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Abstract: In the bacterial enzyme-induced calcite precipitation (BEICP) technique for biocementation,
the spatial distribution of adsorbed and catalytically active urease dictates the location where calcium
carbonate precipitation and resulting cementation will occur. This study investigated the relationships
between the amount of urease and total bacterial proteins adsorbed, the retained enzymatic activity
of adsorbed urease, and the overall loss of activity upon adsorption, and how these relationships
are influenced by changes in soil surface chemistry. In soils with hydrophobic contents higher than
20% (w/w) ratio, urease was preferentially adsorbed compared to the total amount of proteins present
in the crude bacterial protein extract. Conversely, adsorption of urease onto silica sand and soil
mixtures, including iron-coated sand, was much lower compared to the total proteins. Higher levels
of urease activity were retained in hydrophobic-containing samples, with urease activity decreasing
with lower hydrophobic content. These observations suggest that the surface manipulation of soils,
such as treatments to add hydrophobicity to soil surfaces, can potentially be used to increase the
activity of adsorbed urease to improve biocementation outcomes.
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1. Introduction

Biocementation is a sustainable engineering technique that has received significant
attention as an environmentally friendly alternative to chemical stabilization methods
for soils [1-5]. Chemical stabilization poses significant harm to the environment, mainly
because it utilizes materials that are major contributors to greenhouse gas emissions, such
as cement, fly ash, lime, and the leaching of toxic contaminants into the environment [5-8].
Instead, biocementation is based on the generation of calcium carbonate precipitates from
urea hydrolysis, a chemical reaction that is only feasible when catalyzed by the urease
enzyme [9]. Biocementation methods consist of an injection of a mixture containing urea,
calcium, and the catalyst urease into the soil. Urease can be added in the form of whole
bacterial cells, crude extracts, or purified proteins. The generated calcium carbonate
deposits between the soil grains bridge them like a cement, which then leads to a stronger
soil matrix [10].

Biocementation via the enzyme-induced calcite precipitation (EICP) technique uses
purified urease enzymes, mostly from the jack bean plant, and it has proven to be an
effective technique to increase soil strength [11-14]. However, enzyme extraction from
plants is a resource-intensive and time-consuming process; protein purification can further
increase costs significantly. To overcome this limitation, we work herein with a new
technique called bacterial enzyme-induced calcite precipitation (BEICP). In BEICD, free
microbial urease is used as part of a total bacterial protein extract obtained from Sporsarcina
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pasteurii, a commonly found soil bacterium that produces urease in high quantities [15].
Biocementation via BEICP has proven to be effective in cementing coarse and fine-grained
containing soils [16,17] to varying degrees. However, to be successfully implemented, a
deeper fundamental understanding of the mechanisms leading to biocementation is necessary.

In the BEICP technique, the spatial distribution of adsorbed, enzymatically active ure-
ase dictates the locations where calcium carbonate precipitation, and therefore cementation,
will take place. In our previous work, we reported that urease adsorbed to Ottawa silica
sand and silt retained some enzymatic activity, even when present in a complex protein
mixture [10]. However, an overall loss of urease activity after adsorption was observed
(i.e., the sum of urease activity in the soil and supernatant was lower compared to the
original activity of the total protein suspension), with greater losses observed for samples
with higher silt contents. These observations raised the question of how activity loss relates
to the overall amount of protein adsorbed and soil surface chemistry. Understanding
this relationship is especially important for BEICP applications, because soils have highly
heterogeneous surfaces often coated with metal oxides and hydrophobic compounds, with
varying sizes of positively and negatively charged patches [18,19].

In particular, protein adsorption is highly dependent on the surface chemistries of
the protein and the sorbent surface, as well as the presence of other proteins. For ex-
ample, proteins commonly exhibit high affinity towards hydrophobic surfaces, even if
they are hydrophilic in nature [20-26], but that often leads to protein denaturation and
sharp decreases in enzymatic activity [27]. Although soils generally display low levels of
hydrophobicity [28,29], hydrophobic soils, defined as having contact angles > 90°, have
been documented worldwide and are especially common in surface soils that often dry out
or have been exposed to fires [28,30-36]. It is also noteworthy that hydrophobic soils are as-
sociated with increased soil erosion [37-40], for which soil stabilization via biocementation
may be a suitable mitigation method [41—44]. In addition, low amounts of adsorbed pro-
teins and the subsequent retention of their enzymatic activity have been observed in soils
containing aluminum and iron oxides, even in single-protein adsorption studies [19,22,45].

Therefore, the overall goal of this paper was to investigate the behavior of S. pasteurii
total bacterial proteins, specifically urease, upon adsorption onto soil samples with varying
degrees of hydrophobicity and electrical charges, and the resulting enzymatic activities.
We hypothesized that higher amounts of adsorbed proteins including urease would result
from favorable protein—soil surface interactions, such as those resulting from opposing
electrostatic charges or hydrophobicity. This increased amount of adsorbed proteins, in
turn, was expected to increase overall urease enzymatic activity in the soil to different
degrees, depending on the configuration of the adsorbed urease. To test this hypothesis,
batch adsorption experiments were conducted in sand mixtures where electrostatic and
hydrophobic driving forces were expected to be dominant. An amount of 100% organosi-
lane breathable-soil waterproofing agent and iron oxide was used to produce hydrophobic
and positively-charged sands, respectively. The ranges of hydrophobicity or the positive
charges in soils were varied by changing the ratios of mixing between coated and uncoated
sands. The total amount of adsorbed proteins, and specifically urease, were measured
though spectrophotometric and proteomic analyses, and enzymatic activity assays were
performed in soil and supernatant portions following adsorption.

2. Results and Discussion
2.1. Surface Coverage

In this study, soil mixtures containing different levels of hydrophobicity and positive
charge patches were considered. Adsorption is a surface phenomenon and is largely
controlled by the surface chemistry of the adsorbent and adsorbate [46]. Sorbent surfaces
with greater numbers of available adsorption sites have higher adsorption capacities, but
the likelihood of protein adsorption and surface coverage is dictated by the affinity of
the proteins to the solid surface. At high surface coverage levels, adsorbed proteins are
tightly packed; adsorption is more likely to occur in a multilayer fashion and might result
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in blockage of the active site [23,45]. At low surface coverage, intermolecular interactions
are limited, but protein denaturing caused by conformational changes in the molecular
structure is more likely [47-51].

The measured surface area for each soil sample is shown in Table S1, and the total
amount of protein adsorbed is shown in Figure S2. It is worth noting that although the
total surface areas among the samples were markedly different, the total amount of protein
adsorbed onto each soil mixture was similar. This suggests that differences in surface
area between the different samples tested did not impact total protein adsorption. The
calculated surface coverage for each soil sample is shown in Table S1 and Figure 1; herein,
surface coverage is defined as the number of total proteins adsorbed per m? of sorbent
surface. The hydrophobic-containing soil samples (denoted as “HF”) displayed the highest
surface coverages; while increasing the hydrophobicity level from 10% HF to 20% HF
did not significantly affect the surface coverage of these samples (p-value > 0.05), and the
values for 100% HF were approximately 25% higher. In addition, surface coverages in
all hydrophobic-containing samples were considerably higher than in the sand samples
(p-value < 0.05). The surface coverages for sand and iron soil (denoted as “iron”) mixtures
were not statistically different from each other, even though the total surface area of the
100% iron sample was 32 times larger than the sand-only surface area. Despite this, there
appears to be a trend of lower surface coverage for samples with higher iron contents.
Similar observations linking soil iron content with lower adsorbed protein masses have
been reported in natural soils [52-54].
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Figure 1. The surface coverage for samples containing sand, mixtures of sand and iron-coated sand
(“iron”), and mixtures of sand and hydrophobic-coated sand (“HEF”). The initial protein concentration
used was 4 mg/mL, with a ratio of 2 mg protein per gram of soil. Surface coverage was calculated by
normalizing the amount of total protein adsorbed by the total surface area of each sample. Values
shown are averages of three replicates and error bars represent the standard error.

2.2. Protein Adsorption

Similar amounts of total proteins were adsorbed in all soil samples tested (Figure 2,
p-values > 0.05) even though the specific surface area of the 100% iron sample was approx-
imately 32 and 150 times larger than sand and 100% HE, respectively (Table S1). Similar
findings were reported for protein adsorption onto soil mineral surfaces for various pro-
teins including urease, where the amount of adsorbed protein did not positively correlate
to the surface area available [18,19,22,45]. The differences in surface coverages combined
with the equal amounts of adsorbed proteins indicate that most proteins in the S. pasteurii
total protein extract have a higher affinity towards hydrophobic surfaces. In fact, several
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studies have shown that most proteins have a high affinity towards hydrophobic surfaces,
including hydrophilic proteins such as BSA, with increased amounts of adsorbed proteins
displayed on surfaces with higher hydrophobicity levels [20-26,55]. Furthermore, though
hydrophobic amino acid residues are mostly ingrained inside the protein’s molecular
structure, a hydrophobic protein core can become exposed due to structural unfolding
upon initial binding via electrostatic interactions. This unfolding then gives rise to nu-
merous hydrophobic binding sites in the protein, that will in turn enhance subsequent
adsorption [56-59].
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Figure 2. The percentage of overall protein adsorbed, and urease adsorbed, from the initial total pro-
tein extract. The total amount of adsorbed proteins was obtained through Nanodrop measurements at
280 nm wavelengths before and after adsorption. Urease concentrations were obtained from targeted
PRM LC/MS analysis. Results shown are the averages of three and two independent experiments
for the % adsorbed urease and % total proteins adsorbed, respectively. Error bars represent the
standard error.

While the total mass of adsorbed proteins was similar across all samples (Figure S2),
the percentage of urease adsorbed onto hydrophobic-containing mixtures was significantly
higher than in sand samples (Figure 2, p-value < 0.05). These results suggest urease was
preferentially adsorbed onto 20% HF and 100% HF samples compared to other proteins.
This could be a result of surface chemistry modifications arising from multilayers of
adsorbed proteins in the tightly packed surfaces of 20% and 100% HF samples, which might
have resulted in a sorbent surface that was more favorable for urease adsorption, as well as
an increased affinity of urease towards hydrophobic surfaces. Hence, the presence of other
proteins may have facilitated urease adsorption onto the 20% and 100% HF mixtures.

No significant differences were found in the percentage of adsorbed urease among
iron-containing mixtures, even when compared to sand (p-value > 0.05). In addition, our
results indicate that urease adsorption onto sand- and iron-containing soil mixtures was
less favorable in comparison to the total proteins in the mixture. It is unclear if increased
iron contents had a more detrimental effect on urease adsorption, but previous studies have
found low levels of urease adsorption onto clay minerals coated with iron [22]. Studies
have found that the presence of urease is negatively related to the amount of iron present,
either in natural soils or in experimental settings [60].

Furthermore, the adsorption experiments herein were conducted at pH 8 and ambient
temperature. In these conditions, about 87% of all proteins present in the initial protein
mixture have isoelectric points (pI) lower than 8 based on our label-free LC/MS data,
including urease which has a pl of 4.6 [61], pointing to an overall negative charge for
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most proteins during adsorption. The pls of Ottawa sand and iron-coated sand are 2 [62]
and 9.3 [46], respectively, suggesting that the sand surface had a net negative charge
whereas the iron-coated sand had a net positive surface charge. Results from streaming
current measurements confirmed a shift towards less net negative charges in samples with
increased iron contents (data not shown). Thus, electrostatic interactions between most
proteins and the iron-coated sand were expected to enhance protein adsorption and result
in higher amounts of proteins adsorbed for samples with higher iron contents. However,
our results showed no differences between the amounts of protein adsorbed among those
samples (Figure 2). The surface of iron and sand soil mixtures is mostly composed of
silica, iron, and hydroxyls groups, as shown by the EDS data in Figure S1. The complete
absence of hydrophobic groups in these surfaces suggest that electrostatic interactions
were dominant. Possibly, the negatively charged proteins that adsorbed first onto the
positively charged patches on the iron-coated surface created a repulsive environment
that hindered the subsequent electrostatic attachment of negatively charged proteins [58].
These findings are in agreement with previous studies that have also found low amounts
of proteins adsorbed onto aluminum- and iron oxide-coated surfaces, especially in soils
and clay minerals [19,22,45].

Label-free LC/MS proteomic analysis was conducted on the initial total protein extract
and in supernatant portions of each sample following adsorption. A heatmap showing
the complete protein profile in each sample is shown in Figure S3 (peak area data from
label-free LC/MS analysis are provided in Table 52), and the score plot in Figure 3 provides
information on sample clustering. These data revealed that after adsorption, supernatant
samples from hydrophobic soil mixtures were markedly different from the initial protein
extract, especially 20% and 100% HF samples (Figure 3). On the other hand, iron-containing
samples were more closely related to sand and the original protein extract, indicating that
the protein profile in these supernatant samples upon adsorption did not differ as much
from the initial protein extract. It is also worth noting that hydrophobic samples were
more distinctive from each other compared to the iron-containing soil mixtures, which
were closely clustered. The significantly higher surface coverage displayed in hydrophobic
samples (Figure 1) suggests that protein adsorption happened in a multilayer fashion. Thus,
the underlying soil surface was replaced as the adsorbent surface by a layer of adsorbed
proteins as the adsorption sites were occupied, which in turn gave rise to a new sorbent
surface with a different surface chemistry than the soil grain surfaces. Therefore, these
observations suggest that the change in surface chemistry due to multilayer adsorption was
able to attract a more diverse pool of proteins present in the crude protein extract, which
would explain why hydrophobic samples were markedly distinct from each other and from
all other samples (Figure 3). In fact, label-free analysis showed that the initial crude protein
extract was a complex protein mixture composed of over 600 proteins (Table S2), with sizes
varying from 4 to 130 kDa and isoelectric points ranging from 3.9 to 12.4. This diverse pool
of proteins is potentially able to attach to any surface, but the extent of protein adsorption
achieved is still dependent on how compatible the sorbent surface chemistry would be to
the proteins in the mixture.

2.3. Enzymatic Activity of Adsorbed Urease

The enzymatic activity of adsorbed urease, normalized to the free urease activity
of the initial total protein extract, is shown as activity yield in Figure 4. Hydrophobic
samples showed the highest activity among all samples, and the retained enzymatic activity
increased for samples with higher hydrophobic contents. In addition, urease activity values
for hydrophobic soil mixtures were significantly higher than the values for sand- and iron-
containing soil mixtures (p-value < 0.1). Low urease activity was retained in soil mixtures
containing iron. The 10% and 20% iron samples were found to not be statistically different
from each other, or from sand, in terms of retained urease activity. The 100% iron sample
displayed higher urease activity than sand (p = 0.07). Although the presence of iron has
been correlated with a lower amount of adsorbed urease or the presence of urease in natural
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soils, several studies found an increased activity of several enzymes, including urease, in
the presence of iron as shown [52-54]. Overall, urease activity decreased in the order of
100% HF > 20% HF > 10% HF > 100% iron > sand, 10% iron/20% iron. These findings agree
with the values obtained for the catalytic efficiency of adsorbed urease, defined as the ratio
of Vmax/Ky from Michaelis-Menten experiments, which shows the decrease in catalytic
efficiency and follows the order 100% HF > 100% iron > sand (Table S3).
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Figure 3. A score plot for all proteins present in the initial total protein extract and in supernatant
portions of samples following adsorption. The score plot employs the orthogonal projections to
latent structures discriminant analysis (OPLS-DA) modeling method and was developed through
the MetaboAnalyst online tool [63]. Displayed regions reflect a 95% confidence interval. Prior to
analysis, the data was log transformed and auto-scaled (mean centered and divided by the standard
deviation of each variable). Sand = uncoated sand; Protein = initial protein sample; 110, 120, 1100 = 10,
20, and 100% iron-coated sand, respectively; H10, H20, H100 = 10, 20, and 100% hydrophobic
sand, respectively.

Total urease activity, defined as the sum of the activity retained in the soil and su-
pernatant portions of each sample after adsorption, showed that the decrease in urease
activity observed in the soil portions of all soil mixtures was not solely a result of adsorption
intricacies (Figure S4). Except for 100% HF, all samples displayed high urease activity in
their supernatant portions. This suggests that urease adsorption was distinctively more
favorable in the 100% HF samples, where more urease was adsorbed into the soil (Figure 2).
Additional experiments with 50% HF confirmed similar trends to 100% HF (Figure S4). For
all other samples, some urease stayed in the supernatant after adsorption, as indicated by
residual urease activity in the supernatant. Nevertheless, all samples displayed an overall
loss of total urease activity; the highest activity loss was observed in samples containing
10% and 20% iron (up to 58%), whereas the 100% HF samples displayed the lowest loss of
activity (less than 25%).
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Figure 4. Urease activity yield upon adsorption. Activity yield was calculated as the % of activity of
adsorbed urease in each soil mixture normalized to the activity urease in the initial total protein extract.
Data shown represent the average of three independent experiments, with error bars indicating one
standard error.

Protein denaturation upon adsorption is highly dependent on surface coverage, espe-
cially on whether or not proteins have room to spread over the surface [23,64]. Although
hydrophobic interactions have been shown to be more detrimental to the molecular struc-
ture of adsorbed proteins [27], some studies found that electrostatic interactions played
a major role in protein denaturation upon adsorption to solid surfaces compared to hy-
drophobic interactions [65,66]. Therefore, aside from surface coverage, it is not the nature
of the adsorption-driving force that dictates the likelihood of protein unfolding, but rather
the extent of the protein’s affinity towards the sorbent surface, regardless of the driving
force. We can hypothesize that the high packing density observed in hydrophobic soil
mixtures of 100% HF samples (Figure 1) had a strong effect on hindering the spreading of
adsorbed proteins and their denaturation, which explains why a smaller decrease in overall
urease activity was found in those samples (Figure 54). However, although the 20% HF and
10% HF samples had much higher surface coverage than sand, 100% iron, and 50% iron
samples (Figure 1), the overall losses of activity in those samples were similar (Figure S4). It
has been shown that the dissociation of jack bean urease into its subunits has little effect on
urease activity, and subunits are often functionally independent [56,67,68]. As such, even
though samples such as sand and the iron-containing soil mixtures might have experienced
a higher degree of protein unfolding due to their low surface coverage of proteins, the
structural changes might have happened in a way that did not affect activity as much,
and the overall level of activity loss ended up being similar to those found in 10% HF and
20% HF samples. Moreover, surface topography has been highlighted as an important
variable that can constrain the mobility and agglomeration of adsorbed proteins [69,70],
which in turn would also affect the degree of protein unfolding. In this study, surface
topography was not controlled for and likely varied widely across tested soil samples,
based on SEM pictures of the coated and uncoated soil grains (Figure S5).

3. Materials and Methods
3.1. Materials Used

Commercial-grade Ottawa silica sand 20/30 (Gilson Company Inc., Lewis Center,
OH, USA), composed of 98.7% silica and specific gravity of 2.65, was used as the primary
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sand material in this study. Pure culture S. pasteurii (ATCC 11859) cells were used as the
source of crude total bacterial proteins. All chemicals were obtained from Fisher Scientific
(Walthan, MA, USA) unless otherwise noted.

3.2. Total Protein Extract

Growth media and cell harvesting of S. pasteurii followed previously described proce-
dures [10] with the following modifications. Upon extraction of the crude bacterial total
protein by sonication, the protein extracts were not dialyzed prior to storing at —20 °C.
Aqueous protein concentrations were quantified spectrophotometrically using Nanodrop
measurements at 280 nm.

3.3. Soil Pretreatments

Commercial-grade Ottawa silica sand 20/30 (Gilson Company Inc., Lewis Center,
OH, USA) was used as uncoated sand, and hereafter defined as “sand”. Hydrophobic-
coated sand was obtained by mixing 100% organosilane-based breathable-soil waterproof-
ing agent from TerraSil (Zydex Industries, Gotri, Vadodara, India) in a 10% ratio by weight
with the Ottawa sand. The mixture was left at ambient temperature overnight and then
dried at 110 °C until completely dry. The dried coated sand was sieved through a U.S Sieve
No. 20 and No.30 (0.85 and 0.6 mm openings, respectively); the portion retained between
the two sieves is herein defined as “100% HEF”.

Iron-coated sand was obtained following the IOCS-1 procedure [71] designed to yield
sand particles with a 9.3 isoelectric point. In brief, approximately 80 g of Ottawa silica
sand was mixed with 200 mL of 2.5 M FeClj solution and heated to 110 °C for 3 h. The
temperature was then raised to 550 °C and heating continued for an additional 3 h. Sand
was cooled to room temperature in open air, after which it was rinsed with DI water and
air-dried. Next, sand from the previous step was mixed in a 1:2 ratio with a 2.1 M solution
of Fe(NO3)3 plus 1.5% w/w ratio of a 10 M NaOH solution. This mixture was heated to
110 °C overnight or until completely dried. The resulting coated sand aggregates were then
mechanically broken and sieved through a U.S Sieve No. 20 and No. 30 (0.85 and 0.6 mm
openings, respectively); the portion retained between the two sieves is herein defined as
“100% iron”. Uncoated sand was mixed with the 100% HF or 100% iron in various ratios.

3.4. Soil Characterization

Contact angle: Contact angle measurements were conducted on 100% HF samples using
the sessile drop method, using nanopure water as the probe liquid [72]. In brief, a water
droplet was placed on top of the sand surface and a handheld camera was used to visually
capture the drop shape on the surface. The tangent to drop profile was aligned with the base
using an online protractor tool (https://www.ginifab.com/feeds/angle_measurement/,
accessed on 28 October 2021), and yielded a value of 106°, which confirmed that the
organosilane-coated sand was indeed hydrophobic.

Streaming current: To confirm iron-containing soil mixtures were indeed more pos-
itively charged in samples with higher iron contents, streaming current was measured
in all samples using the Laboratory Charge Analyzer (Chemtrac, Atlanta, GA, USA). All
measurements were conducted in 50 mM HEPES buffer with 4% EDTA at pH 8 and
ambient temperature.

Surface area: The specific surface area of each soil mixture was measured by Nj
physisorption analysis using a Micromeritics 3Flex surface characterization analyzer (Mi-
cromeritics, Atlanta, GA, USA) (Table S1). Approximately 3.5 £ 0.5 g of samples was used
for BET analysis from 0.05 to 0.3 P/Py using nitrogen as the carrier gas at 77 K. Prior to
analysis, all samples were degassed at 200 °C for 120 min to remove any adsorbates.

3.5. Adsorption Experiments

Batch adsorption experiments were conducted using 2 g of each soil mixture. Soil
mixtures containing 10% and 20% (w/w) ratios of iron coated sand or hydrophobic coated
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sand to uncoated sand along with samples containing 100% iron, 100% HEF, and 100%
sand were considered in this study. Batch adsorption experiments were conducted at
room temperature (22-25 °C) and end-over rotation for 16 h, using a total protein extract
with 4 mg/mL protein concentration. Following adsorption, protein soil mixtures were
separated via centrifugation at 8000 x g for 5 min at 20 °C to obtain the soil and supernatant
fractions from each sample. Supernatants were filtered through 0.2 pm pore size syringe
filters, and soil samples were washed with buffer (50 mM HEPES buffer with 4% EDTA
at pH 8) to remove loosely bound proteins. These two fractions are herein defined as
“supernatant” and “soil”. Samples containing only soil in buffer and the crude protein
extract without soil were also tested as controls. All adsorption experiments were conducted
in 50 mM HEPES buffer with 4% EDTA (pH 8). Experiments were conducted in triplicates
using different total protein extracts.

3.6. Urease Activity Measurements

Urease activity was determined through measurements of urea consumption over
time according to method A in Rahmatullah and Boyde [73]. Soil samples were suspended
in 8 mL of 50 mM HEPES buffer with 4% EDTA at pH 8, and 2 mL of supernatant samples
were used. Sub-samples were taken following the addition of 2.08 mM urea approximately
every 30 s for 3 min for soil fractions, and every 15 s for 90 min for supernatants. Urease
activity was determined based on the linear slope of each reaction and is expressed in U,
where 1 U is equal to 1 umol of urea consumed per minute.

3.7. Proteomics Analysis

Supernatant samples derived from adsorption experiments were analyzed using
label-free liquid chromatography/mass spectrometry (LC/MS) relative quantification and
targeted parallel reaction monitoring (PRM) LC/MS absolute quantification techniques at
the Protein Facility at lowa State University. In brief, crude protein extracts were reduced
with DTT for the label-free analysis. The Cys were modified with iodoacetamide and
then digested overnight with trypsin/Lys-C. Samples were desalted using C18 MicroSpin
Columns (Nest Group SEM S518V) prior to drying in a SpeedVac. PRTC standard (Pierce
part #88320) was spiked into each sample to serve as an internal control. The peptides were
then separated by LC and analyzed through MS/MS by fragmenting each peptide with an
Exactive Hybrid Quadrupole-Orbitrap Mass Spectrometer with an HCD fragmentation cell
(Thermo Fisher Scientific, Waltham, MA, USA). Data was normalized using the PRTC
peak areas. The Proteome Discoverer program version 2.2 (Thermo Fisher Scientific,
Waltham, MA, USA) was used to create a peak list. Only proteins with peptide spectrum
matches (PSMs) higher than three were used for data analysis [74]. The resulting intact
and fragmentation pattern was compared to a theoretical fragmentation pattern using the
UniProt database for S. pasteurii [75] in order to identify proteins based on the peptides
present. The retention time and masses of urease subunits «, 3, and y obtained from
the label-free untargeted quantification analysis were used to produce an inclusion list of
peptides for the PRM runs. A total number of 11, 4, and 3 peptides present in the urease «,
3, and y subunit samples, respectively, displaying a high number of PMS were selected
for the PRM inclusion list. In the PRM analysis, myoglobin was spiked in each sample
as an internal standard at 0.5 pug/pL concentration. An MS1 scan was used to find the
peptides of interest from the generated inclusion list and MS/MS scan was used to confirm
the peptide’s identity for quantification. The mass of each urease subunit was obtained
based on the ratio of the peak areas of myoglobin standard, the protein of interest, and the
known amount of myoglobin injected.

3.8. Statistical Analysis

Statistical analysis was performed using the R Stats Package version 4.1.1. Compared
samples were subjected to an f-test for equality of variances and followed by unpaired or
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paired t-tests based on the results of the f-test. A p-value less than 0.05 was considered as
statistical significance.

4. Conclusions

Understanding how protein adsorption onto soils results in enzymatic activity is
vital for enzyme-based sustainable engineering applications such as biocementation. The
findings from this study showed that similar amounts of adsorbed proteins from the
original crude protein extract adsorbed onto all soil surfaces regardless of surface chemistry.
However, when considering the adsorbed urease, our findings suggests that urease was
preferentially adsorbed onto 20% HF and 100% HF samples. Higher levels of urease activity
were retained in hydrophobic-containing samples, and urease activity decreased in the
order of 100% HF > 20% HF > 10% HF > 100% iron > sand, 10% iron/20% iron. Similar levels
of enzymatic activity were retained in iron-containing soil mixtures and sand, indicating
that although favorable electrostatic interactions were expected to enhance adsorption and
urease activity in iron-containing mixtures, our results showed otherwise. Finally, although
higher amounts of urease and retained activity were found in hydrophobic-containing
soils, the overall loss of activity in 10% HF and 20% HF samples were similar to values
obtained for sand and 100% iron (ranging from 40—47%). The 10% iron and 20% iron
samples displayed the highest activity loss, with up to 55 and 58%, respectively, whereas
100% HF exhibited the lowest loss of activity of less than 25%.

The findings from this study show that preferential adsorption of targeted proteins
in a complex protein mixture is possible, even when competition for adsorption sites is
high, as noted in the 100% HF soils. The fact that low amounts of proteins adsorbed onto
iron-containing soils, even though that interaction should be electrostatically favorable,
highlights the complexity of protein adsorption and the importance of soil characteriza-
tion prior to the implementation of biocementation to assess the likelihood of achieving
successful cementation. Furthermore, our results suggest that surface coverage can play
a major positive role in mitigating the loss of enzymatic activity upon adsorption. Thus,
surface manipulations to yield high surface coverage, such as TerraSil treatments to add
hydrophobicity to soil surfaces, can potentially be used to decrease the negative effects of
adsorption on enzymatic activity, at least to some extent. Finally, the high amount of urease
activity in hydrophobic soils containing more than 50% hydrophobic-coated sands suggests
that biocementation could be successfully used to stabilize soils exposed to wildfires and /or
that have experienced long periods of severe drought, since such soils are associated with
higher degrees of hydrophobicity.
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upon adsorption as a percentage of the activity of the free urease enzyme in the initial total protein
extract; Figure S5: SEM pictures of (A) uncoated Ottawa silica sand, (B) 10% HF hydrophobic coated
sand, (C) 10% iron oxide coated sand; Table S1: Surface areas of each soil mixture measured using BET
N, physisorption analysis; Table S2: Label-free proteomics analysis data; Ky and Vyjax parameters
obtained from Michaelis-Menten kinetic experiments in soil portions of each samples following batch
adsorption experiments.
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