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A B S T R A C T

Contamination of drinking water by Cryptosporidium parvum oocysts poses a significant public health risk, as 
evidenced by numerous outbreaks of cryptosporidiosis worldwide. This study evaluated the effectiveness of 
Bacillus subtilis spores, unmodified yellow-green (YG) and yellow-orange (YO) microspheres, and glycoprotein- 
coated YO microspheres, in predicting C. parvum oocyst reduction during water filtration through quartz sand. 
Column filtration experiments were conducted at a flow rate relevant to slow sand filtration using Vienna tap 
water. Concentration breakthrough curves and data analysis using colloid filtration theory revealed the reduction 
order as B. subtilis spores ≪ YG microspheres ≪ glycoprotein-coated YO microspheres < C. parvum oocysts < YO 
microspheres. The normalized concentrations (C/C0) were in the range of 10− 2 for spores, 10− 3 for YG micro
spheres, 10− 4 for both glycoprotein-coated YO microspheres and oocysts, and 10− 5 for YO microspheres. Under 
the experimental conditions of this study, B. subtilis spores and YG microspheres were overly-conservative sur
rogates, while YO microspheres were under-conservative surrogates. Comparatively, glycoprotein-coated mi
crospheres provided the closest predictions in oocyst reduction, though slightly conservative. The differences or 
similarities in physicochemical properties (size, shape, surface charge, hydrophobicity) and surface macromol
ecules between the oocysts and candidate surrogates were considered to be the determining factors influencing 
surrogate effectiveness. Glycoprotein-coated microspheres, exhibiting similar physicochemical properties to 
oocysts, emerged as the most effective surrogate, providing an accurate, albeit slightly conservative, prediction of 
oocyst reduction in sand media. The study highlights the importance of selecting appropriate surrogates for 
effective water treatment design and operation, balancing safety margins and cost efficiency.

1. Introduction

Contamination of drinking water by Cryptosporidium parvum pro
tozoa poses a significant public health risk. C. parvum oocysts are 
frequently detected in source waters for drinking water supplies. 
Insufficient removal of these resilient parasites during water treatment 
has caused numerous cryptosporidiosis outbreaks worldwide [1–5], 

including the 1993 Milwaukee outbreak affecting >400,000 people [6]. 
These events underscore the critical need for effective water treatment 
strategies to ensure the safety of drinking water supplies and prevent 
future outbreaks.

Surrogates are valuable tools for assessing the effectiveness of water 
treatment processes and informing treatment design. Many researchers 
have employed bacterial spores [7,8] and unmodified oocyst-sized 
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polystyrene microspheres [9,10] as surrogates to study C. parvum oocyst 
reduction during granular media filtration, a critical treatment step in 
oocyst removal. While bacterial spores, such as B. subtilis spores, offer 
ease of detection and cultivation, their distinct physicochemical prop
erties often lead to underestimation of oocyst removal during filtration 
through granular media [11]. Unmodified microspheres offer advan
tages such as well-defined properties, ease of manufacture, and detec
tion. However, their limited ability to mimic the oocyst properties can 
also lead to inaccurate predictions of oocyst removal in water treatment 
systems. Thus, unmodified microspheres are not a reliable surrogate of 
Cryptosporidium removal by filtration [12].

Pang et al. [13] initiated the use of biomolecule-modified oocyst- 
sized microspheres, such as those coated with glycoprotein and biotin, 
as improved surrogates for evaluating oocyst filtration removal in 
porous media. Subsequently, Liu et al. [14] proposed using copolymer- 
modified microspheres as oocyst surrogates. By modifying their surface 
properties, oocyst-sized microspheres can more closely mimic the 
physiochemical characteristics of oocysts, not only including size, shape, 
and buoyant density, but also surface charge and hydrophobicity [14], 
as well as the presence of surface macromolecules [13]. These modifi
cations can lead to more accurate predictions of oocyst removal in water 
treatment processes, as they better account for the complex interactions 
between the oocysts and the environmental surfaces. Laboratory studies 
[13–15] and pilot trials [16] have demonstrated that biomolecule- 
modified microspheres outperform unmodified microspheres in pre
dicting oocyst filtration removal. Additionally, using modified or un
modified microspheres as surrogates for C. parvum has been tested 
specifically for water treatment applications using pilot-scale in
vestigations [17,18]. While surface-modified microspheres show 
promise, further validation is necessary to identify the ideal surrogate 
for accurately predicting oocyst removal, in comparison to a surrogate 
that is widely used, namely B. subtilis spores.

This study aimed to evaluate the effectiveness of different surrogates, 
including B. subtilis spores, unmodified yellow-green and yellow-orange 
microspheres, and glycoprotein-coated microspheres, in predicting 
C. parvum oocyst removal during water filtration through quartz sand, a 
commonly used medium in sand filtration systems. While previous 
studies have compared unmodified and glycoprotein-coated micro
spheres against oocysts, this study is the first to directly compare 
B. subtilis spores and glycoprotein-coated microspheres to oocysts, as 
well as two different types of unmodified microspheres. By comparing 
the reduction and transport behaviour of these surrogates to that of 
oocysts, this study sought to identify the most suitable surrogate for 
accurately predicting oocyst filtration removal in sand media.

2. Materials and methods

2.1. Oocysts and surrogates

Fresh and natural C. parvum oocysts (P102C, Iowa isolate, bovine, 
from experimentally infected calves, live in deionized water, with no 
added preservatives) were purchased from Waterborne Inc. (New 
Orleans, LA, USA). C. parvum oocysts are spherical or oval, 3.9–5.9 μm in 
diameter [19]. For the biosafety of our experiments, the oocyst sus
pension was irradiated with UV light at a wavelength of 254 nm and a 
fluence of 800 J/m2. This wavelength was carefully chosen, and no 
hydrogen peroxide or ozone was used, so as not to disturb the surface 
proteins by a photochemical reaction [20]. The UV radiation alone only 
harms the DNA, so that the cell cannot proliferate, leaving the cell 
surface undamaged. This was also apparent after the fluorescent dying 
step, for analysis by solid phase cytometry (described in [15]), which 
showed an intact cell surface under the microscope.

B. subtilis spores (ATCC 6633) were sourced from the American Type 
Culture Collection. B. subtilis spores are rod-shaped and the measured 
size of the B. subtilis spores used was 0.5 μm in diameter and 1.5 μm in 
length (Fig. 1). The production of spores was performed as previously 
described by Sommer & Cabaj [21]. In short, modified Schaeffer me
dium was used for proliferation of the bacteria. The incubation condi
tions were 3 days at 37 ◦C, followed by harvesting and washing of the 
spores by centrifugation (4000 ×g, 15 min), and suspension in sterile 
ultrapure water. Yellow-orange (YO) and yellow-green (YG) carboxyl
ated polystryrene microspheres, with a diameter of 4.5 μm, were pur
chased from Polysciences Inc. (Warrington, PA, USA). In addition to 
using the unmodified microspheres, the YO microspheres were also 
coated with α1-acid glycoprotein (Sigma-Aldrich, St. Louis, MO, USA) 
using a protocol described in Pang et al. [13,18], which involves using a 
water-soluble carbodiimide cross-linker, 1-ethyl-3-(3-dimethylamino
propyl) carbodiimide hydrochloride (known as EDC), for coupling the 
biomolecules to the microspheres. Various washing and separation steps 
were done using centrifugation and following the method of Bangs 
Laboratories Inc. [22]. The resulting glycoprotein-coated 4.5 μm mi
crospheres typically have a diameter of 4.95 ± 0.18 μm [13].

The zeta potentials of the above colloids were measured using a 
Zetasizer Nano ZS (Malvern Instrument Ltd., Worcestershire, UK). The 
colloids were analyzed in two different background matrices: Vienna tap 
water (pH 7.8, electrical conductivity 273 μS/cm) and an electrolyte 
control of 10 mM NaCl, buffered to a pH of 8.0 with NaHCO3. All 
measurements were performed in triplicate. The Vienna tap water was 
filtered through a 0.2 μm pore size filter (Minisart NML, Sartorius, 
Germany), to remove any background particles. Table 1 lists the zeta 
potential values of colloids measured in Vienna tap water and 10 mM 

Fig. 1. C. parvum (far left) and YG 4.5 μm uncoated microspheres (middle), both under an epifluorescence microscope (100× magnification), rod-shaped B. subtilis 
spores under an electron microscope (right). The picture of the B. subtilis spores was taken by scanning electron microscopy after being coated with a very thin layer 
of gold. For direct comparison of size, shape and surface texture, all photos are at the scale shown on the far right (1 μm).
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NaCl.

2.2. Sample enumeration

The C. parvum oocysts were quantified using solid-phase cytometry 
(ChemScan RDI; AES Chemunex, bioMérieux, Marcy l'Étoile, France), 
following the method established in Stevenson et al. [15], where a 
calibration curve using this new method, is presented in the supple
mental information of that publication. In short, each ChemScan filter, 
onto which an oocyst sample was filtered, was placed on 20 μl of 
EasyStain™ (BTF Pty. Ltd., bioMérieux) and 30 μl of sterile deionized 
water, on a petri dish, and incubated for 15 min at 37 ◦C. After allowing 
the filters to dry, 150 μl of fixing buffer (bioMérieux) was applied to each 
filter. The filters were then allowed to incubate at room temperature for 
2 min, before laying the filter on absorbent paper to dry. Once the filter 
was dry, it was placed on a support pad that was saturated with 100 μl 
phosphate buffer solution on a ChemScan holder. In this way, the oo
cysts could then be enumerated using solid-phase cytometry, along with 
the microspheres which were also filtered onto ChemScan filters, as 
outlined in Stevenson et al. [23]. Specific discrimination settings were 
used for the oocysts, which had weaker fluorescence relative to the 
microspheres. The ChemScan RDI can identify microspheres and mi
croorganisms in three color wavelength ranges: green, orange, and dark 
red. The EasyStain and YG microspheres have an excitation maximum of 
441 nm and an emission maximum of 486 nm, while the YO micro
spheres have an excitation maximum of 529 nm and an emission 
maximum of 546 nm. Three replicates were analyzed for each data point 
and the average was calculated. For determining the influent solution 
concentrations, samples were taken at the beginning and at the end of 
the injection time, in order to confirm that the influent concentration 
remained stable throughout the experiments. The influent concentration 
was calculated as an average of these values.

B. subtilis spores were enumerated by the plaque counting method as 
described in Oudega et al. [42]. This involved heat treating the samples 
at 70 ◦C for 10 min in order to inactivate the vegetative cells, within 24 h 
of sampling. Subsequently, the samples were incubated at 36 ± 2 ◦C for 
44 ± 4 h on plate count agar (Tryptone Glucose Yeast Extract, Oxoid 
Ltd., Hampshire, U.K.), after which the plaques could be counted. The 
conservative tracer, NaBr, breakthrough was detected using a flow- 
through cell and a portable electrical conductivity meter (WTW Tetra
Con 325 and ProfiLine Cond 3310, Xylem Analytics, Weilheim, 
Germany).

2.3. Column filtration experiments

Colloid filtration experiments were performed using columns made 
of 30 cm long Plexiglas tubes, with an inner diameter of 7 cm. The 
columns contained laboratory-grade coarse quartz sand with a grain size 
of 0.4–0.8 mm (Carl Roth, Germany) and a bulk density of 2.65 g/cm3. 
The packed sand media were fully saturated with Vienna tap water. 
Vienna tap water is sourced from groundwater, and therefore, it was 
chosen as a representative groundwater matrix for the column filtration 
experiments. The saturated porosity was determined volumetrically to 
be 0.43. The experiments were conducted at a flow rate 19 ± 0.89 ml/ 
min, pumped upward using a peristaltic pump (Masterflex, Vernon Hills, 
IL), and the outflow samples were collected continuously in 15 ml test 
tubes throughout the experiments. At least 20 pore volumes (one pore 
volume ~ 500 ml) of Vienna tap water were pumped through the col
umn before each experiment to equilibrate the column.

Prior to the experiments, colloidal solutions were homogenized by 
submersing in an ultrasound bath for 3 min to minimize aggregation. 
Careful attention was paid to keeping similar injection concentrations, 
so as not to produce an effect from influent concentration [24]. The 
oocyst and microsphere suspensions were injected at a concentration of 
1 × 104–5 × 104 particles/mL while the B. subtilis spores were injected at 
4 × 106 particles/mL, due to the limit of detection. In all the experi
ments, two pore volumes (~1 l) of each colloid solution was injected, 
followed by flushing with tracer-free Vienna tap water. A conservative, 
non-reactive solute tracer, NaBr (1 mM), was co-injected with all 
colloidal tracers to indicate the flow rate. An exception was in the oocyst 
experiments; NaBr was not used in order to minimize contamination of 
the measuring equipment. Experiments were performed in duplicate 
except for the experiments with B. subtilis and glycoprotein-coated mi
crospheres due to limited stocks.

2.4. Data analysis

Peak breakthrough attenuation was estimated from the log10 
reduction value (LRV) of the input concentration (C0) over the peak 
outflow concentration (Cmax): 

LRV = Log10
C0

Cmax
(1) 

The peak breakthrough attenuation marks the point at which the highest 
concentration of the particles breaks through the porous media and 
appears in the outflow. Therefore, LRV represents the most critical 
scenario for assessing the efficiency of the filtration medium. Relative 
mass recovery (RB) was estimated by integrating the area under the 
breakthrough curve and normalizing to the conservative tracer break
through (bromide): 

RB (%) =

(
∫

C
C0

dt
)

Colloids(
∫

C
C0

dt
)

NaBr

×100% (2) 

in which, C/C0 is the outflow concentration (C) relative to the input 
concentration (C0), and t is the time.

To derive pore-water velocity (V) and the hydrodynamic dispersion 
coefficient (D = λV, λ is the hydrodynamic dispersivity), experimental 
data of the NaBr tracer were simulated using the 1-D advection- 
dispersion transport model encoded in STANMOD (version 2.07): 

∂C
∂t

= D
∂2C
∂x2 − V

∂C
∂x

(3) 

in which, x is the transport distance. Colloid filtration theory was used to 
derive sticking efficiency (α) and the deposition rate constant (K) of 
particles, as follows [25]: 

Table 1 
Zeta potential of colloids measured in Vienna tap water and 10 mM NaCl.

Zeta potential 
(mV)

Standard deviation 
(mV)

In Vienna tap water (electrical conductivity 273 μs/cm, pH 7.8), related to the column 
experiments:

Cryptosporidium parvum (irradiated) − 12.48 3.74
Cryptosporidium parvum (active) − 13.10 4.64
YG microspheres − 41.69 1.42
YO microspheres − 4.89 0.91
Glycoprotein-coated YO 

microspheres − 9.15 1.59
Bacillus subtilis spores − 18.40 1.25

In 10 mM NaCl (electrical conductivity 1044 μs/cm, pH 8.0):
Cryptosporidium parvum (irradiated) − 10.28 3.47
Cryptosporidium parvum (active) − 19.67 8.82
YG microspheres − 47.57 1.36
YO microspheres − 6.52 1.08
Glycoprotein-coated YO 

microspheres − 10.24 1.35
Bacillus subtilis spores − 30.85 0.64

Abbreviation: YG - yellow-green, YO – yellow-orange.
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α =

d

[(

1 − 2 λ
xln(RB)

)2

− 1

]

6(1 − θ)η0λ
(4) 

K =
3 (1 − θ)Uαη0

2 dθ
(5) 

where d is the effective grain size of the porous media, θ is the effective 
porosity, η0 is the single-collector contact efficiency [26], and U is the 
Darcy velocity (U=Vθ). The η0, α and K values were calculated using the 
equations given in Tufenkji and Elimelech [26]. Table 2 lists the specific 
parameter values used in the calculations.

3. Results and discussion

3.1. Relative reduction

NaBr breakthrough curves (BTCs) derived from individual experi
ments are very similar (Fig. 2) indicating consistent flow conditions 
among the column experiments, which allows a direct comparison of the 
various colloids for their reduction and transport. An exception is the 
NaBr BTC for the experiment with the spores, which appeared earlier, 
suggesting a faster flow rate. This is further confirmed by the results of 
STANMOD modelling (Table 3). Pore-water velocity optimized from the 
model is 13–15 m/day (0.83–1.03 cm/min), which is a Darcy velocity of 
5.59–6.45 m/day, consistent with typical flow rates observed in slow 
sand filtration used in water treatment [27,28].

The colloid BTCs (Fig. 3) indicate that B. subtilis spores and YG mi
crospheres significantly over-predicted oocyst relative concentrations, 
with Cmax/C0 values 264 and 29 times higher, respectively. Spores and 
YG microspheres underestimated oocyst LRV by 2.4 and 1.5 log 
respectively, and overestimated oocyst mass recovery by 207 and 42 
times, respectively (Table 4). In comparison, glycoprotein-coated YO 
microspheres somewhat overestimated oocyst Cmax/C0 and mass re
covery by 3.0 and 2.9 times, respectively, while underestimating LRV by 
0.5 log. YO microspheres, on the other hand, slightly underestimated 
oocyst Cmax/C0 and mass recovery by 1.4 and 2.1 times, respectively, 

while overestimating LRV by 0.3 log.
BTCs and data analysis results (Table 4) indicate that the degree of 

colloid reduction is in the order of B. subtilis spores ≪ YG microspheres 
≪ glycoprotein-coated YO microspheres < C. parvum oocysts < YO 
microspheres. This is reflected in the decreasing values of Cmax/C0 and 
RB, and increasing values of LRV, α, η and K (Table 4). Fig. 3 demon
strated that the normalized concentrations (C/C0) were approximately 
10− 2 for spores, 10− 3 for YG microspheres, 10− 4 for both glycoprotein- 
coated YO microspheres and oocysts, and 10− 5 for YO microspheres.

The above results demonstrate that glycoprotein-coated oocyst-sized 
microspheres outperform both B. subtilis spores and unmodified micro
spheres in predicting oocyst reduction in quartz sand. This superiority 
over unmodified microspheres aligns with findings from previous 
studies in alluvial sand [13], limestone sand [15], filter sand [14], and 
sand-anthracite dual-media [16]. The factors and mechanisms contrib
uting to the differences described above are discussed below.

3.2. B. subtilis spores

One reason for the significant difference in reduction between 
B. subtilis spores and C. parvum oocysts is their size disparity, with oo
cysts being nearly 6 times larger in diameter. The size ratio of spores to 
quartz sand grains (0.21 %) is below the 0.7 % threshold value for 
straining to become an important factor affecting colloid retention [29]. 
In contrast, the larger size ratio of oocysts to sand grains (1.22 %) ex
ceeds this threshold, making straining a major factor in their removal. 
This difference in size likely contributes to the lower removal of spores 
compared to oocysts. Additionally, the shape difference between rod- 
shaped spores and spherical oocysts can also influence their deposition 
and transport through porous media, possibly due to tumbling and 
alignment with flow paths, as was shown with differently shaped 
microplastics [30].

Compared to the oocysts, B. subtilis spores are more negatively 
charged (Table 1) in both Vienna tap water (− 18.40 mV vs. − 12.48 mV) 
and 10 mM NaCl (− 30.85 mV vs − 10.28 mV). The greater negative 
charge could also have contributed to the lower reduction of the spores 
due to a greater repulsion from the sand grain surfaces. The zeta po
tential values measured in this study are similar to the inactivated oo
cysts (− 12.8 mV in 1 mM NaCl pH 7; [13]), and spores (− 30 mV; [31]) 
in pH 7.5 (unspecified ionic strength). Similarly, Liu et al. [14] reported 
a zeta potential of − 10.9 mV for viable oocysts in 1 mM NaCl.

The shapes of BTCs of the spores and oocysts are very different 
despite their same injection volume (Fig. 3). The spore BTC shows a 
gradual rising limb, a very narrow peak, and a very sharp falling limb, 
with long tailing. The gradual rising limb of the spore BTC suggests that 
spores undergo reversible attachment and detachment processes. They 
attach to surfaces and then detach over time, causing a slower initial 
increase in concentration. The long tailing also indicates detachment 
because of the reversible attachment. Due to their smaller particle size, 
the likelihood of reversible attachment, and a lack of straining, the 
spores are readily dislodged from the previously attached surfaces 
during their transport, resulting in less reduction than oocysts. In 
contrast, BTCs of oocysts show sharp rising and falling limbs with a 
plateau and little tailing. Due to their larger size, oocysts would have 
more limited access to smaller pores. This can lead to a faster initial 
breakthrough as a significant portion of the oocysts may bypass smaller 
pores and travel more directly through larger pore networks. A lack of 
long tailing means that once the oocysts attach to surfaces, they tend to 
stay attached, indicating a more irreversible attachment process.

B. subtilis spores and C. parvum oocysts have very different hydro
phobicity characteristics. C. parvum oocysts are highly hydrophilic [14]. 
In contrast, B. subtilis spores are highly hydrophobic as they have a 
strong affinity for hexadecane and other hydrophobic solvents [32]. 
Based on tests of bacterial adherence to hexadecane, relative hydro
phobicity is 92–95 % for B. subtilis spores [33] but only 16.8 % ±1.8 % 
for inactivated C. parvum oocysts [34]. Based on contact angle 

Table 2 
Specific parameter values used in the colloid filtration theory calculations.

Parameter Units Value Reference

Effective grain size of sand mm 0.40 This study
Temperature Kelvin 295.15 22 ◦C
Fluid viscosity at 22 ◦C kg/(m. 

s)
9.55 × 10− 4

Particle diameter:
Bacillus subtilis spores μm 0.5 × 1.5 Measured this 

study
C. parvum oocysts μm 4.86 [13]
Glycoprotein-coated YO 

microspheres
μm 4.95 [13]

Uncoated microspheres μm 4.50 Polysciences Inc

Particle buoyant density:
Bacillus subtilis spores kg/m3 1335 [35]
C. parvum oocysts kg/m3 1050 [19]
Polystyrene microspheres kg/m3 1050 Polysciences Inc

Hamaker constant:
Oocysts-water-quartz J 6.50 ×

10− 21
[40]

Bacillus subtilis spores J 6.50 ×
10− 21

[40]

Polystyrene -water-quartz J 6.79 ×
10− 21

[41]

Note: YO: yellow-orange.
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measurements, Liu et al. [14] derived a hydrophobicity of 8.4 % for 
C. parvum oocysts. The hydrophobic nature of the spores suggests that in 
the presence of hydrophobic materials, such as organic matter, hydro
phobic interactions can play an important role in spore adhesion to 
surfaces by enhancing their attachment; however, a minimal influence 
of hydrophobic interactions on spore attachment to the quartz sand 
investigated in this study is expected, due to a lack of organic carbon. 
Additionally, the buoyant density of B. subtilis spores (1.335 g/cm3, 
[35]) is greater than that of C. parvum oocysts (1.05 g/cm3, [19]), 
although, the effect of buoyant density on their reduction is considered 
to be minor.

3.3. Unmodified microspheres

Despite having the same particle size (4.5 μm), YG and YO micro
spheres exhibited significantly different reduction characteristics. YG 
microspheres significantly under-predicted oocyst reduction, whereas 
YO microspheres slightly over-predicted oocyst reduction. Their 
different zeta potentials, resulting from the presence of different fluo
rescent molecules, are likely a major contributing factor to these con
trasting reduction behaviours. YG microspheres were significantly more 
negatively charged than the oocysts (zeta potential − 41.69 mV, in 
Vienna tap water), whereas YO microspheres were less negatively 
charged than the oocysts (zeta potential − 4.89 mV, in Vienna tap 
water).

Similar to oocysts, straining is likely a significant factor influencing 
microsphere retention, as the size ratio of the microspheres to sand 

grains was 1.13 %, exceeding the 0.7 % threshold value. Liu et al. [14] 
reported that unmodified microspheres are more hydrophobic than 
oocysts (relative hydrophobicity 27.2 % vs. 8.4 %, based on contact 
angle measurements). However, as discussed in Section 3.2, hydropho
bic interactions are considered insignificant under the experimental 
conditions investigated in this study. Both YG and YO microspheres have 
similar sizes and buoyant densities to the oocysts (Table 3). However, 
unlike the oocysts, unmodified microspheres lack surface 
macromolecules.

The BTCs of YG microspheres consistently exhibited double peaks. 
The BTCs of the first peaks (1.2–3.3 PVs) exhibited similarities to the 
BTCs of oocysts, displaying sharp rising and falling limbs with a plateau. 
The second peaks were retarded (3–5 PVs in experiment W16 and 4–9 
PVs in experiment W25) and exhibited tailing. The double-peaked BTCs 
of YG microspheres likely reflect the presence of multiple transport 
pathways and mechanisms within the quartz sand, with the first peak 
representing a faster, less retained population of microspheres, and the 
second peak representing a population experiencing more complex in
teractions and potentially retardation and reversible attachment.

The BTCs of YO microspheres exhibited a markedly different pattern 
from those of the oocysts and YG microspheres. The BTCs displayed 
significant irregularity without a plateau and were not well-defined, 
with more scatter, likely attributed to enumeration of low 
concentrations.

3.4. Glycoprotein-coated microspheres

Similar to the BTCs of oocysts, the BTC of the glycoprotein-coated 
microspheres displays sharp rising and falling limbs, but instead of a 
plateau, it exhibits double peaks (0.6–1.6 and 1.8–2.4 PV). The double 
peaks in the modified microsphere BTC might be due to heterogeneous 
attachment and different transport pathways. The modified micro
spheres may attach to the sand medium in different ways, with some 
attaching more strongly and releasing more slowly than others. This 
could lead to multiple phases of release. The modified microspheres may 
also follow different pathways through the sand media, with some tak
ing longer routes than others. This could also lead to multiple peaks in 
the BTC. With a similar particle size to oocysts and a size to sand grain 
ratio (1.24 %) > 0.7 %, straining is also considered important in their 
attenuation and transport.

Glycoprotein coating effectively shifted the zeta potential of YO 
microspheres from − 4.89 mV to − 9.15 mV, bringing them closer to that 

Fig. 2. Relative NaBr concentrations observed during the column filtration experiments.

Table 3 
Flow parameter values derived from NaBr data using the STANMOD model.

Colloid Test Pore-water 
velocity V 
(cm/min)

Dispersion 
coefficient D 
(cm2/min)

Pulse 
duration 
(min)

r2

Bacillus subtilis 
spores

W8 1.03 0.17 50 1.00

YG microspheres W16 0.88 0.10 53 1.00
YO microspheres W17 0.83 0.14 60 1.00
Glycoprotein- 

coated YO 
microspheres

W18 0.99 0.24 59 1.00

YO microspheres W24 0.90 0.14 55 1.00
YG microspheres W25 0.92 0.19 58 0.99

Note: YG: yellow-green, YO: yellow-orange.
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of oocysts (− 12.48 mV). This is attributed to the similar isoelectric 
points of the glycoprotein and oocysts (pH ≈ 2, [13]). Glycoprotein 
coating also mimics the surface macromolecules of oocysts, as glyco
proteins are the predominant proteins on their surfaces and form a 
glycoprotein outer layer on oocyst walls [36–38]. It has been found that 
surface macromolecules play a significant role in the attachment of 
C. parvum oocysts to solid surfaces [37,39].

Furthermore, it can be expected that the glycoprotein coating would 
have also reduced the hydrophobicity of YO microspheres. For example, 
glycoprotein coating of 4.5 μm bright blue microspheres shifted the 
relative hydrophobicity from 74 % to 26 %, bringing it closer to that of 
viable oocysts (17 %), based on hexadecane adherence tests (authors' 
data). Liu et al. [14] have also demonstrated that glycoprotein-coated 
microspheres were less hydrophobic than unmodified microspheres. 
Additionally, it is expected that the modified microspheres have a very 
similar buoyant density to the oocysts (1.05 g/cm3), as well as the un
modified microspheres. However, the effects of hydrophobicity and 
buoyant density are minor under the experimental conditions investi
gated in this study.

4. Conclusions

Our experimental results demonstrate that, compared to B. subtilis 
spores and unmodified oocyst-sized microspheres, glycoprotein-coated 
microspheres are a better surrogate for predicting C. parvum oocyst 
reduction in quartz sand media. This is attributed to several similar 
physicochemical properties (size, shape, zeta potential, hydrophobicity, 
buoyant density) and surface glycoprotein macromolecules. As the 
removal of YO biomolecule-modified and YO unmodified microspheres 
exhibited similar transport to the oocysts, we can conclude that size and 
surface charge are the two dominant properties determining the trans
port and removal of C. parvum in coarse quartz sand media. Under the 
experimental conditions of this study, glycoprotein-coated microspheres 
were a somewhat conservative surrogate for predicting oocyst reduc
tion. This is advantageous because a conservative, yet not overly con
servative, surrogate provides a safe margin in its predictions.

Findings from this study indicate that B. subtilis spores are not an 
accurate surrogate for predicting oocyst reduction in quartz sand, being 
overly conservative, as they significantly underestimated oocyst reduc
tion. This discrepancy can be explained by the distinct physicochemical 
properties of spores and oocysts. Unmodified oocyst-sized YG micro
spheres also significantly underestimated oocyst reduction, acting as 
another overly conservative surrogate. Conversely, YO microspheres 
slightly overestimated oocyst reduction, serving as an under- 
conservative surrogate. These differences can be attributed to the con
trasting zeta potentials of the microspheres, resulting from different 
fluorescent dyes.

Accurate surrogate selection is crucial for effective water treatment 
design and operation. Overly conservative surrogates can lead to over- 
engineered systems, increased costs, and unnecessary public concern. 
Conversely, under-conservative surrogates can underestimate risks, 
compromising water quality and public health. Therefore, it is essential 
to identify and use surrogates that have multiple physicochemical 
property similarities and closely mimic the behaviour of the target 
pathogens. Bio-molecule modified surrogates offer an alternative to 
standard practices. Future work should evaluate the reduction of 
B. subtilis spores in comparison to unmodified and glycoprotein-coated 
microspheres in various natural aquifer materials.
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