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Abstract  This review of literature analyses the 
effectiveness of three commercially available filters, 
namely the Pall Envirochek filters, IDEXX FiltaMax, 
and Whatman flatbed membrane, in the process of 
concentrating Cryptosporidium oocysts and Giardia 
cysts from water samples. Moreover, several research 
studies investigated the possibility of using ultrafil-
tration filters as an affordable substitute for patho-
gen concentration, and their efficacy for protozoa 
is reviewed here and compared against the existing 
commercial filter options. Because of the differences 
in sampling procedures, no one method for concen-
trating these protozoa consistently outperforms oth-
ers. This comparative article summarises our cur-
rent understanding of the recent water sampling 
techniques to concentrate waterborne protozoans 
and highlights the remaining knowledge gaps. While 
ultrafiltration is a financially practical alternative for 
the concentration of pathogens, this paper highlights 
that further investigation is required to optimise their 
efficacy, particularly for low numbers of oocysts and 

cysts. These insights play a substantial role in provid-
ing information for advancing enhanced water sam-
pling and treatment systems, reducing the dangers 
connected with waterborne protozoans, and ensuring 
the protection of public health.

Keywords  Water sampling · Waterborne 
pathogens · Cryptosporidium · Giardia · Filtration 
methods · Ultrafiltration

1  Introduction

Cryptosporidium and Giardia, and they are abbrevi-
ated in this review by oo(cysts), are major protozoan 
pathogens contributors to waterborne illness, present 
enormous health hazards on a global scale and result-
ing in significant morbidity and mortality (Abey-
wardena et al., 2015; Ahuja, 2021; Luka et al., 2022). 
These pathogens demonstrate extended viability in 
aquatic environments (Fayer & Xiao, 2008; Jain et al., 
2019; Prasad & Grobelak, 2020) and resistance to 
traditional disinfection techniques (Abeledo-Lameiro 
et al., 2018; Dixon, 2014; Xiao et al., 2006), empha-
sising the necessity for improved approaches to detect 
their low concentrations in sampled water. The cur-
rent procedures employed for controlling waterborne 
protozoans mostly focus on water filtration techniques 
and the early identification of pathogens. However, an 
optimal method for concentrating water samples, as 
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a part of sampling process to detect these pathogens 
has not yet been determined.

The most common method for water sampling and 
detection is the US Environment Protection Agency 
US EPA 1623.1 in Fig.  1 (Efstratiou et  al., 2017; 
EPA, 2001; Feng et al., 2003; Omarova et al., 2018; 
Prystajecky et al., 2014). The UK is following the UK 
Drinking Water Inspectorate (UKDWI) while Japan, 
Australia, and New Zealand, in addition to the US 
EPA method, have their own standards for water sam-
pling and detection. Envirochek® HV Sampling Cap-
sule and Filta-Max® Foam filter are approved by both 
US EPA and UK DWI (EPA, 2012b; Rhodes et  al., 
2012) with the UK DWI also endorsing the flat-bed 
membrane (SCA, 2010b).

These testing methods involve multiple process 
steps from filtration of a large sample to isolation 
and identification of oocysts (EPA, 2012b; Luka 
et  al., 2022). Water sampling is an essential process 
toward further analysis; the small volume of sample 
that transported to laboratory and subjected for moni-
toring procedure, should represent the entire part of 
sampled part (Bridle et al., 2021b; Madrid & Zayas, 
2007). Concentration of the water sample is a criti-
cal step and aids in detecting low concentrations of 
Cryptosporidium and Giardia.

In the UK, the average recovery of oocysts during 
the sampling and analysis stages would be approxi-
mately 36% at a concentrate of one oocyst per 10 L 
(Department of Environment, 2000; Drury & Lloyd, 
2003). The UK treatment standard for Cryptosporid-
ium in finished drinking water was not derived from 

known public health standards because of the inher-
ent difficulty in directly linking specific Crypto-
sporidium concentrations in water to outbreaks; in 
addition, published reports on outbreaks often lack 
precise measurements of oocyst levels at the time of 
contamination (Howe et  al., 2002). Consequently, a 
treatment standard was established to ensure an opti-
mal margin of safety against outbreaks; it concluded a 
concentration of less than one oocyst per 10 L would 
represent a level that was easily achievable using 
well-operated conventional treatment methods; thus, 
with this regulatory threshold of more than 1000 L 
of treated water must be constantly filtered over 24 h 
(Drury & Lloyd, 2003).

Although there isn’t a set legal limit for Crypto-
sporidium in treated drinking water in the United 
States, the Environmental Protection Agency (EPA) 
established treatment technique requirements for 
unfiltered systems that guarantee at least 99.9% 
of Cryptosporidium oocysts are inactivated when 
the mean concentrate level is 0.01 oocysts.L−1 and 
99.99% are activated when the mean level is greater 
than 0.01 oocysts.L−1 (CFR, 2024). Regarding 
Giardia lamblia cysts, it is required to remove or 
inactivate 99.9% of cysts (Askenaizer, 2003).

Existing sampling methods are labour-intensive, 
expensive, and inefficient (Vesey et al., 1993). Sci-
entists and researchers, for the last four decades, 
have been attempting to develop an ideal method 
for sampling and detecting the low number of infec-
tious waterborne parasites in selected sample; how-
ever, there is no ideal and efficient procedure for 

Fig. 1   US EPA 1623.1 method overview diagram
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these processes (Carraro & Palumbo, 2002). Choos-
ing an appropriate filter is crucial to retain targeted 
pathogen from the filter (Clancy, 2000); both filter 
choice and operating procedures, during both sam-
pling and subsequent recovery steps, are critical to 
meet with accepted recovery efficiency (RE) (Vesey 
et  al., 1993). Many investigations have been done 
to improve the RE of filters; nevertheless, the diffi-
culties still exist because the complication of water 
matrix which is unpredictable and can vary from 
sample to another (Efstratiou et  al., 2017; Hassan 
et al., 2021; Ongerth, 2013; Rhodes et al., 2012).

Waterborne pathogen concentration methods 
were last studied by (Helmi et al., 2010), for stand-
ard filters for both drinking and surface water, for 
comparison HFUF to USEPA 1623 method by (Hill 
et  al., 2009), for the evaluation of five UF filters 
with drinking water by (Holowecky et  al., 2009), 
and by (Ferguson et al., 2004)for the comparison of 
UF and standard filters with raw water in 2004.

More recently, reviews of ultrafiltration have 
been undertaken and an overview of approaches 
for all pathogens was given in this book (Bridle 
et al., 2021b). However, to our knowledge there has 
not been previous work comparing the traditional 
techniques with recent ultrafiltration systems for 
Cryptosporidium and Giardia specifically.

This work gathers the latest data through a semi-
systematic literature review, employing keywords 
like "Cryptosporidium," "Giardia," "protozoan 
pathogens," "filtration," "sampling," and "sample 
processing" in databases such as Scopus and Sci-
ence Direct. Articles were selected based on their 
focus on the filtration of Cryptosporidium and/
or Giardia for water quality monitoring, including 
both review articles and original studies. Additional 
sources were identified from the initial articles and 
manufacturer data sheets. The objective is to con-
tribute to the existing knowledge regarding the cur-
rent understanding of optimal procedures and meth-
odologies for the concentration of oo(cysts) from 
water samples, tracking concentration methods and 
addressing gaps that require additional research. 
The article concentrates on different methods that 
rely on filters, considering factors such as the vol-
ume of the sample, the filter selection, the initial 
concentration of oo(cysts), the choice of chemi-
cal for filter blocking or elution, and the flow rate. 
The article aims to investigate how these factors 

impact recovery rates and, whenever feasible, deter-
mine the most optimal choices.

2 � Existing Methods

2.1 � Detection

The ultimate goal of a sampling process is to enable 
the detection of Cryptosporidium and Giardia, moni-
toring the safety of water samples. The standard 
approach is to use microscopy based on immunofluo-
rescences. This method is widely used in water labo-
ratories, and the number of intact oocysts or cysts can 
be counted. However, the drawbacks are that viability 
cannot be determined without using additional dyes, 
and alternative methods, such as nucleic amplification 
approaches, are required to obtain further information 
on species, which is of interest in determining the 
risk to human health. There are 44 different species 
and over 120 different genotypes of which 19 species 
and four genotypes have been identified in humans; 
the most commonly found species in humans are C. 
hominis, C. parvum, C. meleagridis, C. canis, and C. 
felis (Gopfert et  al., 2022; Ryan et  al., 2021). Addi-
tionally, viability and infectivity are not the same, and 
infectivity measures include excystation assays, tissue 
culture approaches or animal challenges (Rousseau 
et al., 2018). Detection methods have been reviewed 
elsewhere such as in (Cazeaux et  al., 2022; Luka 
et  al., 2022), and as such this article focuses on the 
sampling methods.

2.2 � Water Sampling

Water sampling is selecting water specimens for fur-
ther analysis, following standardised procedures, 
to ultimately determine their characteristics and 
ensure they are safe (Gaskin, 2005; Huang et  al., 
2022; Matamoros, 2012); therefore, it is crucial that 
the small amount of water, that is subjected to the 
laboratory for analysis, accurately represents the 
entire sampled area (Bridle et  al., 2021b; Madrid & 
Zayas, 2007). The detection of low level of water-
borne pathogens, particularly those such as Crypto-
sporidium and Giardia for which amplification by 
culturing is difficult, demands a sample of 10–50 L 
of surface (raw) water (Burnet et al., 2021; Robertson 
& Gjerde, 2000), 10–100 L of surface water of low 
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turbidity (SCA, 2010b), or 1000 L of finished water 
(Bridle et al., 2015; Bridle et al., 2021a; Gavriilidou 
& Bridle, 2012; Horton et al., 2018). These samples 
undergo further filtration and concentration before 
proceeding to detection procedures (EPA, 2011). 
Thus, water sampling transcends merely grabbing a 
portion of water for subsequence analysis; it encom-
passes a series of processes, including transport, 
storage, filtration, or concentration, and depending 
on the purpose of the sampling, a variety of charac-
teristics, including chemical, physical, or biological 
data, might be measured from the water sample (Bar-
roso et al., 2024; Bridle et al., 2021b; DWQR, 2022; 
EPA, 2011; Gaskin, 2005; Gule et al., 2023; Madrid 
& Zayas, 2007; SCA, 2010a; Shepard et al., 2006).

In order to eliminate the chance of error because 
this phase is so important and delicate, it is impera-
tive to address key questions prior to, during, and 
after the sampling step to prevent any possibility of 
errors (Madrid & Zayas, 2007). These considerations 
are outlined as follows.

–	 Is the location of the sample grabbing point identi-
fied?

–	 Is the equipment for sampling appropriate? Was it 
stored in an approved condition?

–	 Is the delivery of the sample to the laboratory 
scheduled to prevent exceeding the examination 
plan?

–	 Was the sample kept under standard conditions 
after it was delivered?

–	 Does the chosen analysis method fulfil the analy-
sis’s objectives?

–	 Have all procedures, materials utilised, and results 
been recorded?

Therefore, maintaining a line of communication is 
important between all involved parties to assure that 
no mistakes were occurred at any point of the sam-
pling process.

Specifically, the requirements for the sample to 
detect Giardia and Cryptosporidium are to record 
the sample location, time and date of collection and 
processing, the sample volume, the name of the sam-
pler, and the sampling flow rate; samples of up to 50 
L of surface water, groundwater, or post-filter water 
may be filtered on-site by an appropriate method or 
transported to the laboratory in clean polyethene jerry 
cans; these reusable containers and any other material 

that used for sampling shall be disinfected before 
reuse to prevent any cross contamination (SCA, 
2010b).

2.3 � Sampling and Detection Methods

The US EPA 1623.1 method, Fig. 1, was developed 
for Cryptosporidium and Giardia detection (EPA, 
2012b) as an extension to the US EPA 1622 method 
to monitor and detect Cryptosporidium in 1999 (EPA, 
2001; Feng et al., 2003). The method requires filtrate 
10–50 L of raw water (Burnet et al., 2021; Robertson 
& Gjerde, 2000) or 1000 L of treated water (Bridle 
et al., 2015; Bridle et al., 2021a; Gavriilidou & Bri-
dle, 2012; Horton et al., 2018). The primary steps of 
this method are:

	 I.	 Filtrate the sample through an approved filter, 
Envirochek® HV Sampling Capsule and Filta-
Max® Foam Filter; the Continuous Flow Cen-
trifuge (PCFC) is also accepted (EPA, 2012b; 
Rhodes et al., 2012). In this step, oo(cysts) are 
captured in the filter’s membrane to be recov-
ered by washing the filter and concentrated by 
centrifugation (Bridle et al., 2021a; Feng et al., 
2003).

	II.	 Purify and concentrate the oo(cysts) that have 
been captured using an approved method, such 
as immunomagnetic separation (IMS), which 
uses beads coated with Giardia and Crypto-
sporidium antibodies to separate the oo(cysts) 
from other microorganisms or (Bridle et  al., 
2021a; EPA, 2012b; Feng et  al., 2003). The 
oo(cysts) are then separated from the beads for 
the next step.

	III.	 Use a fluorescent antibody to stain the oo(cysts) 
on a microscope slide or membrane, then count 
them at a magnification of 200–400x (Bridle 
et al., 2021a; EPA, 2012b; Feng et al., 2003; Jel-
lison et al., 2020).

A quality control (QC) procedure shall be fol-
lowed to validate the sampling procedure; this 
includes spiking the filter with a known number 
of Cryptosporidium oocysts and Giardia cysts as 
a positive control, which shall be distinguishable 
from environmental oo(cysts), while counting under 
the microscope. The US EPA 1623 recommend 
spiking sampling filter with ~ 100–500 oo(cysts) 
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(EPA, 2012b), and 100 oo(cysts) as per UK regu-
lations (SCA, 2010b). The quantity of oo(cysts) 
utilised in quality control (QC) can be commer-
cially manufactured or sorted employing in-house 
flow cytometry. The most widely used commercial 
oo(cysts) for spiking such as ColorSeed™, supplied 
by Biopoint Pty Ltd, Australia, which are inacti-
vated and labelled with red fluorescent (Texas-red), 
and became recognised as red under the microscope 
with a red filter(Al-Sabi et  al., 2015; Jain et  al., 
2019) and green when they were stained with green 
fluorescein isothiocyanate (FITC) (Arona et  al., 
2023; Fradette et al., 2022). The recovery efficiency 
of sampling can be determined as following:

where:

R	� Recovery efficiency.

Nred	� Number of red (control) oo(cysts) counted.

T	� Number of QC oo(cysts) added. Usually, 100.

As the stained environmental oo(cysts) by FITC 
would be green to the observer, as well as Color-
Seed oo(cysts), the number of environmental 
oo(cysts) can be determined by subtracting the total 
number of red oo(cysts) from green ones.

There are many limitations of this method such as:

	 I.	 Varying recovery ranging between 21 to 100% 
and 17 to 100% for Cryptosporidium and 
Giardia respectively, since not all oo(cysts) 
in a sample would always be recovered by the 
technique (Hu et  al., 2004; Mccuin & Clancy, 
2003). According to the EPA 1623 technique, 
the accepted recovery rates should not be lower 
than 8% for Giardia spp and 32% for Crypto-
sporidium spp (EPA, 2012b; Sammarro Silva & 
Sabogal-Paz, 2021).

	II.	 The method is not suitable for on-site detection 
since it is labour- and time-intensive, requires 
specialised staff, and involves complex opera-
tions that call for highly skilled professionals 
(Luka et al., 2022).

%R = 100 ×
N
red

T

	III.	 Precise equipment and reagents are required, 
contributing to the procedure’s overall expenses 
and intricacy. The reagents needed for separa-
tion and staining can be quite costly, and the 
process of filtering to detection takes a long 
time. A single procedure, for example, may cost 
between $250 and $400 (Efstratiou et al., 2017), 
and the filter alone may cost as much as $120 
which restricts how many sample locations and 
how frequently sampling can be done with the 
limited budget available to utilities (Jellison 
et al., 2020). The equipment that is required to 
complete this procedure, including maintenance, 
can cost up to $75 k (Efstratiou et al., 2017).

The filtration process retains unwanted parti-
cles which cause difficulties in the detection of the 
oo(cysts) and increases the false positive likelihood. 
Uncertain recovery rate, contingent upon factors such 
as the limited sample amount, turbidity, and con-
centrate levels of the parasites as the low recovery 
of oo(cysts), particularly in inferior-quality water, is 
a significant challenge and several studies have indi-
cated that the recovery rate in severely turbid water 
was either close to or fell below the minimum accept-
able thresholds (Efstratiou et  al., 2017; Sammarro 
Silva & Sabogal-Paz, 2021). The US EPA method 
lacks the ability to distinguish among the oocyst 
species without utilising polymerase chain reaction 
(PCR) based analyses; species level detection is use-
ful since not all Cryptosporidium oocysts or Giardia 
cysts cause a risk to human health (Allen et al., 2000; 
Jingyi et al., 2023; Xiao et al., 2006).

3 � Comparison of Filters

3.1 � Capsule Filters

The main capsule filter type utilised is the Envi-
rochek capsule, Fig.  2-a, which is a polycarbonate 
capsule enclosing a Supor polyethersulfone mem-
brane witha1 µm porosity with an effective filtra-
tion area of 0.13 m2 (Bridle et  al., 2021b; Clancy, 
2000; Ferguson et  al., 2004). Since the capsule 
is approved by the US EPA method 1623.1 for 
Giardia and Cryptosporidium detection (EPA, 
2012b, 2014), UK DWI (SCA, 2010b), and the ISO 
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15553 standard (BSI, 2006), it is frequently used to 
sample as much as 50 L of raw water and 1000 L of 
finished water.

The operational pressure of Envirochek (EC) is 
2.1  bar, and 4.2  bar for the Envirochek HV (EC_
HV), the Envirochek HV type of this capsule filter 
can sample raw and finished water including swim-
ming pool water, and wastewater at flowrate up to 
3.4 L.min−1; therefore, the inclusion of an inline 
regulator is necessary to effectively monitor the 
pressure during the filtering process (Bridle et  al., 
2021b; EPA, 2014; SCA, 2010b). The next step is 
utilisation of a non-ionic detergent elution solution 
and agitation using a wrist shaker, giving an eluate 
volume > 200  mL, which then requires concentrat-
ing parasite through centrifugation (Bridle et  al., 
2021b; Palumbo et al., 2002; Pires & Dong, 2014). 
The main advantage of using this capsule filter is, 
it is applicable for sampling in both on-field and 
water treatment plant settings. Since the capsule 
encloses the filter membrane and does not necessi-
tate placement within a specialised filter housing, 
unlike the FiltaMax filter, it presents the benefits of 
eliminating the pre-assembly requirements, facili-
tating ease and timesaving of collection and elu-
tion. For instance, direct inline connection with the 
sampling pipeline is achievable through its inlet and 
outlet port. However, it is important to note that the 
filtering efficiency of this method may be affected 
by water with a high turbidity of > 20 Nephelomet-
ric Turbidity Units (NTU) (Palumbo et  al., 2002). 
Additionally, it is worth considering that the cost 
of the capsule exceeds £200.00 as offered in 2023 
by the Fisher Scientific, UK Lab supplies for cata-
logue’s items 17,194,221 and 1,717,422. The esti-
mated cost of sampling 10 L of ultrapure water 
according to the US EPA 1623.1 method, using the 
EC_HV, was £800 and required six hours to accom-
plish the test (Fradette & Charette, 2022).

3.2 � FiltaMax Compressed Foam Filter

The compressed foam filter was invented by Adrian 
Parton and developed by IDEXX, Fig.  2-b; It uti-
lises 60 expansible foam rings, as a filter medium, 
which are compressed between retaining plates; 
making a nominal equivalent pore size of 1  µm to 
trap Cryptosporidium and Giardia (BSI, 2006; 
Helmi et  al., 2010; IDEXX, 2023). The filter was 
assessed against 10–20 L of river water and 100 to 
2000 L of tab water at flowrate of 1 to 2 L.min−1 
(Sartory et  al., 1998). According to the US EPA 
1623.1 method, to establish flow through the filter, a 
head pressure of 0.5 bar is needed; a recommended 
pressure of 5  bar should result in a flow rate of 3 
to 4 L.min−1. It is not advised to operate above the 
8.0 bar maximum operating pressure (EPA, 2012b).
The captured organisms are subsequently released 
during the decompression of the medium before the 
eluting process. This decompression allows for the 
expansion of pores within the filter (Parton, 1997). 
Studies investigated the efficiency of the filter by 
evaluating the recovery rate of oo(cysts) in different 
level of seeding, water type, and sample volumes 
(Helmi et  al., 2010; Horton et  al., 2018; Wohlsen 
et al., 2004).

One of the considerable drawbacks of the FiltaMax 
filter is that the passage of oo(cysts) through filters 
can occur; that could be attributed to either the une-
ven pore size of the filter medium, which allows a few 
oo(cysts)to pass through the it, or that the oo(cysts) 
compressed and reform by the impact of high pres-
sure, or both (Peng et  al., 2010; SCA, 2010b). One 
study installed a 142 mm diameter acrylic copolymer 
membrane filter in series with the outflow of the fil-
ters to count the number of Cryptosporidium oocysts 
that passed or break through the filter; the maximum 
breakthrough that were found to be outside the filter 
was 2.0% of the originally seeded oocysts, and up to 

Fig. 2   Commercially avail-
able and adopted by the US 
EPA and UKDWI. a Envi-
rochek HV capsule(Clancy, 
2000), b Filta-Max® filter 
modules (SCA, 2010b), and 
(c) The flat membrane filter 
in the support house (SCA, 
2010b)

(a) (b) (c)
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5.1% from the prototype of the original filter (Sartory 
et al., 1998).

Another  constraint linked to the filter is the 
requirement for specialised IDEXX equipment for 
elution. IDEXX offers two elution systems: the Filta-
Max System and the Filta-Max Xpress System. The 
primary distinction between Filta-Max and Filta-Max 
Xpress is in the latter’s utilisation of an automated 
elution system. Once the desired volume of water 
samples has been obtained, the filter will be retrieved 
and extracted from the housing cup to proceed with 
subsequent elution procedures. The filter would 
undergo decompression to increase its porosity and 
facilitate the release of caught parasites, and the final 
volume of the elute is 600–1200  mL (Bridle et  al., 
2021b; Sartory et al., 1998).

The cost of the equipment is approximately 
£26,000 which makes this method expensive for rou-
tine samples although it is frequently used for water 
sampling, waterborne monitoring, and detection 
(Efstratiou et al., 2017; Jellison et al., 2020).

3.3 � Flat‑bed Membrane Filtration

In the late 1980s and early 1990s, a new method for 
water sampling using flat-bed membrane filtration 
was established because of the high cost and unpre-
dictability of filter cartridge filtrations.

142  mm or larger of the flat-bed membrane 
with stainless steel support house is approved by 
UKDWI, Fig. 2-c, (SCA, 2010b), and the US EPA 
1623.1 method accepted the use of the Whatman 
Nuclepore CrypTest™ filter till 2003 when the fil-
ter was excluded from the list of permitted filters as 
a consequence of its discontinuation by the manu-
facturer (EPA, 2012b). Because of the tendency 
of high turbid water to block the membrane filter 
during the filtration process, this filter is appropri-
ate for analysing various sorts of treatment and dis-
tribution waters and source waters with relatively 
low turgidities (SCA, 2010b). When the sample fil-
tration process is accomplished, the filter is back-
washed twice by 300 mL of elution buffer, utilising 
a peristaltic pump and incubated in an ultrasonic 
bath for two minutes, then the backwash buffer is 
subjected to further concentration and analyses as 
per EPA 1623.1 method (Helmi et  al., 2010). The 
design effectively filtered 1–100 L of water at a rate 

of 2 L.min−1 using a 2 µm porosity filter (Palumbo 
et al., 2002). The mean recovery rate can be varied 
depends on the water type and the concentrate of 
oo(cysts) in the sample (Falk et al., 1998; Wohlsen 
et al., 2004).

Membrane filtration has two critical advantages 
over cartridge filtration: it is less expensive and 
requires less time in the laboratory for processing. 
On the other hand, this procedure’s drawback is the 
sample volume limitation; turbidity in the water 
can cause the filter to clog (Palumbo et  al., 2002; 
Sánchez et  al., 2018). The standard membrane fil-
ter types can filter 10–40 L of low-turbidity water, 
while they can only filter up to 2 L of highly tur-
bid water (Palumbo et al., 2002; Zarlenga & Trout, 
2004). This filter is competitively inexpensive and 
costs only £8.64 by Avantor Sciences supplier, 
catalogue number WHAT10418731. In addition, 
organism can be obtained without backwashing or 
eluting since the filter’s surface is scraped off and 
then cleaned with phosphate buffer solution (PBS) 
(Palumbo et al., 2002).

3.4 � Hollow Fibre Ultrafiltrate Filter (HFUF)

Ultrafiltration (UF) is a technique of membrane 
filtration (Efstratiou et  al., 2017) that has a sur-
face area of several square metres and a porosity 
of 1–100  nm (Rhodes et  al., 2011). The technol-
ogy was initially designed for therapeutic purposes 
like dialysis; however, it has since become utilised 
in water sample processing research to concentrate 
several microorganisms simultaneously (Rhodes 
et  al., 2011); even viruses can be retained as well 
(Bridle et  al., 2021b). Hollow fibre ultrafiltration 
(HFUF) was initially employed in 2001 by a Japa-
nese research group to enhance the concentration 
of oo(cysts) (Hashimoto et al., 2001). In addition to 
capturing several microorganisms simultaneously 
with the HFUF, it has a shorter processing time 
and lower cost (£10-£25) compared to cartridge fil-
tering, and the recovery is also more efficient than 
capsule filtration (Efstratiou et al., 2017; Hashimoto 
et al., 2001, 2002; Rhodes et al., 2011).

Table  1 demonstrates an overall comparison 
among reviewed filters including costs and mechan-
ical properties.
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3.4.1 � Filtration Configurations

There are two primary setups for HFUF to concen-
trate waterborne pathogens from filtered samples: 
Tangential Flow Filtration (TFF) and Dead-End 
Ultrafiltration (DEUF), by which they are com-
monly employed for separating particles that are 
larger than the pores in a membrane. The TFF, also 
known as crossflow filtration, continuously circu-
lates the sample through the filter until the desired 
concentration volume is achieved, often a few hun-
dred millilitres. This filtered sample can then be 
utilised for further analysis, as shown in Fig.  3-a. 
The primary benefits of this configuration are that 
the sample consistently flows alongside the filter 
surface, resulting in the surface being cleaned and 
a decreased risk of clogging; hence, the concen-
trated sample can be obtained without the need for 
backwashing (Bridle et al., 2021b). Monitoring the 
pressure during the processing phase is important 
for the filtration process (Rhodes et al., 2012). This 
disadvantage can be addressed by installing an in-
line pressure regulator and sensor to prevent high-
pressure water from harming the filter’s membrane. 

Prior to beginning the sample operation, it is essen-
tial to conform to the manufacturing pressure set-
points. The filter must be maintained intact during 
the high-pressure operation until the sampling is 
completed. A further limitation of this approach is 
that concentrating a large volume of samples takes 
a significant amount of time. For example, concen-
trating 1000 L of water with this setup is inefficient.

The second configuration is Dead-End Ultrafil-
tration (DEUF), where the retentate port is sealed 
while sampling, and the permeate port remains 
open, as shown in Fig. 3-b. In this setup, the sam-
ple is passed through the filter without circulation. 
Particles, including organisms, will be retained 
within the filter, and can be retrieved later through 
backwashing. This configuration is widely used to 
concentrate substantial quantities of water sam-
ples, and it has been demonstrated to be suitable for 
retrieving many species, including parasites, bacte-
rial spores, vegetative bacteria, and viruses (Smith 
& Hill, 2009). Therefore, the DEUF is considered 
as a promising concentration technique (Sučik & 
Valenčáková, 2023).

Table 1   Filters’ specification and costs

RW Raw or surface water; FW Finished or tap water; MR As per manufacturer’s recommendations. Data obtained from manufac-
turer’s specifications and data sheets as well as the studies cited in Sections 3.1, 3.2, 3.3, and 3.4

Filter Manufac-
turer

Filter media Pore size Surface area 
m2

Sample 
volume (L)

Pressure 
(bar)

Flow rate 
(L.min−1)

Price
(£)

Notes

Enviro-
chek™

Pall Lab Supor 
polyether-
sulfone 
membrane 
in poly-
carbonate 
capsule

1 µm nomi-
nal

0.13 50 of SW 
and 1000 
of finished 
water

2.1 EC
4.2 EC_HV

up to 3.4 200 Disposable

FiltaMax IDEXX Expansible 
foam rings

1 µm nomi-
nal

10–20 of 
SW and 
100 to 
2000 of 
FW

5 3–4 55 Disposable

Flat-bed 
membrane 
filtration

Whatman 
Nuclepore 
CrypT-
est™

Nucle-
pore™ 
Polycar-
bonate 
Track-
Etched 
Mem-
branes

1–2 µm 0.016 10–100 L 
of low-
turbidity 
water, up 
to 2 L of 
highly 
turbid 
water

2 2 8.64 Disposable

HFUF Varied Varied 1–100 nm Several Varied MR MR 10–24 Reusable
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3.5 � Comparison of EPA 1623.1 and UKDWI Filters, 
and the HFUF

Figure  4 illustrates a result of an investigation by 
Helmi et al. in 2010 (Helmi et al., 2010) to compare 
three filtration systems: Pall (Envirochek HV) and 
IDEXX (FiltaMax) cartridge filters, as well as What-
man (Cryptest) membrane filter. Cryptosporidium 

parvum oocysts and Giardia duodenalis cysts were 
concentrated from a triplicate of two different water 
sources: 20 L of surface water, turbidity of 7 NTU, 
and 100 L of drinking water, turbidity of < 2 NTU; 
the samples were artificially contaminated with 103 
oo(cysts). Statistically, FiltaMax had superior perfor-
mance in the recovery of the Cryptosporidium and 
Giardia except for Cryptosporidium in surface water. 

Fig. 3   Filtration configu-
rations of HFUF filters. a 
Tangential flow filtration, b 
Dead-end ultrafiltration

(a)

(b)

Fig. 4   Filters recovery 
efficiency of Giardia and 
Cryptosporidium oo(cysts) 
from three replicants of 
drinking and surface water, 
figure created using data 
obtained from (Helmi et al., 
2010)
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In contrast, Envirochek exhibited recovery rates that 
were either lower or equivalent in comparison. The 
Cryptest filter demonstrated recovery rates that lie 
between those of Envirochek HV and FiltaMax. The 
study proved the efficacy of using Sodium hexamet-
aphosphate (HMP) in combination with Envirochek 
HV to enhance the retrieval efficiency of Crypto-
sporidium from drinking water samples. Moreover, 
the CrypTest filter was submerged in an ultrasonic 
bath for two minutes (Helmi et al., 2010).

In 2004, Wohlsen et  al., examined the effective-
ness of retrieving oo(cysts) from five different filters: 
Envirochek (E.C.), Envirochek HV (EC-HV), Filta-
Max (F.M.), Millipore flatbed membrane (MFM), and 
Sartorius flatbed membrane filter (SFM). The study 
used 10 L of surface water and 10 L of distilled water, 
both containing 100 oo(cysts). The outcome demon-
strated varying levels of pathogens that were success-
fully restored. As represented in Table 2, none of the 
results met the EPA’s approved recovery rates, except 
for EC-HV, which only achieved them when using 
reversed backwash (Wohlsen et  al., 2004). Although 
Wohlsen’s study showed low efficacy in retrieving 
the target parasites from the selected filters, Helmis’s 
research proved differently, and that may contribute to 
the use of diverse water matrixes and higher level of 
parasite seeding. As a result, the sample volume and 
seeding level affect the filters’ efficiency rate.

Regarding the HFUF, multiple works of lit-
erature were examined to evaluate the HFUF; like 

commercial filters authorised by the US EPA and 
other techniques previously mentioned, the water 
matrix and sample conditions, including the organ-
ism’s seeding level, affect the recovery effectiveness 
of studied filters. However, HFUF has been studied 
for recovering viruses from 20–100 L of tap water 
samples since the early 1980s (Hill et  al., 2005), 
and it has proven to be highly effective in eliminat-
ing waterborne pathogens for producing uncontami-
nated water (Herschell Green & Tylla, 1998; Hirata 
& Hashimoto, 1998). Holowecky and his team con-
ducted a study where they examined five commer-
cially available hollow fibre ultrafiltration cartridges. 
The purpose was to compare the efficiency of these 
filters in concentrating drinking water samples; they 
sampled 100 L of water tangentially filtered through 
20–70 kilo Dalton (kDa) cut-off ranges of filters until 
they obtained a 500 mL concentrate. The study found 
that out of the 180 combinations of sample conditions 
tested, no filter consistently performed better or worse 
than the others for each test microorganism (Holow-
ecky et al., 2009).

Hill and his team employed a Hemoflow F80A UF 
filter to concentrate a 10-L of tap water sample (Hill 
et al., 2005), and their study was extended with 100 
L of sample utilising a F200NR UF filter by Polac-
zyk and others; this choice was made because of the 
filter’s cost-effectiveness and larger surface area of 
0.2 m2. The study found that there were no signifi-
cant differences in organism recoveries between the 

Table 2   Comparison of mean recovery rates of Cryptosporidium and Giardia from five filtration setups utilising 10 L of sample and 
filters were seeded with 100 oo(cysts)

The table was created using a Table and further details within (Wohlsen et al., 2004). ND No data

# Filter type Water type Elution Buffer 
volume in mL

%Giardia cysts recovery ± SD % Cryptosporidium 
oocysts recovery ± SD

1 Envirochek (E.C.) Distilled water 200 4 ± 3.4
32 ± 23.1 with reversed backwash 
(RBW)

0.2 ± 0.4
11.6 ± 9.7 With RBW

2 Envirochek HV (EC_HV) 28 ± 10.4
59 ± 11.5 with RBW

18.4 ± 8.1
53 ± 15.4with RWB

Surface water 37.4 ± 10.6 with RBW 51 ± 11.4 with RBW
3 Millipore flatbed membrane filters 

(MMF
Distilled water 60 24.2 ± 3.4 14.7 ± 7.6

4 Sartorius flatbed membrane filters 
(SMF)

Distilled water 35.2 ± 3 16.2 ± 2.8
Surface water 8.2 ± 7.6 3.2 ± 6.1

5 Filta-Max depth filters Distilled water ND 49.8 ± 12.1 28.2 ± 8
surface water 23.8 ± 9.9 19.4 ± 6.3
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two filters, except for C. parvum and MS2; these two 
organisms showed considerable differences, with the 
F80A filter demonstrating the potential for better 
recovery of protozoa (Polaczyk et al., 2008).

For simultaneous recovery studies, Liu et al., 2012 
investigated the RE of three different types of filters: 
Fresenius F200NR, Minntech HPH, and Baxter Exel-
tra Plus 210 utilising 10 L of reclaimed water that was 
seeded by 150  k ± 52  K C. parvum oocysts; filters 
were pre-treated, or blocked, by filling the filter with 
5% calf serum and shaking it for the entire night in 
a hybridization oven set to 37 °C to improve the UF 
efficiency. Treating the filter, also known as block-
ing, gives the filter fibres a negative charge, which 
increases the repulsion between negatively charged 
microorganisms and the filter surface, resulting in 
adhesion reduction with fibres (Polaczyk et al., 2008).

Baxter Exeltra Plus 210 and F200NR showed that 
under blocking conditions, the recovery efficiency of 
C. parvum was 10% lower than the result from non-
blocking filters, except for the Minntech HPH, the 
result of blocked filter was only 3% higher in com-
pared to the nonblocked filter. The team repeated their 
experiment with a non-blocked filter and 500  mL 
of 0.01% Tween 80, 0.01% sodium polyphosphate 
(NaPP) elution solution and the RE were increased 
for both the F200NR and Baxter Exeltra Plus 201 by 
8% and 20% respectively(Liu et al., 2012).

3.6 � Automated Systems

Kearn, Megna, and Lim introduced the Portable Mul-
tiuse Automated Concentration System (PMACS) 
to concentrate microorganisms in water samples. 

The PMACS, in Fig.  5 a, employed Hollow Fibre 
Ultrafiltration (HFUF) and a Dead-End Ultrafiltra-
tion (DEUF) configuration to efficiently concentrate 
microorganisms from 100 L of water. This system 
was mainly designed for monitoring purposes at 
water distribution lines. The technology underwent 
continuous development between 2007 and 2013 and 
is currently available for commercial use through 
IntelliSense Design, Inc., located in Tampa, FL, 
USA (Bridle et al., 2021b; IntelliSense Design, 2021; 
Leskinen et al., 2012). Although the PMACS system 
does have automated concentration capabilities for 
microorganisms, it was not designed initially to con-
centrate Cryptosporidium and Giardia.

There is a lack of information regarding the sys-
tem’s actuator, sensors, and control scenarios. The 
available published materials have revealed that 
the system relies on costly components, such as the 
Masterflex I/P Precision Brushless peristaltic pump, 
which is responsible for pumping samples, has an 
estimated cost of £6000 as priced by the Fisher Sci-
entific supplier (product number 11876883). The 
PMACS system utilises manual analogue sensors to 
measure flow rate and pressure. Consequently, there 
is no continuous recording of hydraulic data through-
out the sample procedure. Hence, incidents such as 
blockages in the filter, excessive pressure, and fluc-
tuations in flow rates cannot be detected without 
constant supervision and monitoring. Thus, the lack 
of continuous hydraulic data recording restricts its 
efficiency in sampling large volumes of water over 
extended periods, which is essential for effectively 
monitoring Cryptosporidium and Giardia, as recom-
mended by regulatory agencies.

Fig. 5   Images of the 
automated systems for 
concentrating waterborne 
pathogens. a The PMACS 
system (IntelliSense 
Design, 2021). b US EPA 
ultrafiltrate automated sys-
tem (EPA, 2011, 2023)

(a) (b)
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In 2009, the US EPA implemented an automated 
water sampling system with a tangential configuration 
(TFUF) with an HFUF filter. This system concen-
trated 100 L of water to approximately 500 millilitres, 
Fig.  5 b. It is noticeable that the materials used for 
this system are, like PMACS, costly, and the system 
is operated by computer-based software (EPA, 2012a, 
2023).

The US EPA employed 100 Cryptosporidium 
oocysts and 100 Giardia cysts to evaluate their auto-
mated method using the REXEED™ 25-S filter. 
Nevertheless, this study did not show any statisti-
cally significant differences compared to standard 
EPA methods (EPA, 2011). As stated in the discus-
sion section of this review, a statistical correlation 
exists between the quantity of oo(cysts) in the sam-
ple and the resulting RE, Fig. 7. Thus, further studies 
are required to prove the efficiency of HFUF at low 
seeding level at the same circumstances of the results 
obtained from high seeding degrees. In 2013, Heriot-
Watt University developed a semi-automated sam-
pling method using HFUF filters as part of the Aqua-
valens research project (Norfolk, 2022).The device 
employs HFUF, demonstrating sensitivity to several 
factors involved in the sample procedures, such as 
flow rate and pressure (Bridle et  al., 2021b). There-
fore, similar to the PMACS, human intervention is 
necessary to ensure the protection and integrity of fil-
ters and systems during filtration. Thus, these systems 
can’t fill the gap of the need for an autonomous sys-
tem for the concentration of Cryptosporidium oocysts 
and Giardia cysts from a large scale of water with 
complete control and data monitoring facilities.

3.7 � Other Approaches

In addition to the standard filters and the HFUFs, 
other approaches have employed ultrasound waves 
to improve the oocysts’ recovery rate from HFUF or 
prevent filter clogging. A high ultrasound frequency 
of 2 MHz (mega sonication) was utilised to enhance 
current sampling procedures showing that the megas-
onic technique requires less manual labour to treat fil-
ters, avoiding the need for centrifugation and causing 
less oo(cyst) damage compared to lower frequencies 
(Al-Sabi et al., 2015; Kerrouche et al., 2015).

Kerrouche et  al., 2015 processed 1000 L of fin-
ished water which was artificially contaminated with 
100 oocysts of Cryptosporidium and passed through 

a FiltaMax filter over 24  h.; the standard backwash 
procedure was replaced with immersing the filter 
sponges in 600–1200  mL of elution solution in a 
sealed bag into a 2 MHz sonication bath for 20 min 
(Kerrouche et  al., 2015). By utilising this method, 
backwashing the filter with the conventional way was 
no longer necessary. This process lowered the amount 
of human labour involved in physically extracting 
the pathogens, even if the RE findings were identi-
cal to those of the standard method. It also reduced 
the final extraction solution from 1200 to 600 mL for 
filter elution and from 50 to 10  mL for membrane 
concentration. To enhance the recovery efficiency of 
Cryptosporidium oocysts from HFUF filters, Ker-
rouche et  al. employed megasonication in conjunc-
tion with both TFUF and DEUF configurations. 
The results of the investigation showed that using 
megasonic treatment increased the rate of recovery 
by about 1.5 times. (Bridle et al., 2018). In contrast, 
a different study conducted in 2018 by Horton et al. 
(Horton et  al., 2018) examined the recovery rate of 
Giardia cysts when adopting the methodology of 
Kerrouche et  al. Conversely, the outcome showed a 
decline in the number of cysts that were recovered 
from the FiltaMax filter with megasonication; as a 
result, further work needs to be done to establish a 
filtering method that can reliably work with various 
species and recover Giardia cysts from samples (Hor-
ton et al., 2018). While the studies enhanced several 
aspects of the sampling processes or the RE, it did 
not address the impact of directly applying of megas-
onic waves > 1 MHz on the survivability of oo(cysts). 
Alternatively, the filter was immersed in a megasoni-
cation bath to create waves from the megasonic trans-
ducer, which was used to apply the megasonication 
indirectly to the filter membrane. In this manner, the 
mechanical waves would confront the sealed bag or 
the filter’s case before reaching the membranes, as the 
medium in between lessens the influence of the ultra-
sound’s waves on the intact oo (cysts). The ultrasonic 
frequency and sonication duration are crucial factors 
in the destruction of oo(cysts). According to Al-Sabi 
et  al., the percentage of nonviable oocysts increased 
after direct sonication for 20 or 40 s at 40 kHz com-
pared to the average percentage of nonviable when 
sonicated for 5 or 10  s (Al-Sabi et  al., 2015), and 
90% of oocysts were inactivated after 90  s at a fre-
quency of 20  kHz (Helmi et  al., 2010), where the 
Cryptosporidium oocysts’ shell walls were weakened 
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or damaged because of ultrasonication which were 
led to release the nuclei from the shell, as they were 
observed under optical microscope after stained the 
sample by blue fluorescent DAPI (Ashokkumar et al., 
2003).

Consequently, more research is needed to better 
understand the effects of ultrasonic and megasonic 
waves on the viability of Giardia cysts and Crypto-
sporidium oocysts at various frequencies, powers, and 
times. The results should also be compared with and 
without the membrane being separated by its enclo-
sure or the washing bags.

Another alternative is the cascade filtration tech-
nique, which involves passing the sample through 
several layers of filters with gradually decreased 
porosity to separate the particles into different layers. 
Oda et al. utilised this technique to separate Giardia 
cysts and Cryptosporidium oocysts from water by 
filtrate 20 L of finished water through two 47  mm 

diameter filters, 5.0 to 10.0 and 3.0 um at flowrate of 
2 L.min−1. The approach yielded 82.1% and 77.9% 
recovery rates for Giardia cysts and Cryptosporidium 
oocysts, respectively (Oda et  al., 2000). Neverthe-
less, a greater sample volume, varied NTU levels, or a 
more considerable number of oo(cysts) were not used 
to evaluate the filtration and filters in this procedure.

4 � Comparison

The FiltaMax filter (FM), Section 3.1, demonstrated, 
as in Table 3, a variable recovery rate depending on 
the seeding and the NTU level, Fig. 6. When 100–150 
oocysts were seeded in 10 L of ultrapure water, the 
optimal recovery rates for Cryptosporidium oocysts 
were 46% ± 18% and 15% ± 12% for surface water 
(Simmons Iii et  al., 2001). The optimal recovery 
rates for Giardia cysts were 32.4% ± 23.1% for the 

Table 3   The recovery rate of the FM filter against different circumstances

Sample data Sample 
volume (L)

Seeding level %Giardia cysts 
recovery ± SD

% Cryptosporidium 
oocysts recovery ± SD

Ref

Surface water, 7 NTU 20 1000 91 ± 12 45 ± 7 (Helmi et al., 2010)
Tap water, < 2 NTU 100 84 ± 7 48 ± 8
Distilled water 10 100 49.8 ± 12.1 28.2 ± 8 (Wohlsen et al., 2004)
Surface water 23.8 ± 9.9 19.4 ± 6.3
Tap water 1000 69.3 ± 3.78 - (Horton et al., 2018)

Fig. 6   The impact of 
the water turbidity on the 
recovery efficiency of 
Cryptosporidium oocysts. 
Envirochek capsule: 
2,010 ± 111.1 oocysts were 
spiked per 10 L (Feng et al., 
2003). DEUF: REXEED 
25S, 9 × 105–1.4 × 106 
oocysts were seeded per 
100 L (Smith & Hill, 2009)
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EC capsule and 59 ± 11.5% for the Envirochek_HV 
(EC_HV) capsule when seeded at 100 cysts in 10 L 
of distilled water (Wohlsen et al., 2004). Notably, the 
recovery efficiency (RE) was increased to 60% ± 4% 
and 65% ± 5%, respectively, for Cryptosporidium and 
Giardia when 1000 oo(cysts) were seeded in 20 L of 
surface water with a turbidity of 7 NTU, and for 100 
L of tap water with a turbidity of < 2 NTU, the RE 
were 49% ± 12% and 64% ± 22% (Helmi et al., 2010). 
However, the last results cannot be directly compared 
to the trials when 100 oocysts were seeded, as evi-
denced by the correlation between seeding level and 
recovery efficiency illustrated in Fig. 7.

In contrast, for the FiltaMax filter, Section  3.2, 
the arrangement of experimental circumstances dif-
fered significantly; therefore, it is not easy to deduce 
the efficiency of the filter accurately unless it is tested 
under the same parameters in different conditions, for 
example, if it is seeded with a fixed number of para-
sites to filter different volumes of samples or vice 
versa, and also if the turbidity of the water differs 
between the models under test. Nevertheless, Giardia 
and Cryptosporidium usually have 40–60% recov-
ery efficiencies and 30–50%, respectively, allowing 
for detection and quantification at detection levels of 
0.2–0.5. L−1 in 10 L (Efstratiou et al., 2017). Despite 
the foregoing, these investigations indicated that effi-
ciency varies depending on the conditions, and this 
needs to be considered when sampling as yet there 
is no clear correlation between any conditions and 

recovery rates and the influence of seeding level is 
observed for this data as well.

Like the EC, EC_HV, and FiltaMax filters, the 
recovery efficiency (RE) of oo(cysts) through mem-
brane filtration can vary depending on the altera-
tion of filtration and detection conditions, such as 
changes in membrane size or detection technique. For 
instance, when the filter’s surface is scraped off and 
subsequently cleaned with phosphate buffer solution 
(PBS), the RE can range from 30 to 90% (Palumbo 
et  al., 2002), whereas the mean RE for detecting 
Cryptosporidium oocysts using the immunofluo-
rescent antibody-based method was 9%, while for 
Giardia cysts, it was 49% (Zarlenga & Trout, 2004).

Literature has also demonstrated that ultrafiltra-
tion filters, similar to other filters, the variety in the 
characteristics like the turbidity level, Fig. 6, and fil-
tration conditions, can lead to varying removal effi-
ciencies for the same pathogen. Furthermore, water 
factors, such as temperature, impact the hydraulic 
performance of the HFUF. Specifically, lower water 
temperatures necessitate higher pressure to sustain 
the desired flow rate (Smith & Hill, 2009). Concern-
ing the flow rate (FR), a lower FR results in a higher 
RE, as observed in previous studies (Hill et al., 2009; 
Rhodes et  al., 2011). This can be attributed to the 
increased pressure applied to the filter’s medium at 
higher FR. It is essential to note that increasing pres-
sure to maintain FR can have negative consequences 
including the destruction of filter fibres, loss of 
microbes as they pass through the membrane, filter 

Fig. 7   The relation 
between the oocysts seed-
ing level and the recovery 
rate. Data for this Figure 
has been obtained from the 
following research articles: 
(Bridle et al., 2021b; Bridle 
et al., 2018; Helmi et al., 
2010; Hill et al., 2005; 
Horton et al., 2018; Kuhn 
& Oshima, 2002; Liu et al., 
2012; Oda et al., 2000; 
Pires & Dong, 2014; Polac-
zyk et al., 2008; Simmons 
Iii et al., 2001; Smith & 
Hill, 2009; Wohlsen et al., 
2004)
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clogging, difficulties in backflushing, or a combina-
tion of these issues; furthermore, the larger the filter’s 
surface area, the lower the expected pressure (Smith 
& Hill, 2009).

It is worth mentioning that there is a lack of suffi-
cient research to establish the RE of HFUF at low lev-
els of oo(cysts). On average, studies utilise 105–106 
oo(cysts) for their investigations (Bridle et al., 2021b; 
Hill et  al., 2005; Kuhn & Oshima, 2002; Liu et  al., 
2012; Polaczyk et al., 2008; Smith & Hill, 2009).

4.1 � The Relation Between oo(cysts) Density and the 
Recovery Rates

The studies reviewed here utilised varying degrees 
of seeding and filtration, filters, and reagents. The 
literature reviewed indicates a significant correlation 
between the recovery rate and the degree of seeding or 
spiking. It was observed that typically a large number 
of oo(cysts), 106, were employed as a positive control 
in studies. Figure 7 demonstrates that the recovery rate 
dramatically decreased when the filter was spiked or 
seeded with a low number of oo(cysts), 102–103 com-
pared to 106. Further analysis is necessary to establish 
the reliability of these results, as they are linked to a 
drop in pathogens that were not recovered from the fil-
ter and system losses, including tubes, valves, pumps, 
and other components. For instance, the recovery rate 
would only be 20% if the system was initially seeded 
with 102 oo(cysts), and 80 of them were lost along 
the way from the sample tank to the concentrate bot-
tle. By contrast, 90% would be the recovery rate if it 
started with 106 and lost 105. Therefore, when there 
is a different concentration of pathogens in the sam-
ple, it is challenging to compare different studies, and 
data obtained with high numbers of (oo)cysts does 
not necessarily reflect performance at low numbers. 
In contrast, agents such as the US EPA assessed their 
procedure with a standard level of oo(cysts). Thus, 
assessing any new method or enhancement with a low 
level of parasite concentrate is essential.

5 � Conclusion

This comprehensive literature review evaluated four 
distinct filtration technologies employed for water-
borne pathogen detection in water sampling systems: 
FiltaMax Filter, Envirochek Filter, Flat-bed membrane, 

and ultrafiltration filters. Several parameters, such as 
experimental circumstances, seeding levels, water tur-
bidity, filtration rate, and elution chemicals, imparted 
a significant influence on the effectiveness of filters 
for detecting waterborne pathogens. Accordingly, the 
fluctuating recovery rate and filter performance as a 
response to changes in experimental parameters neces-
sitate careful thoughts before choosing an appropriate 
sample processing strategy for certain conditions since 
no single pathogen concentration technique regularly 
works better than others. The initial results of using 
ultrafiltration as a cost-effective alternative for patho-
gen concentration hold potential promises for enhanc-
ing automated water sampling systems and reduc-
ing the associated public health risks. In addition, the 
existing automated systems are not yet sufficient to 
meet the requirement for an independent system spe-
cifically intended to concentrate Cryptosporidium 
oocysts and Giardia cysts from large-scale water 
sources while providing full control and data monitor-
ing capabilities. It is crucial, when developing systems, 
to thoroughly examine the data to determine their cred-
ibility, especially regarding the loss of pathogens that 
are not being recovered from the filter and other com-
ponents of the system, including tubes, valves, pumps, 
and other parts. Further studies and development are 
needed to advance waterborne pathogen concentration 
approaches, to identify filter selection and operational 
parameters to maximise recovery rates, especially for 
low oo(cyst) numbers.
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