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Abstract Cryptosporidium, a protozoan parasite, was found responsible for numer-
ous water- and foodborne outbreaks. The high risk introduced by the presence of
Cryptosporidium in water is attributed to its low infectious dose and its resistance to
environmental stress and conventional disinfection processes. Since Cryptosporidium
oocysts are highly resistant to chlorine, the most applied water disinfectant, alterna-
tive disinfectants were proposed and applied to reduce the health risks of Cryptospo-
ridium in water, among them advanced oxidation processes (AOPs), based on highly
reactive oxidants, mainly hydroxyl radicals. AOPs proved to be efficient in reducing
the concentration of micropollutants. The data presented here proved also that AOPs
are effective in the inactivation of Cryptosporidium and other waterborne pathogens.
Therefore AOPs can be applied as a barrier for reducing the health risks of waterborne
Cryptosporidium.
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1 Importance of Cryptosporidium for Public Health

Cryptosporidium 1s an enteric protozoan parasite which causes severe diarrhea in
human and domestic animals. Although Cryptosporidium was first recognized as a
waterborne pathogen during an outbreak in Braun station, Texas, in 1984, in which
more than 2,000 individuals have developed cryptosporidiosis, only 10 years later,
following the largest waterborne outbreak in Milwaukee, Wisconsin, its importance
as waterborne pathogen was recognized worldwide [1, 2]. The occurrence of the
outbreaks which involved thousands of individuals stimulated research for the
development of sensitive and specific methods for monitoring drinking water and
drinking water sources for the presence of low levels of Cryptosporidium. On the
other hand, intensive efforts were allocated for the development of efficient treat-
ment methods for the reduction of Cryptosporidium from drinking water sources.

Cryptosporidium is an intracellular protozoan parasite with an infectious dose of
as low as 120 oocysts [3]. The thick outer wall of the oocysts enables the persistence
of Cryptosporidium for long time in the environment which may facilitate its
transmission by contaminated water and food [4]. Additional routes of transmission
of Cryptosporidium may include person to person and exposure to infected animals
and to recreational waters [5, 6]. Numerous waterborne outbreaks of Cryptospo-
ridium have been reported in developed countries [4]. Most of the waterborne
outbreaks resulted from the consumption of drinking water, contaminated either
by anthropogenic or animal wastes, which received inadequate treatment. It is
worth noting that in some cryptosporidiosis outbreaks, the suspected drinking
water complied with the fecal coliform guideline, since Cryptosporidium oocysts
are very resistant to chlorine [7].

The source of Cryptosporidium oocysts in the environment can be from the
discharge of untreated human and animal wastes. Studies have shown that Crypto-
sporidium oocysts are highly prevalent in raw wastewater and often poorly removed
by wastewater treatment processes [8, 9]. Therefore, surface-water sources have
been found to be contaminated with various levels of Cryptosporidium oocysts
[10, 11]. The thick wall surrounding the oocysts of Cryptosporidium makes them
resistant to natural decay. Oocysts of Cryptosporidium may survive for months in
soil at cold temperature in dark [11]. Fayer et al. have shown that oocysts of
Cryptosporidium remained infectious for up to 24 weeks in water at 20°C; the
low infectious dose of Cryptosporidium and its high persistence in natural water
may result in the occurrence of cryptosporidiosis [12]. Therefore, efficient water
treatment processes must be applied to prevent the transmission of Cryptosporid-
ium oocysts by drinking water.



Inactivation of Cryptosporidium by Advanced Oxidation Processes 299

2 Challenges in Determining the Viability and Infectivity
of Cryptosporidium

The difference between the inactivation of Cryptosporidium and bacteria or viruses
by oxidizers stem from that the disinfectant must penetrate through oocysts wall to
inactivate the sporozoites. To measure the inactivation efficiency of Cryptosporid-
ium, the analysis should be able to determine whether the sporozoites are alive
or dead. Viability assays for Cryptosporidium oocysts based on the inclusion or
exclusion of fluorogenic vital dyes, 4',6-diamidino-2-phenylindole (DAPI), and
propidium iodide (PI) were reported by Campbell et al. [13] (Table 1). Inclusion
of DAPI and/or PI indicated that oocysts of Cryptosporidium lost their viability. In
addition to the dye inclusion-exclusion method, differential interphase contrast
(DIC) 1is also applied to distinguish between empty and full oocysts [14]. An
additional method for viability measurement of Cryptosporidium is by in vitro
excystation (the ability of oocysts to release sporozoites) which was found to be
highly correlated with the dye inclusion-exclusion method [13]. Both dye-based
methods and in vitro excystation cannot measure infectivity.

Assessment of the infectivity of Cryptosporidium oocysts relayed initially on
animal hosts, which is time consuming and very costly [15]. The development of an
in vitro method for the detection of infectious Cryptosporidium in cell culture
enables accurate evaluation of the persistence of the parasites in environmental
settings and its inactivation by disinfection methods [16]. Rochelle et al. compared
the sensitivity of in vitro cell culture with mouse assay for measuring the infectivity
of Cryptosporidium [17]. These authors demonstrated good correlation between the
infectivity for HCT-8 cells and the results for CD-1 mice for untreated oocysts and
oocysts exposed to ozone and UV irradiation. Consequently, the authors concluded
that in vitro cell culture is equivalent to the “gold standard” mouse infectivity and
should be considered as practical and accurate method to assess oocysts’ infectivity

Table 1 Detection of Cryptosporidium oocysts by viability and infectivity methods

Detection viability/
Method infectivity Parameter detected Reference
DAPI* Viability Permeability of oocysts wall and [13]
membrane
pI° Viability Permeability of oocysts wall and [13]
membrane
DIC® Viability Empty or full oocyst [14]
Excystation Viability Ability to release sporozoites [13]
Animal Infectivity Ability to multiply in animal [15]
intestine
Cell culture Infectivity Ability to multiply in cell culture [16, 17]
Cell culture PCR Infectivity Ability to multiply in cell culture [18, 19]
“DAPI 4’ ,6-diamidino-2-phenylindole
PI propidium iodide

°DIC differential interphase contrast
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and inactivation. An improved sensitivity was accomplished by integrating cell
culture real-time polymerase chain reaction (CC-RT-PCR), where single infectious
oocyst was detected [18, 19].

3 Inactivation of Cryptosporidium by Chlorine,
Monochloramine, Chlorine Dioxide, and Ozone

Chlorine is the most commonly used disinfectant in water and wastewater treat-
ment. Studies using mouse infectivity to measure the inactivation rate of Crypto-
sporidium oocysts by free chlorine demonstrated low reduction efficiency [20—
22]. Korich et al. compared the inactivation efficiency of Cryptosporidium by
ozone, chlorine dioxide, chlorine, and monochloramine using mouse infectivity to
determine oocysts’ viability [20]. A C x T (concentration X time) of five of ozone
was sufficient to cause 90% inactivation of Cryptosporidium, whereas a C X T of
7,200 was required to reach the same inactivation level for chlorine and
monochloramine (Table 2). A CT of up to 7,200 mg min/L of free chlorine was
required to obtain an inactivation of 2 log of Cryptosporidium (Table 2). Inactiva-
tion of Cryptosporidium oocysts by monochloramine was inefficient also, and a CT
of 80,000 mg min/L of monochloramine was required for the inactivation of 2 log
[22]. Chlorine dioxide was found more efficient than free chlorine and chloramine
for the inactivation of Cryptosporidium, where a CT of 111 mg min/L resulted in
2-log inactivation as measured by mouse infectivity [23]. However, Chauret et al.
reported a CT of 1,000 mg min/L to obtain 2-log inactivation of Cryptosporidium
using cell culture to determine infectivity [24]. Ozone was found the most efficient
disinfectant compared to monochloramine, free chlorine, and chlorine dioxide, and
a CT of 5 mg min/L resulted in 2-log inactivation of Cryptosporidium. It is worth
noting that an agreement was observed between the inactivation results measured
by mouse infectivity and excystation (Table 2).

4 Sequential Inactivation of Cryptosporidium by Ozone
as Primary and by Chlorine or Monochloramine
as Secondary Disinfectants

Since the CT values required for the inactivation of Cryptosporidium are large, free
chlorine may not be suitable for disinfecting drinking water under most treatment
sittings. Therefore, sequential inactivation using two disinfectants was proposed, in
an attempt to improve pathogens inactivation efficiency in drinking water treatment
plants [26-28]. Sequential disinfection using ozone as a primary disinfectant and
either free chlorine or monochloramine as secondary disinfectants have been
studied (Table 3). Corona-Vasquez et al. reported that ozone pretreatment results
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Table 2 Inactivation of Cryptosporidium by chlorine, monochloramine, chlorine dioxide, and

ozone
CT
(mg min/ | Method of Log/%
Matrix Disinfectant L) detection inactivation Reference
DF* 0.01 M Free chlorine 7,200 Mouse 2.0 [20]
PBS® infectivity
ODF° PBS Free chlorine 1,200 Mouse 1.5 [21]
infectivity
DF water, pH 6, | Free chlorine 3,200 Mouse 1.0 [22]
22°C infectivity
DF 0.01 M PBS | Monochloramine 7,200 Mouse 1.0 [20]
infectivity
DF water Monochloramine | 80,000 Mouse 2.0 [23]
infectivity
DF water Monochloramine | 11,400 Excystation 2.0 [25]
DF 0.01 M PBS | Chlorine dioxide 78 Mouse 90% [20]
infectivity
DF water Chlorine dioxide 111 Mouse 2.0 [22]
infectivity
Deionized Chlorine dioxide 1,000 Cell culture 99% [24]
water
Ozone DF Ozone 5 Mouse 99% [20]
water infectivity
DF 0.01 MPBS | Ozone 5 Mouse 1.5 [22]
infectivity
DF 0.01 M PBS | Ozone 5 Excystation 2.0 [26]
ADF demand free

"PBS phosphate-buffered saline
°ODF oxidant demand free

in the disappearance of the lag phase often observed when free chlorine is
used to inactivate Cryptosporidium [26]. Although temperature dependent, after
pretreatment with 1.8 mg min/L ozone, only a CT of 40 mg min/L of free chlorine
was required to inactivate 2 log of Cryptosporidium at 20°C. Similar results were
observed for the sequential inactivation of Cryptosporidium by chloramine. After
pretreatment of ozone at CT of 22.5 mg min/L, a CT of 900 of chloramine was
required to inactivate 2 log of Cryptosporidium at 20°C. Sequential inactivation using
ozone and either free chlorine or monochloramine was found to be temperature
dependent, increasing temperature, in the range 1-25°C, resulting in decreased
inactivation efficiency of Cryptosporidium. Li et al. determined the sequential inac-
tivation of ozone as primary disinfectant and free chlorine as secondary disinfectant
by animal infectivity using neonatal CD-1 mice [22] (Table 3). The same authors
reported also that temperature is critical for both single and sequential inactivation.
After a primary kill of 1.6 log by ozone, the free chlorine (C,y, T products) for
inactivation of 3.0 log units were 1,000, 2,000, and 3,300 mg min/L for 22°C, 10°C,
and 1°C, respectively [22].
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Table 3 Sequential inactivation of Cryptosporidium by ozone as primary and chlorine or
monochloramine as secondary disinfectants

Disinfectant

(CT = mg min/L) Detection Log/%
Matrix Primary Secondary method inactivation Reference
0.01 MPBS, pH 7.0, | Ozone F. chlorine® Excystation 1.0 [25]
5°C (28) (20)
0.01 M PBS, pH 7.0, | Ozone F. chlorine Excystation 2.0 [25]
20°C (1.8) (40)
0.01 M PBS, pH 8.0, | Ozone MCAP® (900) | Excystation 2.0 [30]
20°C (22.5)
0.01 M PBS, pH 8.0, | Ozone MCA (1400) |Excystation |2.0 [30]
5°C (11.5)
0.01 M PBS, pH 6.0, | Ozone F. chlorine Excystation 2.0 [28]
20°C (1.4) (600)
0.01 M PBS, pH 8.0, | Ozone MCA (2000) | Excystation 2.0 [28]
20°C (1.4)
0.05 M PB, pH 6, Ozone F. chlorine Mouse 4.6 [22]
22°C (5) (1000) infectivity

3F . chlorine free chlorine
®MCA monochloramine

No synergy was observed in the inactivation rate of Cryptosporidium when
sequential inactivation of chlorine dioxide and free chlorine or monochloramine
was applied [29]. The authors explained that the absence of synergy for chlorine
dioxide/free chlorine and chlorine dioxide/monochloramine could be the result of
chlorine dioxide reacting with oocyst chemical groups that are mostly different
from those reacting with ozone, free chlorine, and monochloramine. Driedger et al.
proposed that secondary inactivation step may be the result of permeation within
the oocyst wall layers, whereas primary disinfection may be a permeation process
within more reactive oocyst wall layers [27].

S Photocatalytic and Advanced Oxidation Processes
for the Inactivation of Cryptosporidium

Titanium dioxide (TiO,) photocatalysis is an advanced oxidation process (AOP)
which can be used for water treatment. When irradiated with supra band gap
energy, electron-hole pairs are generated within the titanium dioxide particles.
Redox reactions with water and dissolved oxygen at the particle solution interface
can result in the formation of reactive oxygen species (ROS). ROS formed by
photocatalysis include the hydroxyl radical, a powerful indiscriminate oxidant, and
superoxide anions, formed by reduction of dissolved oxygen [30, 31]. Photocatalysis
can degrade a wide range of organic compounds and inactivate pathogens in water
[32]. The ROS generated at the TiO, surface have been proposed to be the
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responsible agent for the disruption of cell membranes leading to loss of respiration
and microbial inactivation [33]. DNA damage has also been reported following
exposure of cells to superoxide anions and/or hydroxyl radicals [34].

Holes in the valence band are strongly oxidizing agents able to oxidize water to
highly aggressive hydroxyl radicals as well as superoxide, and other active oxygen
species are responsible for disinfection in water by attacking cellular membranes as
well as cytoplasmic proteins. When UV energy is combined with ozone, it creates a
chemical reaction resulting in hydroxyl radicals, short lived, but very powerful
oxidizer that can kill pathogens as well as destroy inorganic contaminants in the
water. The more ozone molecules in the system, the more hydroxyl radicals are
created [35].

King et al. used cell culture infectivity to measure solar inactivation of Crypto-
sporidium [36]. A reduction of 90% of Cryptosporidium infectivity was recorded
within 1 h on a high UV index summer day, whereas up to 6.4 h were needed to
obtain 90% inactivation on an overcast day of low UV index rating. Cryptosporid-
ium 1nactivation was attributed to the UV-B and UV-A fractions of the solar
radiation. These results are in agreement with those reported by Connelly et al.,
who also used cell culture infectivity to evaluate the inactivation of Cryptosporid-
ium by solar radiation [37]. These authors reported that exposures of Cryptospo-
ridium to 32 and 66 kJ/m? artificial UV-B significantly decreased oocyst infectivity
by an average of 58 and 98%, respectively. Exposure of oocysts to approximately
half and full intensity of solar spectrum (all wavelengths) for a period of less than
1 day (10 h) in midsummer reduced mean infectivity by an average of 67% and of
>99.99%, respectively [37]. McGuigan et al. observed that after 6 h of solar
disinfection system (SODIS) exposure 60% of infective Cryptosporidium parvum
were permeable to DAPI and from 10 h, all oocysts were PI positive [38] (Table 4).
Ten hours of SODIS exposure was also sufficient to fully inactivate Cryptosporid-
ium oocysts as measured by Swiss CD-1 mice. Inactivation of Cryptosporidium by
sunlight may be the result of optical and thermal process, and a strong synergistic
effect occurs at temperatures exceeding 45°C [38, 39]. Sunlight may be absorbed by
photosensitizers present in water which reacts with oxygen and then produce highly
reactive superoxide and hydrogen peroxide.

To enhance the inactivation efficiency of waterborne pathogenic microorganisms
by SODIS, semiconductor photocatalysis is used to produce highly reactive species
[40]. As indicated above, ROS formed by photocatalysis include hydroxyl radical and
superoxide anions [41]. The generation of OH radicals by photo/ferrioxalate and
photo/T10, systems was evaluated for the inactivation of C. parvum [42] (Table 4). In
vitro excystation of Cryptosporidium was used to evaluate the inactivation efficiency.
The study revealed that CT values of OH radicals to achieve 2-log C. parvum
inactivation were 9.3 x 107> and 7.9 x 107> mg min/L from photo/ferrioxalate
and photo/TiO, systems, respectively [42] (Table 4). OH radical is one of the most
effective oxidants (oxidation potential: OH radical 2.7 V, ozone 2.07 V, chlorine
dioxide 1.91 V, and free chlorine) 1.36 V [32]. Sunnotel et al. demonstrated a
reduction of 78.4 and 73.7% after 180 min exposure to photocatalytic activity of
using TiO, films [30]. These authors assessed the oocysts viability by dye exclusion,
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Table 4 Photocatalytic and AOP inactivation of Cryptosporidium
Cryptosporidium detection | Inactivation efficiency

Treatment method (log/%) Reference
1 h high UV index summer | Cell culture 90% [36]

day

6.4 h low UV index rating | Cell culture 90% [36]
SODIS? 10 h Mouse infectivity 100% [38]
SODIS?, 6 h DAPI 60% [38]
Photo/TiO,, In vitro excystation 2 log [42]
CT=179 %107

Photo/ferrioxalate, In vitro excystation 2 log [42]
CT=93x 10"

Photocatalysis with TiO, Dye exclusion and in vitro 78.4% [30]

film excystation

10% H>,0,, 2 h Cell culture 99% [44]

TiO, and UV 4 mJ/cm® CC-PCR 2 log [44]

TiO, and UV 11 mJ/cm? CC-PCR 3 log [44]
SODIS and 8 mg/L FAC Cell culture >2 log [46]

“SODIS solar disinfection system

excystation, and a gene expression assay based on lactate dehydrogenase 1 (LDHI)
expression level. Scanning electron microscopy analysis showed a large number of
empty oocysts following treatment confirming rupture of the oocyst wall suture line
[30]. The ROS generated at the TiO, surface have been proposed to be the responsible
agents for the disruption of the cell membrane leading to loss of respiration and
microbial inactivation [33].

Although the evaluation of Cryptosporidium viability was performed by the
inclusion/exclusion of the fluorogenic vital dye propidium iodide (PI), it has been
demonstrated that the effectiveness of solar disinfection against C. parvum was
enhanced when TiO, was incorporated. Incorporation of TiO, resulted in decreas-
ing the time needed for Cryptosporidium inactivation by solar radiation [43].

Reduction of dissolved oxygen generates additional reactive oxygen species
including superoxide radical anion (O, "), hydroperoxyl radical (HO, "), and
hydrogen peroxide (H,O,). These species can feed into the radical attack mecha-
nisms responsible for the oxidation of organic matter and inactivation of pathogenic
microorganisms present in the water. Delling et al. reported that exposure of
Cryptosporidium for 2 h to 10% H,0O, resulted in 99% inactivation as measured
by CC-PCR [44] (Table 4).

Ryu et al. studied the inactivation efficiency of Cryptosporidium by the syner-
gistic effect of UV irradiation and TiO, [45]. Whereas low inactivation (<0.28 log)
was recorded by long-wave UV radiation, the synergistic effect of germicidal UV
and TiO, resulted in 2-log and 3-log oocysts inactivation with 4.0 and 11.0 mJ/cm?,
respectively.

Zhou et al. demonstrated that solar radiation of water containing free available
chlorine (FAC) dramatically enhances the inactivation of C. parvum compared to
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solar radiation and FAC alone [46]. Exposure to simulated sunlight for 60 min in
the presence of 8 mg/L free chlorine resulted in photo decomposition of free
chlorine to 1 mg/L and inactivation of >2 log of Cryptosporidium. The enhanced
Cryptosporidium inactivation was due to in situ ROS and ozone production via
FAC photolysis.

Kniel et al. recorded 50% inhibition of protease activity by treatment of
C. parvum with H,O, [47]. These authors proposed several mechanisms for the
inhibition of infectivity and excystation of Cryptosporidium oocysts by H,0,.
These mechanisms include oxidation of cell wall proteins or lipids, chelation of
cations necessary for infection or hydroxyl radical-induced DNA damage in spo-
rozoites, or both.

Abeledo-Lameiro et al. demonstrated enhancement in the effectiveness of solar
disinfection procedures against C. parvum, when TiO, or TiO,/H,0, were incor-
porated, decreasing the time needed for oocysts inactivation and resulting in 97.7%
and 99.1% inactivation, respectively [48].

Cho and Yoon used Bacillus subtilis spores as surrogate for Cryptosporidium
inactivation by O3/H,0, followed by Cl, [49]. The authors demonstrated a 2.7 log
inactivation in system of Oz/H,0, followed by Cl, at 20°C which was induced
by OH radical enhancement and synergistic effect of sequential disinfection. The
presence of OH radical achieved 1-log inactivation. In addition, the sequential
treatment with O3/H,0, followed by Cl, achieved an additional 1.4 log inactivation
with the extra synergistic effect.

Barbee et al. reported that exposure of Cryptosporidium to 3% H>0O, for 20 min
at 20°C, resulted in 1-log inactivation, whereas exposure to 6% resulted in over
3-log inactivation [50].

Rodriguez-Chueca et al. demonstrated high inactivation efficiency of Escherichia
coli by peroxone system (O3/H,0,) and catalytic ozonation (O3/TiO,) [51]. Inacti-
vation of 6.80 log after 10 min of contact time was observed for the peroxone system
and 6.22 log for the catalytic ozonation.

6 Conclusions

Disinfection is an important barrier to prevent the infection of Cryptosporidium by
water consumption. Since Cryptosporidium oocysts are highly resistant to chlorine,
alternative disinfection methods are applied to efficiently inactivate Cryptosporidium.
Advanced oxidation processes, especially reactive oxygen species and hydroxyl
radicals, have been shown to be efficient for the inactivation of Cryptosporidium
oocysts and other waterborne pathogens.
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