions of incident polarization. pn and sn are

angular dependent functions expressed in terms of Legendre

polynomials. The coefficients an and bn are given by eqn (3) and

(4) respectively:

an ¼ jnðzÞ
znðzÞ

An (3)

bn ¼ jnðzÞ
znðzÞ

Bn (4)

where An and Bn are quantities that depend on the ratios and

logarithmic derivatives of the Riccati–Bessel functions, zn and

jn. These are given by the following equations:

znðzÞ ¼
ffiffiffiffiffiffi
pz

2

r �
Jnþ1=2ðzÞ þ iYnþ1=2ðzÞ

�
(5)

jnðzÞ ¼
ffiffiffiffiffiffi
pz

2

r
Jnþ1=2ðzÞ (6)

where Jn+1/2(z) ¼ the half-integer-order Bessel function of the first

kind, Yn+1/2(z) ¼ the half-integer-order Bessel function of the

second kind, and z ¼ pd/l, the size parameter of the scattering

particle.21

The angle dependence can be seen in Fig. 1, produced using Mie

scatter calculation software.22 Unlike Rayleigh scattering, the

scatter intensity does not change monotonously against the angle;

rather it ‘‘fluctuates’’, generating many ‘‘maxima’’. Through careful

selection of light scattering parameters, namely the bead diameter

(d) and the wavelength of incident light (l), with the given refractive

indices (n) of beads and sample matrix, it is possible to make such

maxima for beads and for sample matrix not to overlap with each

other, so that theMie scatter detection can be made in the presence

of a turbid sample matrix. Fig. 2 is an enlarged version of Fig. 1 for

a narrower range of scatter angles (30� to 60�), considering: (1) the
geometric limitations imposed on microfluidic channels (i.e.

inability to separate incident and scattered light with 0�–30�
This journal is ª The Royal Society of Chemistry 2012
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Fig. 2 Results of Mie scatter calculations (l ¼ 375 nm) for singlet

microbeads (920 nm, n ¼ 1.62, non-immunoagglutinated), triplet

microbeads (immunoagglutinated), and silica particles (n ¼ 1.56; d ¼ 5

mm), showing at 45� the biggest change in Mie scatter intensity and the

minimum background scatter from silica particles.

Fig. 1 Result of Mie scatter calculation on a polar-logarithmic plot. The

line is at 45� where our scatter detections were made.
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detection and inability to collect scatter signals with almost-

parallel-to-channel 60�–90� detection) and (2) generally weaker

signals with back scatter angles (90� to 180�). Through these

calculations, it is possible to plot the scatter intensities for singlet

(non-immunoagglutinated) and triplet (the most effectively

immunoagglutinated) polystyrene beads (n ¼ 1.62), and the silica

particles (n ¼ 1.56) within water (n ¼ 1.34). Many different

combinations of d and l have been calculated, and the result shown

in Fig. 2, with d ¼ 920 nm and l ¼ 375 nm, provides the best

results: at the scattering angle q ¼ 45�, the scattering from triplet

beads is at the maximum, while that from silica particles is at the

bottom valley. This allows for little noise in the signal due to

particulate matter in the sample matrix.

Using these strategies, microfluidic detection with short soni-

cation, and theMie scatter optimization, we attempt to provide a
This journal is ª The Royal Society of Chemistry 2012
field-deployable and near-real-time microfluidic biosensor for

sensitive detection of Cryptosporidium parvum.

Materials and method

Sample preparation

Cryptosporidium parvum oocysts were purchased from the Ster-

ling Parasitology Laboratory (The University of Arizona, Tuc-

son, AZ, USA) at a concentration of 108 oocysts per mL. These

were kept in a phosphate buffered saline (PBS) solution in a

refrigerator at 4 �C. Serial dilutions were made to 105 oocysts per

mL and this solution was sonicated for 4 minutes at 40 kHz using

a Branson 2510 ultrasonic cleaner (Branson Ultrasonics, Dan-

bury, CT, USA). This sonicated solution was serially diluted (5

dilutions were made) until a final concentration of 1 oocyst mL�1

(¼ 6 ng mL�1) was reached.

Bradford assays were also performed for these solutions,

according to the manufacturer’s instructions (Bio-Rad Labora-

tories, Inc., Hercules, CA, USA; Bio-Rad Quick Start Assay 1�:

500-0205) with bovine serum albumin (Sigma-Aldrich Co., St.

Louis, MO, USA; catalog number A7030) as a protein standard.

Absorbance was measured using a Beckman 640 spectropho-

tometer (Beckman Coulter Inc., Brea, CA, USA) set at 595 nm. 1

oocyst per mL corresponded to 5.7 ng mL�1 proteins (antigens).

For the standard curve, the above serial dilutions of Crypto-

sporidium oocysts in PBS were used. The negative control was

just sterile PBS. Field samples were collected from a chlorine

treated swimming pool, and a sump at the University of Arizona

Campus Agricultural Center. These samples were collected in

sterile 50 mL centrifuge tubes (Fisher brand, Thermo Fisher Inc.,

Pittsburgh, PA, USA). These were then stored under refrigerated

conditions at 4 �C. The pool sample was aliquoted into 2 mL

tubes and treated with UV light for 30 minutes to reduce the

chlorine content.23

The samples were spiked with Cryptosporidium oocysts (soni-

cated) using the above procedure, ranging in their final protein

concentrations from 1 to 104 oocysts per mL (5.7 ng mL�1 to 57

mg mL�1) with virtually no field sample dilution occurring. An

unspiked aliquot of each field sample was used as a negative

control for that field sample’s data set.

Microbead preparation for the immunoagglutination assay

was performed as described previously21 for 920 nm beads,

except using anti-C. parvum (Pierce Biotechnology, Rockford,

IL, USA; catalog number PA173183) antibodies. Anti-C. parvum

was covalently conjugated to 920 nm highly carboxylated poly-

styrene beads (Bangs Laboratories, Fishers, IN, USA). These

beads, when covalently bound to the antibodies, were stable for

up to one month after the conjugation process is completed.24

Testing device and conditions

Testing for all samples was performed using an LS-450 (Ocean

Optics, Dunedin, FL, USA) UV light source peaking at 375 nm

and a USB4000 miniature spectrometer (Ocean Optics) and

SpectraSuite� software (Ocean Optics). The experimental

apparatus is shown in Fig. 3. The plastic tray accommodating the

microfluidic chip as well as the optical fibers (connected to the

LS-450 and USB4000) was modeled in SolidWorks� (Dassault

Syst�emes SolidWorks Corporation, Waltham, MA, USA) and
J. Environ. Monit., 2012, 14, 3295–3304 | 3299
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Fig. 3 (A) The experimental apparatus showing the light source

(LS-450; lower left), microfluidic chip and tray (right), and the miniature

spectrometer (USB4000; top left). (B) Schematic of the microfluidic chip

used in the optical biosensor device. The end of the optical waveguide

channel is separated by 100 mm from the sample channel in the middle. A

syringe is connected to the outlet (‘‘waste’’) to withdraw liquid from the

sample channel with negative pressure.

Pu
bl

is
he

d 
on

 1
4 

N
ov

em
be

r 
20

12
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
So

ut
h 

Fl
or

id
a 

on
 3

1/
10

/2
01

4 
16

:1
8:

32
. 

View Article Online
manufactured using a Dimension uPrint� rapid prototyping

device (Stratasys Inc., Eden Prairie, MN, USA) with acrylonitrile

butadiene styrene (ABS) material (Stratasys Inc.). The micro-

fluidic chips were made by a replica molding technique with

polydimethylsiloxane (PDMS) from a silicon mold fabricated

using deep reactive ion etching (DRIE). The microfluidic chip

consisted of a y-channel for the sample and beads. The channel is

1 mm wide and 100 mm deep. The LS-450 was connected, via an

optical fiber, to the waveguide channel at a 90� angle to the

sample channel. This was filled with microscope immersion oil

(mineral oil; with a refractive index of 1.515 at 23 �C). Another

waveguide channel, at a 45� angle to the sample channel, was also

filled with immersion oil and connected via an optical fiber to the

USB4000. This configuration measures 45� forward Mie scatter

that was calculated to yield maximum scatter intensity change for

microbead immunoagglutination (Fig. 2).15 Both waveguide

channels were separated from the sample channel by 100 mm

vertical wall of PDMS. A flat PDMS slide was then bonded to

the molded chip using an oxygen plasma bake to permanently

bond the two halves of the chip.15

After preparation, 15 mL of solution, beginning with the

negative control and increasing in concentration to 104 oocysts

per mL (¼ 57 mg mL�1) were placed in the lower well sequentially

(Fig. 3) and 15 mL of antibody-conjugated beads were placed in

the top well. Both solutions were then drawn through the chip

using negative pressure, created by an empty 250 mL syringe
3300 | J. Environ. Monit., 2012, 14, 3295–3304
drawn out as slowly as possible through a tube connected to the

end of the microfluidic channel. The sample was allowed to sit in

the channel for one minute before a data point, averaging 5 scans

every 50 ms, was collected at 375 nm from the SpectraSuite�
software. Continuous data was also collected during this period

every 5 ms. The maximum values were collected and normalized

to the unspiked sample light scatter intensity value. This data

collection process was repeated three times for each sample at

each concentration (using different chips each time), including

unspiked samples, and the normalized values were averaged such

that the standard error could be found.
Chlorine analysis

N,N-Diethyl-p-phenylenediamine (DPD) was purchased from

Thermo Scientific Orion (Thermo Scientific Orion, Thermo

Fisher Inc., Pittsburgh, PA, USA) in the form of two powder

chemistry packs.25,26 One pack was for free chlorine (catalog

number 13-642-220) and the other for total chlorine (catalog

number 13-642-211). A standard was prepared using potassium

permanganate (KMNO4) purchased from Fisher Scientific

(Fisher Brand, Thermo Fisher Inc., Pittsburgh, PA, USA;

catalog number AC42417-0250). 10 mL dilutions of KMNO4

were made in the range of 0.5–3.0 ppm chlorine equivalent

concentrations. DPD powder packs were added to these stan-

dard solutions and field water samples, as well as deionized water

as a blank, and mixed well immediately prior to measuring

absorbance at 515 nm using a Beckman 640 spectrophotometer.

A standard curve was constructed through second-order poly-

nomial regression using Microsoft Excel� and used to identify

the free and total chlorine concentrations of field water samples,

specifically from a chlorinated swimming pool before and after

UV treatment.
Bacterial culture

All water samples, including PBS, were cultured to identify the

existence of any bacterial contaminants, in sterile agar plates

from BD Diagnostic Systems (Thermo Fisher Inc., Pittsburgh,

PA, USA; catalog number L21934) using 0.5 mL of sample and

spread in a circular manner about the plate with a sterilized

wand. They were cultured in the dark at 37 �C overnight and

counted.
Cross-reactivity test with E. coli K12

The cross-reactivity of anti-C. parvum conjugated beads was

tested using Escherichia coliK12, cultured overnight at 37 �C in a

flask of brain heart infusion. This stock solution was serially

diluted to 10�2 to 10�8. These dilutions were plated (0.5 mL each)

in sterile agars, as described above, and the number of colonies

was counted to assess the colony forming units (CFU). After

plating, the remaining solution was sonicated as described above.

Microbead immunoagglutination assays were performed for

these E. coli K12 solutions using anti-C. parvum conjugated

beads in an optical microfluidic biosensor system as described

above.
This journal is ª The Royal Society of Chemistry 2012
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Fig. 5 Standard curve with oocyst-spiked PBS after four minutes of

sonication (solid line), shown together with the cross-reactivity result
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Results

Microscopic observations

Fig. 4 shows the 40� microscope images of oocysts in PBS (top

left); oocysts sonicated for 4 minutes in PBS (bottom left); the

anti-C. parvum conjugated beads with oocysts in PBS (top right);

and anti-C. parvum conjugated beads with sonicated oocysts in

PBS (bottom right). For all four cases, the C. parvum concen-

trations were 106 oocysts per mL (5.7 mg mL�1). Oocysts are

larger black ovals, while beads are smaller spheroid dots. Large

asymmetrical shapes represent agglutination. There are a greater

number of oocysts shown in the non-sonicated image while the

sonicated oocysts show higher rates of agglutination as well as a

larger size of agglutinated beads. This indicates that the extent of

immunoagglutination increases upon sonication of oocysts.
(dashed line) for E. coli K12 (in CFU mL�1 unit) using anti-C. parvum

conjugated beads.

Standard curve

A standard curve was created using Cryptosporidium parvum

oocysts in PBS. The scatter intensity measurements varied from

chip to chip (due to the variance in optical characteristics and

channel geometry), therefore it was necessary to normalize all

measurements with those of ‘‘negative controls’’, (i.e., the

measurement of zero oocyst concentration) taken immediately

prior to spiked sample measurements. The results show a mostly

increasing response from the negative control to the final

concentration of 104 oocysts per mL (¼ 57 mg mL�1) (Fig. 5). All

points, except the 1 oocyst per mL (¼ 5.7 ng mL�1) concentra-

tion, were found to be significantly different from the negative

control. Therefore, the detection limit of this assay is 10 oocysts

per mL (without any filtration or concentration). Given the

volume of the sample introduced to a microfluidic biosensor,
Fig. 4 All images shown at 40�magnification using 106 oocysts per mL

with a scale bar representing 5 mm. Top left: Cryptosporidium parvum

oocysts in PBS. Bottom left: oocysts after four minutes of sonication in

PBS. Top right: oocysts agglutinated with antibody-conjugated beads.

Bottom right: oocysts sonicated for four minutes and agglutinated with

antibody-conjugated beads. Oocysts are larger black ovals, while beads

are smaller spheroid dots. Large asymmetrical shapes represent aggluti-

nation. There are a greater number of oocysts shown in the non-sonicated

image while the sonicated oocysts show higher rates of agglutination as

well as larger agglutinated beads.

This journal is ª The Royal Society of Chemistry 2012
15 mL, this is actually sub-single-oocyst-level detection per

sample. With proper filtration/concentration, this method should

be able to detect#1oocyst per large volume of water (e.g., 10 L),

comparable to or better than that of EPAMethod 1623. This can

easily be explained by the fact that the sample was sonicated in a

larger volume with a higher concentration, thus antigens

(COWP) were liberated, and an aliquot was made from it. They

gave a scatter intensity change up to approximately 15% and an

average standard error of 2.0%.

To test the cross-reactivity of anti-C. parvum conjugated

beads, E. coliK12 was cultured and serially diluted. 10�6 dilution

showed a concentration of 103 CFU mL�1 with agar plate

counting. 10�4 to 10�8 dilutions (corresponding to 105 to 101

CFU mL�1, respectively), as well as PBS as a negative control,

were tested using anti-C. parvum conjugated beads with micro-

fluidic immunoagglutination assays as described above. This

result is shown as a dashed line in Fig. 5, while the unit is CFU

mL�1, not oocysts per mL. The scatter intensity change does not

go beyond 2%, which is smaller than the average standard error

(2.0%) of the standard curve, indicating that E. coli K12 did not

cross-react with anti-C. parvum conjugated beads.
Swimming pool sample

Swimming pool water tests show a signal intensity change up to

approximately 11% (Fig. 6). The average standard error is 2.5%,

higher than 2.0% of the standard curve. Again all measurements

were normalized with those of negative controls using the same

field water sample as described above. All data points, except the

1 oocyst per mL (¼ 5.7 ng mL�1) concentration, were found to be

significantly different from the negative control (unspiked

sample). The detection limit is again 10 oocysts per mL (¼ 57

ng mL�1) without filtration/concentration, or #1 oocyst per

sample with filtration/concentration.

The result shown in Fig. 6 (solid line) was obtained after the

UV treatment to pool water as described. Initially, this experi-

ment was performed without UV irradiation, but no noticeable

scatter intensity change could be found (shown as a dashed line in

Fig. 6. The pool water represents a chemically active, but largely

biologically inactive sample as shown by bacterial culture and

chlorine analysis.
J. Environ. Monit., 2012, 14, 3295–3304 | 3301
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Fig. 6 Assay results with oocyst-spiked swimming pool water after four

minutes of sonication, with UV treatment (solid line) or without UV

treatment (dashed line).

Pu
bl

is
he

d 
on

 1
4 

N
ov

em
be

r 
20

12
. D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

ity
 o

f 
So

ut
h 

Fl
or

id
a 

on
 3

1/
10

/2
01

4 
16

:1
8:

32
. 

View Article Online
The pool water was plated in agar and cultured overnight at

37 �C. There was no growth on the plate, indicating non-exis-

tence of bacterial contamination. The pool water was also tested

for its free and total chlorine concentrations. Two standard

curves were generated and the free and total chlorine concen-

trations after UV treatment were estimated to be 0.631 � 0.004

ppm (free chlorine) and 0.52 � 0.02 ppm (total chlorine). These

two values are nearly identical to each other, indicating most

chlorine in the swimming pool water was free chlorine. In addi-

tion, these values are substantially lower than those of untreated

swimming pool water, 2–5 ppm, indicating successful removal of

chlorine from the water sample.
Sump water sample

Water collected from the University of Arizona Campus Agri-

cultural Center sump shows just less than a 7% change in light

scatter intensity from the negative control to the maximum

concentration of 104 oocysts per mL (¼ 57 mg mL�1) (Fig. 7). All

data points in this set are significantly different from the negative

control. Detection limit of this assay is 1 oocyst per mL (¼ 5.7

ng mL�1) without filtration/concentration or #1 oocyst per

sample with filtration/concentration. This is still possible since

antigens were liberated and 15 mL aliquots were made from it
Fig. 7 Assay results with oocyst-spiked sump water after four minutes

of sonication. This water sample contains bacteria and soil particles, as

well as other contaminants.

3302 | J. Environ. Monit., 2012, 14, 3295–3304
prior to experiments. The 7% intensity change for sump water is

substantially smaller than those of the standard curve (15%) and

pool water (11%), indicating a lesser extent of immunoaggluti-

nation. This was a more turbid sample and likely more repre-

sentative of water collected from a river. Turbid water has been

shown to cause assay problems in the past.27

The average standard error was much smaller (1.1%) than

2.0% of a standard curve and 2.5% with sump water. (Note that

the size of error bars may look similar to those of a standard

curve and with sump water, but it is much smaller due to the

smaller scale of the y-axis.)

The sump water culture resulted in a concentration of 70 CFU

mL�1 after overnight culture in agar at 37 �C. The chlorine

content was not significant and thus no UV treatment was

necessary.
Discussion

Detection sensitivity

The samples tested, including all field samples, showed positive

readings for most C. parvum concentrations. Agglutination was

confirmed using a light microscope as shown in Fig. 3. Even

though the percent intensity change was different by the type of

field water sample, the shape of the curve produced was very

similar across all samples. The curve intensity changes were

nearly all significantly different from their respective negative

control, showing that this testing method was reliable. Without

filtration/concentration, this method can be used as a faster,

near-real-time assay with the total assay time of 10 min including

the 4 min sonication time and the detection limit of 10 oocysts

per mL (¼ 57 ng mL�1 antigens) for the PBS and swimming pool

samples and 1 oocyst per mL (¼ 5.7 ng mL�1 antigens) for the

sump water sample. When combined with filtration/concentra-

tion, this method is able to detect the required#1 oocyst per 10 L

water sample, comparable to or potentially better than the EPA

Method 1623, while effectively reducing the time and labor

necessary for staining and microscopic analysis.
Effects of contaminants

The differences in intensity change indicate that there was a

contaminant, or possibly multiple contaminants, in the field

sample matrices that were affecting immunoagglutination. The

ability to detect differences in concentration ofC. parvum oocysts

was maintained in all field samples.

The pool sample had significant amounts of chlorine. When

this was reduced using UV light treatment, it was clear that we

were able to detect the oocysts. This is because the antibodies

were quickly denaturing in the chlorinated water, since chlorine

existed as hypochlorite (i.e. bleach) that has been known to

denature most proteins. When the water was treated with UV

light, however, the reduction in chlorine content was great

enough to allow for immunoagglutination.

The sump sample was un-chlorinated, but biological material

(bacteria) and sediment (soil particles) were found to be in the

sample. Tests with E. coli K12 showed that the anti-C. parvum

conjugated beads were not likely cross-reacting with other

bacteria in the sample.
This journal is ª The Royal Society of Chemistry 2012
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Table 2 Raw scatter intensities of field water samples without spiking
oocysts (first row ¼ turbidity) and plus anti-C. parvum conjugated beads
(second row ¼ negative control), shown together with the maximum
scatter intensity changes of each C. parvum assay (third row)a

PBS Pool Sump

Turbidity 3780 � 50 3830 � 20 3810 � 30
Negative control 2750 � 110 3140 � 30 3410 � 160
Maximum intensity
change

15% 11% 6.5%

a Note: all data are shown with standard errors. Turbidity and negative
controls are not directly comparable to each other, since a different set
of optical fibers were used for turbidity measurement.
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To explain the different scatter intensity changes of all water

samples, we examined the raw scatter intensities of all negative

controls (zero oocyst spiked water sample + anti-C. parvum

conjugated beads) (Table 2). Due to chip-to-chip variations (this

is the reason why all scatter intensities were normalized to those

of negative controls taken immediately prior to each assay), the

standard errors of these raw intensities were large. However,

there is a clear difference over the water samples, in the order of

sump (3410) > pool (3140) > PBS (2750). The maximum scatter

intensity change was also in the order of sump (6.5%) < pool

(11%) < PBS (15%). It is clear that the larger scatter intensity for

a negative control is related to a smaller extent of scatter intensity

change. Chlorine, inorganic matter (soil particles), organic

matter (fecal matter and proteins), and bacteria, negatively

influence the extent of immunoagglutination. It is possible these

inorganic and organic matters affected the stability of the anti-

body-conjugated beads, resulting in non-specific aggregation,

and thus reducing the number of available antibody-conjugated

beads that could immunoagglutinate.

One other possible explanation is the difference in turbidity

among the water samples, which may affect the scatter intensity

measurements. Therefore, we measured the raw scatter intensi-

ties of just the water samples (no beads) using the microfluidic

system. The raw scatter intensities were (shown in Table 2 with

standard errors): sump (3810), pool (3830) and PBS (3780),

showing no significant differences among water samples. This is

analogous to Fig. 2, where the scatter detection at 45� with

375 nm light would minimize the background scatter from the

silica particles. Therefore, the turbidity effect can be duly ruled

out.

Therefore, the smaller scatter intensity change can be corre-

lated with the existence of contaminants in the water sample that

reduced the number of available antibody-conjugated beads.

However, this does not explain why the detection limit is lower

for the sump water (1 oocyst per mL ¼ 5.7 ng mL�1 antigens).

Obviously, the lower detection limit was attributed to the smaller

error bars (2.0% for PBS, 2.5% for pool water and 1.1% for sump

water), i.e. the scatter intensity changes were more reproducible

with sump water. In the previous paragraph, we concluded that

such contaminants triggered some non-specific aggregation of

beads and reduced the number of available antibody-conjugated

beads that could immunoagglutinate. Perhaps this was an

effective way to eliminate unstable beads so that more repro-

ducible results could be obtained. Some portion of the contam-

inants might act as surfactants to further stabilize the beads.
This journal is ª The Royal Society of Chemistry 2012
Additionally, we described in the introduction that the use of

turbid water (with 5–40 mm silica particles with 5–10 NTU)

yielded better recovery of oocysts during filtration/concentration

and better assay results.20 The existence of silica particles in the

water sample is perhaps required to effectively eliminate non-

stable components and improve the reproducibility of the assay.
Conclusion

It is clear that field samples can be quickly, easily, and accurately

tested for Cryptosporidium parvum oocysts. Our detection limit is

reasonably lower than many other previous attempts (see

Table 1) at the sub-single-oocyst-level considering the small

sample size. The assay required neither substantial labor nor

trained technicians. Simple pre-treatments such as UV treatment

and/or sonication were necessary, but it is potentially practiced in

field setting. This method can be used in two different settings: (1)

use without any filtration/concentration, as a near-real-time (<10

min) assay with the detection limit of 1–10 oocysts per mL, and

(2) use with filtration/concentration, as an improvement to the

other methods (especially EPA Method 1623, replacing its

staining and microscopic analysis), with the sub-oocyst-level

detection limit.
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