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ABSTRACT

Polymers used in adhesive applications are often petrochemical-based and release volatile
organic compounds (VOCs) during application. These VOCs can accumulate indoors to the
detriment of human health. Biopolymers potentially offer a non-toxic and sustainable alternative
to synthetic polymers but generally have limited physical stability and low mechanical
performance. One of the methods of improving the stability and adhesive performance of
biopolymers is the addition of a mineral phase to reinforce biopolymer adhesives.

In this work, biomineral-reinforced biopolymer adhesives were produced by ureolytically
induced precipitation of calcium carbonate in the presence of guar gum and soy protein. The
microbially and enzymatically induced ureolysis was carried out by the ureolytic bacterium,
Sporosarcina pasteurii, or by jack bean urease. The resulting adhesives were referred to as
ureolytically induced calcium carbonate precipitation (UICP)-reinforced adhesives and
specifically microbially and enzymatically induced calcium carbonate (MICP and EICP)-
reinforced adhesives.

The adhesive strength of these composite adhesives was optimized by varying calcium
and cell (or enzyme) concentrations. The adhesive strength of biomineral reinforced guar gum
and soy protein biopolymers was up to 2.5 and 6 times higher than the adhesive strength of the
biopolymers alone, respectively. The durability of the MICP-reinforced adhesives was tested
after varying immersions (24 h and 7 days), relative humidities (50 and 80% RH), and
temperatures (-20, 100, and 300°C). The durability of the MICP-reinforced adhesives, upon
immersion, was significantly improved compared to biopolymer alone, and maintained their
adhesive strength at moderate humidities and from below-freezing to room temperatures after 7-
day exposures.

To determine the effect of biopolymers on the nanoscale material properties of
biomineral aggregates, enzymatically induced calcium carbonate precipitation was induced in the
presence of a standard protein, Bovine Serum Albumin (BSA). Nanoindentation and Atomic
Force Microscopy show that the moduli of the mineral precipitates were significantly lowered in
the presence of BSA. Atomic force microscopy also showed that BSA introduced structural
variations and moduli gradation in biominerals.

These results demonstrate that the presence of a protein additive, specifically BSA, can
alter the nanoscale structure and material properties of calcium carbonate precipitates. Using an
organic additive to manipulate microscale material properties of biominerals offers possibilities
for advanced control at the microscale and enhanced toughness at the macroscale for engineering
applications such as in construction, binder, and adhesive applications.
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CHAPTER ONE

INTRODUCTION

The success of modern industrial developments, specifically automobile, aerospace,
electronics, and wood industries, depends on high-performance adhesives (Hofer et al., 2001;
Packham, 2009). Most synthetic adhesives in the market use petrochemical and synthetic
solvents with moderate to high volatile organic compounds (VOC) emissions (Frey et al., 2014;
Hazrati et al., 2016; Tolls et al., 2016; Wolkoff, 1998; Zhu et al., 2013). Using petrochemical
feedstock raises sustainability concerns, and an accumulation of VOCs indoors has detrimental
human health impacts (Du et al., 2014; Li et al., 2021; Wickliffe et al., 2020). Rising consumer
awareness, stringent regulations, petrochemical feedstock instability, and sustainability concerns
have led to an acceleration in the search for safer and sustainable adhesives, e.g., natural
adhesives (Hofer et al., 2019; Packham, 2009). Natural adhesives consist of biobased monomers
and polymers derived from plant, animal, fungal, and microbial sources (Heinrich, 2019). These
biobased adhesives have the advantages of diverse functionalities, structure, and renewability
(Dinte & Sylvester, 2018; Frihart, 2015). However, natural adhesives currently available have
low bonding strength and high sensitivity to moisture (Dinte & Sylvester, 2018; Lamaming et al.,
2021; Lutz et al., 2022; Patel et al., 2013).

Mechanical reinforcement of biopolymers by adding mineral phases has shown the
potential to improve the adhesive strength and lower water sensitivity of some biopolymer
adhesives, e.g., soy protein adhesives (Guangyan, 2016; Piekarska et al., 2017; Post et al., 2021;
Sun et al., 2021). However, adding minerals and clays directly often results in poor dispersion

and low interfacial strength (Azeredo & Waldron, 2016; Raydan et al., 2021). Crosslinking and
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copolymerization have been used to improve the interfacial strength of polymer-mineral
composites, but this approach introduces additional processing steps, use of organic solvents, and
potentially hazardous crosslinkers (Helanto et al., 2021, 2022; Post et al., 2021). Recent research
has focused on reducing the use of petroleum-based, toxic or hazardous crosslinkers and their
replacement with bioinspired and biomimetic processes for the production of biopolymer-
mineral composites (Cao et al., 2021; Cui et al., 2023; Hofer et al., 2019; Kang et al., 2016; Li et
al., 2018; Pang et al., 2021). The proposed study explores one such biopolymer mineral adhesive,
a composite formed by ureolytically induced calcium carbonate precipitation in the presence of
guar gum and soy protein biopolymers.

The reaction carried out by the enzyme urease can be summarized as follows:

H,N — CO — NH,(urea) + 2H,0 + Ca*t - 2NH] + CaCO05(s)

The ureolysis is carried out by the enzyme urease, which means that the biocomposite
can be formed by a urease enzyme suspension (EICP) as well as by microbial cells containing
ureases (MICP) (Phillips et al., 2013). In this study, both methods are employed, and collectively
referred to as ureolytically induced calcium carbonate precipitation (UICP). UICP has previously
been used for surface and subsurface applications to bind soil particles, seal fractures, remediate
concrete surfaces, and remove heavy metals and radionuclides from wastewaters (Phillips et al.,
2013; Zhu & Dittrich, 2016). However, the use of UICP to develop UICP-reinforced biopolymer
for adhesive applications is unique in this work. The overarching hypothesis of this work was
that using UICP can improve the physical and mechanical stability of biopolymers. Moreover,
beacuse the UICP can be carried out at ambient temperatures, without organic solvents or
crosslinkers, they have a high sustainability potential as compared to most current methods for

making biopolymer-mineral composite adhesives.
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The principal objective of this study was to determine the applicability of ureolytically
induced calcium carbonate composites as natural adhesives. The key factors used to determine
the suitability of the biomineral- reinforced biopolymers as adhesives were their adhesive
strength, durability against environmental factors, and potential control parameters to manipulate

the material properties of the composites.

Specific aim 1. Optimize the Adhesive Strength of Ureolytically Induced Calcium Carbonate
Precipitation Reinforced Adhesives

The experimental design and outcomes of specific aim 1 are presented in detail in
Chapter 3 of this dissertation. To determine the applicability of the UICP reinforced biopolymers
as adhesives, it is important to determine the optimal formulation chemistry for adhesive
applications. The hypothesis of specific aim I was that the ureolytically induced calcium
carbonate precipitation (UICP) can enhance the adhesive shear strength of biopolymers. The
MICP- and EICP-reinforced adhesives were prepared using S. pasteurii and jack bean meal
(JBM) to induce ureolysis in guar gum and soy protein. Guar gum and soy protein were used as
representative polysaccharide and protein biopolymers. The calcium concentration was varied, to
optimize the amount of calcium carbonate precipitation. The cell and enzyme concentrations
were varied to optimize the ureolysis rates. The adhesive strength of the resulting composites
was determined by adhesive shear strength testing. The key outcomes of specific aim 1 were 1)
the adhesive strength of the MICP- and EICP-reinforced adhesives was significantly higher than
the biopolymers alone ii) the adhesive strength of the composites was strongly influenced by the
type of biopolymer and iii) at an optimal calcium concentration, the adhesive strength was

similar to commercial water-based adhesives.
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Specific aim 2. Determine the Durability of UICP-Reinforced Adhesives Against Varying
Temperature and Humidity Exposures

The experimental design and outcomes of specific aim 2 are presented in detail in
Chapter 4. The development of biopolymer-mineral composites is a relatively new area of
research. While the adhesive strength of several biopolymer mineral composites has been
demonstrated (Chow et al., 2004; Helanto et al., 2021; Segura Gonzalez et al., 2015) there is
limited research available on the durability of these composites. Available research shows that
the increase in adhesive strength and improvements in durability of the composites can be
mutually exclusive (Chen et al., 2018; Kim et al., 2021; Li et al., 2018). The hypothesis for the
specific aim 2 was that the UICP-reinforced adhesives have higher durability than biopolymers.
To test the water resistance of the composites, the adhesive strength of the MICP and EICP-
reinforced adhesives and biopolymers was tested before and after immersion in DI water for 24
hours. The MICP-reinforced adhesives were also tested after 7-day exposures to immersion in DI
water, varying temperatures and humidities. The key outcomes of specific aim 2 were 1) the water
resistance of the MICP-reinforced adhesives was found to be significantly higher than for the
biopolymer alone. The MICP-reinforced adhesives retained 75 to 81% of their adhesive strength
after immersion, whereas the adhesively bonded joints made with biopolymers deteriorated
during immersion before testing ii) The MICP-reinforced adhesives retained their adhesive
strengths from below freezing to room temperatures, and at 50% RH after 7 days of exposures
and 1ii) at higher humidities (80% RH) and temperatures (= 100°C) the adhesive strength was

potentially limited by the mineral and organic content of the adhesives.
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Specific Aim 3. Determine the Influence of a Protein Additive on the Nanoscale Material
Properties of Ureolytically Induced Calcium Carbonate Precipitates

The experimental design and outcomes of specific aim 3 are presented in detail in
Chapter 5. Most of the research in the development of UICP for engineered applications has
effectively leveraged the potential control of the calcium carbonate precipitation by
supersaturation (as demonstrated in specific aim I). However, the use of organics to mediate the
calcium carbonate precipitation and crystallization kinetics in UICP has been relatively limited.
To further the improvements in the development and prospective use of UICPs for engineered
applications, it is essential to determine the influence of organics not only on the morphology
and polymorphism but also on the material properties of the mineral precipitates. The hypothesis
for specific aim 3 was that presence of organics can modify the nanoscale hardness and stiffness
of biomineral precipitates. For this purpose, the UICP was carried out in the presence of a
standard protein Bovine Serum Albumin (BSA). To determine the effect of protein on the
nanomechanical properties of the mineral precipitates, enzymatically induced calcium carbonate
precipitates were prepared in the presence of BSA (EICP-BSA) and compared to enzymatically
induced precipitates in the absence of BSA. The key outcomes of specific aim 3 were 1) that the
elastic moduli and hardness, measured by nanoindentation, of the mineral precipitates produced
in the presence of BSA were significantly lower than of those produced in the absence of BSA i1)
XRD analysis showed that both EICP and EICP-BSA precipitates consisted of calcite, which
suggests that the difference in elastic moduli may be due to the presence of organics as opposed
to differences in polymorphs and iii) atomic force microscopy (AFM) of the precipitates showed

that the distinguishing feature of the EICP-BSA was their nanoscale heterogeneity within the
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mineral precipitates. These results show that the protein can be used to modify the nanoscale
structure and material properties of the UICP-reinforced adhesives.

The key findings of this work are (1) UICP can be used successfully to reinforce
biopolymer natural adhesives to deliver commercially relevant adhesive strength (2) UICP
reinforced adhesives can potentially be used for indoor applications due to their durability at
ambient temperatures and humidities (3) nanoscale material properties of the ureolytically
induced biominerals can be manipulated by the protein additive BSA. Collectively, these results
show that there is a tremendous opportunity for the advancement of UICP-reinforced adhesives
by optimizing both supersaturation and the matrix-mediated interactions using organic additives
for adhesive and other engineered applications.

This research was made possible by the Department of Chemical and Biological
Engineering and the Center for Biofilm Engineering at the Norm Asbjornson College of
Engineering at Montana State University, a Ray and Erin Schultz Emerging Scholars Fellowship,
and the United States Education Foundation Pakistan Fulbright Commission. Sobia Anjum was
supported by the Thermal Biology Institute through funding from the MSU Office of the Vice
President for Research and Economic Development for PhD graduate enhancement. This work
was also partially supported by the National Science Foundation (CMMI 20368687 to CH and

RG).
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CHAPTER TWO

2.0 BACKGROUND

2.1 Biopolymer-Mineral Composites as Adhesives

Polymers produced in nature, also called biopolymers, have received particular attention
in modern adhesives development owing to their renewable, non-toxic, and eco-friendly with
remarkable diversity in their chemistry, thermomechanical properties, rheology, and chemical
reactivity (Baranwal et al., 2022; Reddy et al., 2021). Their capacity to undergo various chemical
modifications yields materials with tailored properties suitable for use as adhesives, gums,
coatings, emulsions, and binders (Imam et al., 2013). One common modification to biopolymers
to improve their performance and stability is the formation of biopolymer-mineral composites
(Helanto et al., 2021; Xiong et al., 2018). Biopolymer composites contain a stiff component
which may be particle- (mineral or metal) or fiber-based (natural or synthetic), acting as
reinforcement within a polymer matrix (Sierra-Romero & Chen, 2018). The addition of fillers to
a biopolymer matrix can not only improve its overall properties but, in some cases, provide
added-value functionalities such as electrical conductivity (Thorvaldsen et al., 2015; Wang et al.,
2011).

Two broad categories of biopolymer mineral composites are used for adhesive
applications, including fiber-reinforced and particle-reinforced composites (Xiong et al., 2018).
Fiber-reinforced composites are formed by combining biopolymers with fillers with long aspect

ratios (e.g., carbon nanotubes, graphene, or natural fibers such as cellulose nanofiber). The
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particle-reinforced biopolymers composites contain stiff particulate nanofiller with small aspect
ratios.

Particle-based polymer and biopolymer adhesives commonly contain geomineral, metal
or metal oxide nanoparticles, and biopolymeric nanoparticle fillers. The geominerals are
geologically sourced and include mica, clay, kaolin, etc. (Leong et al., 2004), metal- and metal
oxide-based nanoparticles include metals like Ag and Au or a metal oxide, e.g., Fe3O4 (Post et
al., 2021; Segura Gonzalez et al., 2015), and biopolymeric nanoparticles include protein,
polysaccharide, and polypeptide-based particles (Vodyashkin et al., 2022). Biopolymer-
geomineral composites are made by 1) grafting a polymer onto a mineral by crosslinkers ii)
polymerizing monomers in the presence of geominerals (Imam et al., 2013). Biopolymer-metal
nanoparticles composites are also made by either 1) electrostatic or covalent bonding of
nanoparticle to a polymer or ii) precipitation of nanoparticles during the polymerization of
hydrogels (Bovone et al., 2021; Kim et al., 2021; Li et al., 2018). Biopolymer-biopolymeric
nanoparticle composites are made by the precipitation of a polymer (protein or polysaccharide)
into another biopolymer to enhance the stiffness of the resultant composite. The natural diversity
of polymeric systems inspires a broad range of functionalities being explored for biopolymer
composites, and extensive reviews of emerging biopolymer composites with organic and
inorganic modifications are available here (Amenorfe et al., 2022; Diez-Pascual, 2022;
Sadasivuni et al., 2020). While abundant, the research in biopolymer mineral composites is new
and requires extensive testing of composite properties and their performance in specific

applications, e.g., as adhesives.
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2.1.1 Biopolymer Mineral Composites: Challenges and Opportunities

While geominerals composites are some of the leading types of polymer mineral
composites under research, there are many challenges associated with their development. These
challenges include poor dispersion, low loading rates, and the poor compatibility of minerals
with biopolymers (Chen et al., 2022). The geominerals also require pre-processing, such as
shearing, to achieve small mineral size, exfoliation, and functionalization to improve their
compatibility with the biopolymers (Guchait et al., 2022). Despite these pre-processing steps,
minerals need to be attached to the biopolymers by crosslinkers to achieve high physical stability
and mechanical performance as biopolymer-mineral composites (Bukartyk et al., 2022; Hofer et
al., 2019). These steps add to the processing cost and complexity and, more importantly,
introduce hazardous and toxic crosslinking reagents (Guchait et al., 2022; Oliveira et al., 2018;
Steven Abbott, 2019). To improve the sustainability of the particle reinforced biobased
adhesives, further research is aimed at the use of bioinspired crosslinking mechanisms (Ghahri et
al., 2021). While the biomineralization process has inspired geomineral-based nanocomposites,
and crosslinking strategies are being explored to improve their performance and sustainability of
the composites, the inherent value of biomineralization and (bio)mineral-biopolymer interactions

has not been genuinely harnessed in these synthesis methods.

2.2 Biomineralization for Bioinspired Biopolymer-Mineral Composites

Biomineralization refers to the processes by which organisms form minerals.
Biomineralization in nature is characterized by the control exerted by organisms or by the
influence of organics on biomineral formation (Weiner & Dove, 2003). Organic compound-

mineral interactions affect biomineralization from the nucleation precursor to growth,
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maturation, and even after the mineral aggregate has been formed and stabilized (Deng et al.,
2022; Falini & Fermani, 2013; Weiner & Dove, 2003). Biomineralization is a feature of all phyla
in living systems, making it difficult to categorize the structural features of biominerals and their
mechanisms of formation collectively (Weiner & Dove, 2003). A common feature of
biomineralization is the occurrence of organic mineral interactions during biomineralization.
These interactions can result in hierarchical structures and synergistic material properties (e.g.,
material toughness) of biomaterials that can be several orders of magnitude higher than
achievable by the single component materials (Deng et al., 2022; Labonte et al., 2017; Peng et
al., 2022). The astounding diversity of composition, morphologies, properties, and functions in
natural biomineralized materials such as bone, enamel, dentine, nacre, and sea urchins has
inspired many biomaterials for tissue engineering and regenerative medicine over the recent
years (Deng et al., 2022; Nudelman & Sommerdijk, 2012). On the other hand, biomineralization
carried out by microbial activities in geochemical systems has inspired structural applications of
the biominerals as sealants and binders for surface and subsurface geotechnical engineering
applications (Phillips et al., 2013; T. Zhu & Dittrich, 2016). Other biomimetic synthesis
pathways relevant from the adhesives’ perspective are mussel and gecko adhesion biochemistries
(Higham et al., 2019) as well as adhesion and biomineralization mechanisms in oysters (Metzler
etal., 2016).

In this review, the biogeochemical pathways of biomineralization are discussed, and
classical nucleation theory is used to explain the kinetic control parameters for precipitation in
the presence of organics (Benning & Waychunas, 2008; De Yoreo, 2003; Evans, 2017). For
adhesives applications, the relevant material properties of the polymer-mineral composites

include particle size, stiffness, and interfacial adhesion (Piekarska et al., 2017; Post et al., 2021).
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Therefore, the structure-function relationships of biomineralized materials are discussed here in
terms of their stiffness, interfacial adhesion, and failure mechanisms. In the last section of the
chapter, the discussion is focused on biomineralization for adhesive, binder, and sealant

applications.

2.2.1 Biomineralization Induced by Microbial Activities

Bacterial biomineralization is widely prevalent in the natural environment, and more than
60 minerals have been identified so far (Gorgen et al., 2021). Calcium carbonate is one of the
most common minerals in natural environments and is produced by all phyla of living organisms
either by highly controlled processes (Deng et al., 2022; Harris et al., 2017) or induced in their
environments by microbial activity and its products (Zhu & Dittrich, 2016). Different calcium
carbonate mineral phases formed by bacteria include calcite, aragonite, vaterite, amorphous
calcium carbonates, and hydrated calcium carbonate such as monohydrocalcite (Yu & Jiang,
2018; Zhu & Dittrich, 2016).

Calcium carbonate precipitation by bacteria in nature is often induced by (1) the increase
of the saturation index of the solution surrounding cells with this mineral phase and (2) the
decrease of the nucleation energy barrier for precipitation by producing extracellular products
that facilitate calcium carbonate precipitation (Decho, 2010).

In the most commonly used engineering applications, calcium carbonate precipitation is
induced through ureolysis, which increases the pH and carbonate ion concentrations and, thus,
the saturation index of calcium carbonate. Sporosarcina pasteurii, a common soil bacterium, has
one of the highest rates of ureolysis and is, therefore, extensively used for surface and subsurface

applications to bind soil particles, reduce subsurface permeability of water or gaseous phases,
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and seal surface and subsurface fractures (Krajewska, 2018; Phillips et al., 2013). Sporosarcina
pasteurii catalyzes ureolysis, the hydrolysis of urea, to produce ammonia and carbonic acid (Eq.
2.1). In an aqueous solution, ammonia functions as a Brensted—Lowry base to yield ammonium
and hydroxide ions (Eq. 2.2). As a result, the produced carbonic acid is converted into
bicarbonate and carbonate (Eq. 2.3). In the presence of multi-valent cations, such as calcium

ions, (calcium) carbonate precipitation can occur (Eq. 2.4).

Equation 2.1 CO(NH2)2 + 2H20 — 2NH3 + H2COs
Equation 2.2 2NH3 +2H20 — 2NH4" + 20H" ; (Rise in pH)
Equation 2.3 H2CO3 +2 OH™ <> HCOs™ + H20 + OH™ «» CO3* + 2H20  (Equilibrium

shifts towards carbonate)
Equation 2.4 Ca*' + COs* —CaC03

Thermodynamically, once the solubility product (Eq. 2.5) has been exceeded, the solution
is considered supersaturated with respect to the reactants, and calcium carbonate can precipitate.
Engineered applications of UICP have traditionally involved optimizing urea and calcium
concentrations to control the extent of supersaturation (Krajewska, 2018). The rate of ureolysis
and carbonate release can also vary depending on the type of organism (Hammes & Verstraete,
2002; Mitchell et al., 2019; Zhu & Dittrich, 2016).

Equation 2.5 Ksp = [Ca?*][CO3*]

The extracellular polymeric products of bacterial cells have been shown to assist the
aggregation of minerals in some cases (Arias & Fernandez, 2008; Azulay et al., 2018; Giuffre et
al., 2013). Biologically controlled mineralization occurs when there is a specific genetic control
of a certain aspect of mineral precipitation (e.g., nucleation or growth) (Benning & Waychunas,

2008). While some bacterial species, such as magneto tactic bacteria, have biologically
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controlled intracellular precipitation, often this type of mineralization is associated with higher
phyla, such as eukaryotes (Gorgen et al., 2021). More recently, plant-based urease extracts have
also been used to develop applications of UICP, which are suited to applications where the

presence of viable microbial cells may be undesirable (Morasko, 2018).

2.2.2 Kinetics of Precipitation During Biomineralization

The classical nucleation theory conceptualizes the fate of individual ions from
homogenous nucleation to monomer-by-monomer crystal growth and precipitation.
Homogeneous nucleation is when a critical nucleus is formed in solution, and the system moves
towards mineral growth instead of dissolution. The precipitation process arguably starts at
nucleation, when a critical nucleus is formed. A critical nucleus is a metastable stage where the
assembly of molecules (e.g., CaCOs3) is at a critical size when an infinitesimal change towards a
smaller nucleus will lead to dissolution and towards a larger nucleus will lead to the growth of
the nucleus. This critical nucleus size is the critical radius (rc) needed for nucleation to proceed
toward crystal growth. The kinetics of the formation of rc can be evaluated by the free energy of
the molecules, bulk solution, and a crystal nucleus. The free energy change per molecule (Ag) is
given by the sum of bulk free energy (Agp) and surface free energy (Ags) of the nucleus.
Equation 2.6 Ag = Ag, + Ags
Equation 2.7 Ag = —[(gnr3)/ﬂ]kBT Inoc + 4nria

Change in free energy during precipitation depends on the nucleus r size, Q is the volume
per molecule, o is supersaturation, and a is the interfacial energy between the nucleus and the

solution. Kg is the Boltzmann constant, and T is the absolute temperature. The supersaturation

can be defined as:
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Equation 2.8 o = In(AP/Kp)
Where AP is the activity product of reactants, and Ksp is the equilibrium constant.
According to equation 2.6, the free energy barrier that needs to be overcome to reach critical
nucleus size rc is approached when the sum of Agp and Ags reach a maximum at d(Ag)/dr= 0. the

critical nucleus radius which is:

r _ 20a
¢ kTo

Equation 2.9

This relationship highlights the fact that the rc is dependent on both supersaturation and
interfacial energy. The free energy barrier to nucleation can be lowered, and a smaller critical
radius can be stabilized by increasing supersaturation and decreasing the interfacial free energy,
such as in the presence of additives and impurities.

According to the classical nucleation theory (CNT), once the critical radius has been
reached, the growth of the critical nucleus happens monomer by monomer into a crystal lattice.
While that is true for pure systems (with homogeneous nucleation), mineral precipitation in
nature occurs in the presence of many biotic and abiotic impurities and starts with heterogeneous
nucleation. Research indicates mechanistic differences at nucleation and crystal growth stages,
leading to extended classical nucleation theories (De Yoreo, 2003; Evans, 2017). During the
process of mineral formation in nature, it has been found that (i) the nucleation occurs at lower
concentrations than predicted by CNT pathways, and (ii) the growth of minerals does not follow
a monomer-by-monomer pathway in all cases. For example, in the early stages of the formation

of calcium carbonate in mollusks and sea urchins, spicules go from prenucleation clusters to

transformation into highly crystalline mesoscale structures (Evans, 2017).
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Thermodynamic and kinetic factors influence mineral precipitates and their polymorphs
that emerge in a solution (De Yoreo, 2003; Evans, 2017). The interactions of organics with the
crystal nucleus can influence the interfacial free energy. Favorable interfacial interactions can
and stabilize smaller critical radii ,and vice versa. Similarly, an increase in local supersaturation
in the presence of biopolymers can influence the probability of nucleation events and, therefore,
the nucleation rate. These interfacial dynamics in the presence of organics offer potential
parameters to control the kinetics of precipitation for biomimetic synthesis (De Yoreo, 2003;
Rybicka-Jasinska et al., 2021).

Other interactions of organics include organics incorporation into minerals, and
interactions at mineral surfaces include kinks and terraces (De Yoreo, 2003). These features can
emerge as polycrystallinity and nano granularity in biominerals (Harris et al., 2017). The
organics and matrix-mediated control parameters are often used to develop hierarchical
structures and biomaterials for biomedical applications. Whereas supersaturation is a more
commonly used control parameter during the biomineralization of calcium carbonate as a binder
for unconsolidated media (e.g., for soil stabilization) and as sealants in fracture remediation of
concrete, etc. (Lee & Park, 2018; Phillips et al., 2013; Wu et al., 2021; Zhu & Dittrich, 2016).
Unifying the mechanisms of biomineralization and the use of organics as morphology control
agents in induced and controlled biomineralization offers an unlimited toolbox for the design of

bioinspired structural materials (Harris et al., 2017).
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2.2.3 Organics as Morphology and Mechanical Control Agents in
Biomineralization

The formation of mesoscale disordered structures during biomineralization is a universal
phenomenon (Harris et al., 2017). Often the mesoscale disordered structures transform into
ordered crystalline structures guided the cell metabolism and extracellular chemistries or remain
as heterogeneous meso-crystalline structures throughout the life of an organism (North et al.,
2017). The formation of mesoscale structures and later their transformation to crystalline
structures introduces microstructural variations in these minerals (Deng & Li, 2021; Evans,
2017; Harris et al., 2017). These microstructural variations may play an essential role in the
mechanical properties of the biocomposites at the meso- and microscale (Deng et al., 2022;
Nudelman & Sommerdijk, 2012). It has been shown that the nano-granularity and disorders in
biologically controlled biomineralized hierarchical structures aid their mechanical stability
(Barthelat et al., 2016). An analysis of eukaryotic biominerals and in-vitro biomimetics of
biogenic biomaterials shows that the stiffness of such biomaterials is generally lower than abiotic
mineral structures (Bar-Cohen, 2012; Labonte et al., 2017; Strange & Oyen, 2011). Yet, the
fracture toughness of biogenc biominerals is higher than their abiotic crystalline counterparts
(Harris et al., 2017; Nepal et al., 2023). The fracture toughness of the biogenic mineral structures
such as pearl oyster and mollusc shells has been proposed to be high due to crack deflection
mechanisms at multiple length scales (Barthelat et al., 2016; Cranford et al., 2013).

A critical analysis of polycrystalline biominerals and their mechanisms of failure by
Barthelat et al. (Barthelat et al., 2016) suggests that the relationships between stiffness, strength,
and fracture toughness in biominerals can be valuable for the design of engineered adhesives.

Barthelat hypothesized that the tradeoff between the strength (resistance to elastic deformation)
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and toughness (resistance to inelastic deformation) offers a framework for design of modern
engineering adhesives. The interface between the biopolymer and mineral needs to be strong
enough to ensure stress transfer but weak enough to enable inelastic deformation around
minerals to redistribute stresses around holes, notches, defects, and cracks to prevent crack
propagation (Gao, 2007). While such weak interfaces in engineered materials may be brittle and
prone to fracture, biomineralization can confer inelastic deformation capabilities (Barthelat et al.,
2016). Similar relationships between nano-granularity, polycrystallinity, stiffness, strength, and
fracture toughness of biominerals have been extensively researched and reviewed for structural

applications of biomineralization (Cranford et al., 2013; Deng & Li, 2021; Nepal et al., 2023).

2.3 Adhesive Strength Testing of Biopolymer-Mineral Adhesives

During the initial steps in the development of engineering adhesives, adhesive strengths
are generally tested in adhesively bonded joints by lap shear test. The simplicity and low costs
associated with specimen manufacture, testing, and data analysis in lap shear tests have
contributed to the widespread use of this method (Abramowitch & Easley, 2016). The lap shear
test quantifies the adhesive shear strength of a composite for a specific surface and a specific
adherend geometry (Banea & Da Silva, 2009). During lap shear tests, the stress concentrations
are at the edges of the bonded region, and both shear and peel forces act on the adhesives (Calik,
2016). It is known that the adhesive strength of a polymer-mineral composite depends on mineral
particle size and stiffness, loading, and interfacial bonding in synthetic polymer mineral
composites (Fu et al., 2008). Although biomineralized adhesives have not been tested previously
in lap shear tests, the fundamentals of lap shear test mechanics for adhesives, in general, can be

used to evaluate these composites. During the testing of biopolymer-mineral composites in lap
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shear tests, there are two interfaces: composite-adherend interface and biopolymer-mineral
interfaces (Fu et al., 2008). Both interfaces contribute to the adhesive strength of the composites
during lap shear testing. The most significant factor affecting the adhesive shear strength remains
the adhesive bonding of the composite to an adherend interface since the shear forces are
concentrated near the adherend interface (Calik, 2016). The higher the adhesive bonding, the
lower the adhesive failure at the adherend interface and the adhesive fails cohesively (within the
adhesive). Ideally, the cohesive failure is aimed to be 100% cohesive failure (no adhesive failure)
(Abramowitch & Easley, 2016). For this purpose, physical, chemical, and mechanical
pretreatments are often used to fully draw upon the strength of the composite without
experiencing adhesive failure at the adherend interface (Marques et al., 2020). One of the most
common methods to enhance adhesive bonding at the interface is roughening of the surfaces
before adhesive application (Banea & Da Silva, 2009; Marques et al., 2020). The outcomes of
the lap shear strength tests are reported as the load to failure with respect to the bonded area, and
the mode of failure is reported.

Banea et al. reviewed the factors associated with the testing of adhesively bonded lap
joints (Banea & Da Silva, 2009). In the lap shear method, the influence of the mechanical
stiffness of the adherend and geometry of the lapjoints on the final adhesive shear strength
measurement has been well established. The stiffness of adherends influences peel stress
concentrations. Therefore, increasing the thickness and modulus of adherends can increase the
apparent strength of the bonds. The geometry of the lapjoints, such as the length of adherends,
also influences the stress concentrations in a lap joint and the adhesive strength of adhesives.
Therefore, the comparisons between strengths are only relevant for similar substrates and

geometries. For a comprehensive evaluation of an adhesive system, the adhesive, as well as the
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parameters associated with the adhesive system, must be tested substantially across multiple
adhesive testing methods. However, in the development phase, frequently only lap shear tests are

used to determine and optimize the suitability of an adhesive.

2.4 Current Research in Biomineralization-Inspired Biopolymer-Mineral Composites

Click or tap here to enter text.Guessasma and co-authors investigated the elastic behavior
of biopolymer composites with random stiff microstructures in biopolymer-biopolymeric
nanoparticle composites and highlighted their potential as eco-friendly alternatives to oil-based
polymers and polymer composites (Guessasma et al., 2010). The use of zein particles, a protein
derived from corn, was specifically suggested as a viable option for preparing biodegradable
plastics. The authors assessed the influence of interface rigidities, zein fraction, and interface
quantity on the effective properties of the composite. The results revealed a nonlinear correlation
between the effective modulus and the product of stiffness parameters. The normal stiffness had
the most significant impact on the failure mechanisms in the composites. Additionally, the study
demonstrated a logarithmic relationship between the effective properties and the stiffness
parameters with an increase in the zein fraction. The study also underscored the importance of
understanding interface properties in determining the effective properties of starch-zein
composites. The intrinsic mechanical properties of starch and zein were found to be similar, but
the phase distribution and interfacial bonding significantly influenced the composite’s
mechanical behavior. These findings contribute to an understanding of the behavior of
biopolymeric nanoparticles in improving the stiffness of biopolymers, which can be used for

similar composites in other applications, e.g., as adhesives.
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Li et al. developed an oyster-inspired adhesive using amorphous calcium carbonate
nanoparticles and polyacrylic acid (PAA) crosslinking chemistry (Li et al., 2018) . The study
demonstrated that the incorporation of negatively charged nanoparticles enhanced the adhesion
strength and stiffness of the amorphous calcium carbonate-polyacrylic acid hydrogel adhesive,
leading to improved adhesive properties in both wet and dry conditions. The addition of
negatively charged nanoparticles, such as Au, Fe3Oa, Laponite, or Cu20, to the calcium
carbonate-polyacrylic acid hydrogel significantly improved the adhesion strength. Even minimal
amounts of these nanoparticles (0.003 or 0.1 wt. %) lead to increases of 30-70% in lap shear
strength under both dry and wet conditions. Further analyses with Cu20 nano-cubes showed a
substantial enhancement of adhesive strength on aluminum substrates. This reinforcement was
attributed to the formation of multiple crosslinks between polyacrylic acid chains on the added
nanoparticles, producing more loops, tails, and strands. The physisorption of polyacrylic acid
chains on the negatively charged nanoparticles occurs via intermediate Ca>* ions, which are
highly reversible. The addition of nanoparticles also affected the rheological behavior of the
hydrogels. The nanoparticle-containing hydrogels exhibited higher values of storage modulus
(G”) and loss modulus (G”), indicating increased stiffness and viscosity compared to the pure
amorphous calcium carbonate-polyacrylic acid hydrogel. The relaxation time (t*) of the
nanoparticle-containing hydrogels became longer, reflecting higher activation energy for the
breaking of crosslinks, indicating a denser network and stronger adsorption sites for the polymer
in the presence of nanoparticles. Furthermore, the addition of nanoparticles results in a reduced
swelling ratio and increased modulus of the dried hybrid film, indicating improved dry adhesion
and increased stiffness of the adhesive. The key takeaway from this work was that the stiffness

of the adhesive is crucial for its cohesion strength in the dry state, and the introduction of foreign
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nanoparticles contributes to an enhancement in the cohesive strength of nanoparticle composite
hydrogels.

Li et al. demonstrated that the addition of glutaraldehyde functionalized hydroxyapatite
nanoparticles to the soy protein adhesive results in improved adhesive strength and water
resistance of the composite adhesives (Li et al., 2022). The addition of glutaraldehyde-
hydroxyapatite nanoparticles enhanced the wet shear strength of the soy protein adhesive. The
biomineralization of hydroxyapatite nanoparticles established an inorganic mineralized
framework within the soft protein matrix and improved the adhesion of the composites. The
physical adsorption between the soy protein matrix and the reinforcing phase of glutaraldehyde-
hydroxyapatite further enhanced the cohesive strength of the polymer, resulting in a stronger
bonding effect. The optimized phenol-amine chemical system achieved through interactions
between glutaraldehyde-hydroxyapatite and SP chains contributed to the maximum wet shear
strength of the adhesive. The incorporation of glutaraldehyde-hydroxyapatite hybrids also
enhanced the water resistance of the adhesive. The combination of a mineralized skeleton and
organic phase improves both the cohesive strength and surface adhesion of the adhesive, leading
to enhanced water resistance. The cohesive properties of the adhesive were hypothesized to be
strengthened by sacrificial bonds and efficient energy dissipation during the fracture process.
This synthesis approach, while complex, provides a versatile route for developing high-
performance biopolymer materials for various applications, including adhesives, hydrogels,
coatings, and films.

Cao et al. demonstrated that the incorporation of tannic acid and hydroxyapatite
complexes in soybean meal-based adhesives improves adhesive strength, water resistance, and

fracture resistance, making them suitable for various practical applications (Cao et al., 2021).
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The addition of hydroxyapatite and tannic acid complex to soybean meal-based adhesives had
several effects on their properties. Firstly, the adhesive strength was improved due to enhanced
crosslinking density. The wet shear strength of the adhesive increased, resulting in better
adhesion between surfaces. The incorporation of tannic acid and hydroxyapatite complexes
enhances the toughness by promoting strong interactions with soybean meal and forming
hydrogen bonds and coordination bonds within the adhesive. This results in a more flexible
network that can dissipate energy and resist crack formation. The addition of tannic acid and
hydroxyapatite complex increased the crosslinking density, thereby potentially inhibiting the
diffusion of water molecules. As a result, the moisture absorption of the adhesive was reduced,
indicating better water resistance. The residual ratio of the adhesive, which measures its
resistance to water degradation, is also increased with the addition of the complex. The
adhesive’s fracture mechanism was influenced by the presence of tannic acid and hydroxyapatite
complex. The adhesive without the complex showed weak adhesion strength and brittle
characteristics, resulting in uneven coating and large grooved cracks on the surface. The addition
of hydroxyapatite improved the fracture surface, reducing the size of cracks. However, the
incorporation of tannic acid and the hydroxyapatite complex significantly enhanced the internal
structure of the adhesive. The fracture surfaces become smoother with no cracks or holes,
indicating a uniform and compact structure. The presence of tannic acid and hydroxyapatite
complex also enhanced the interaction between the adhesive and the wood matrix. The phenolic
groups on tannic acid formed multiple interactions with the wood matrix, including hydrogen
bonds, hydrophobic interactions, and mechanical interlocking. The improved interactions at the
nanoparticle and soy meal polymer interfaces contributed to the enhanced adhesive strength of

the composites.
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2.5 Summary

Currently, several methods are being investigated for the development of sustainable
biopolymer-mineral composites for structural and adhesive applications. Many of these methods
involve the use of nanofillers and nanoparticles in biopolymers instead of biomineralization
reactions themselves. Both in-situ and ex-situ production of mineral precipitates by biologically
controlled and biologically induced calcium carbonate mineralization methods remain
unexplored in the adhesive composite’s domain. The biologically induced mineral precipitation,
specifically ureolytically induced calcium carbonate precipitation, carried out by bacteria is the
most cost-effective method for the preparation of biominerals. Yet, there is little control on
mineral precipitation during ureolysis, except by supersaturation conditions. This kinetic control
in ureolytically induced mineral precipitation by supersaturation is highly underscored by the
role of organics. For reliable and reproducible production of biopolymer mineral composites by
biomineralization, other control parameters, such as the use of organics, need to be considered,
evaluated, and optimized. The use of organics offers additional benefits in terms of nanoscale
heterogeneity, which can improve the mechanical performance of biopolymer mineral
composites by crack deflection and stress distribution mechanisms at the nanoscale. However,
fundamental research needs to be performed to measure these microscale material properties of
biominerals formed by biologically induced mineralization processes. The development of
biopolymer-mineral composites for adhesive applications also includes their optimization using
standard testing methods and an evaluation of their performance across different surfaces and
geometries. In this work, we focus on the optimization of the adhesive strength of four different

biomineral-biopolymer adhesives (formed by microbially and enzymatically induced calcium
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carbonate precipitation in guar gum and soy protein biopolymers. The adhesive strength of these
adhesives is optimized on glass and stainless-steel surfaces. We also test the durability of
different biomineral-biopolymer adhesives against a range of environmental factors to determine
a working range for the adhesive applications. The influence of a biomacromolecule, bovine
serum albumin, on the micron to submicron scale material properties of the mineral precipitates
are also tested to identify further control parameters for the development of biomineral-based
adhesives. Overall, this work will support the advancement of ureolytically induced calcium

carbonate composites for use in biobased composites and adhesives applications.
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Figure 3.1: Ureolysis and formation of calcium carbonate in the presence of biopolymers to
make ureolytically induced calcium carbonate composite adhesives. The graphical abstract is
conceptual and is not meant to describe the detailed structure of any interactions in the adhesives

at scale.

3.1 Abstract

As the global population grows and urbanization progresses, the demand for adhesives is

ever-increasing. Environmental and health concerns linked to fossil-based adhesive materials

prompt the exploration of sustainable alternatives. Biobased adhesives may improve

sustainability while effectively bonding various substrates, but their adhesive strength has been

limited. Mineral fillers may improve the strength of these types of biopolymer adhesives but
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require the use of crosslinkers that lower process sustainability. This work demonstrates the
effect of biomineralization-induced calcium carbonate on the adhesive strength of biopolymers.
Biomineral fillers produced by either microbially or enzymatically induced calcium carbonate
precipitation (MICP and EICP, respectively) were precipitated within guar gum and soy protein
biopolymers. Both MICP- and EICP-reinforced calcium carbonate increased the adhesive shear
strength of the biopolymer adhesives. The adhesive strength of the biomineral-reinforced
adhesives was further improved by varying the concentrations of bacteria, urease enzyme, and
calcium. This study demonstrates the feasibility of using calcium carbonate-based biominerals to
improve the properties of biopolymer adhesives, which increases their potential viability as more
sustainable adhesives.
Keywords: Biocomposites, biomineralization, ureolysis, biopolymer materials, biopolymer-

mineral composites, organic-mineral, natural adhesives, water-based adhesives.

3.2 Introduction

The United States is one of the major producers and consumers of adhesives and sealants
(Adhesive and Sealant Demand Worldwide 2019). Most of the 7.8 million pounds of adhesives
and sealants used in the United States each year are derived from petrochemical feedstocks (U.S.
Adhesives and Sealants Market Size Report, 2022-2030). Construction adhesives containing
petrochemical and synthetic solvents release volatile organic compounds (VOCs) at varying
rates, leading to an indoor accumulation of VOCs and rising human health concerns such as sick
building syndrome (EPA & Environments Division, 1991). Studies conducted in South Korea
(Shuai et al., 2018), China (Du et al., 2014), Iran (Hazrati et al., 2016), Canada (Zhu et al., 2013),

Europe, and the US (Adgate et al., 2004; Frey et al., 2014; Hun et al., 200; Li et al., 2021;
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Wickliffe et al., 2020) show that a large variety of VOCs indoors can have varying cancer and
non-cancer related detrimental human health effects. These rising environmental concerns and
awareness of the detrimental health effects of VOCs have resulted in increasingly stringent
regulations and a demand for biobased adhesives with little to no VOC emission (Cui et al.,
2023; Li et al., 2023).

Biobased adhesives often fit the safety and sustainability criteria for green construction
(Green Buildings at EPA.) due to their renewability, low VOC, and low greenhouse gas
emissions during production and use (Heinrich, 2019). Biobased adhesives include plant-based
biopolymers such as polysaccharides, proteins, oils, and tannins (Heinrich, 2019). Among
polysaccharides, natural gum adhesives have been of high interest in the food and packaging
industry due to their low toxicity, ready availability, and film-forming properties (Parija et al.,
2001). Prominent protein-based adhesives include soy-based adhesives, which have been
developed for wood applications due to the ready availability, low cost, and low toxicity of soy
flours and soy proteins (Frihart, 2015). However, unmodified biopolymer-based adhesives, both
polysaccharides and proteins, have low adhesive shear strength as compared to commercial
petrochemical adhesives (Frihart, 2015; Heinrich, 2019; Lamaming et al., 2021).

The low strength of the biobased adhesives can be improved by covalent modifications of
the protein (Hettiarachchy et al., 1995; Podlena et al., 2021; Wang et al., 2019) and carbohydrate
molecules (Tripathi et al., 2019), mineral and fiber additives (Jensen et al., 2015; Podlena et al.,
2021; Xu et al., 2020), or a combination of these approaches (Heinrich, 2019; Post et al., 2021).
Several studies have shown that mineral-based modifications of biopolymers, such as the
addition of calcium carbonate (Liu et al., 2010), montmorillonite (Qi et al., 2016), functionalized

clays (Qi et al., 2016), and nanocrystalline cellulose (Podlena et al., 2021), can improve the
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adhesive shear strength and durability of soy-based adhesives. However, the biopolymer mineral
composites made by abiotic and geological mineral fillers have weak interfacial interactions,
poor dispersion, and high rigidity (Li et al., 2021). Increasing the strength of these types of
mineral-reinforced adhesives requires improving interfacial bonding between the mineral and
polymer phases, but these modifications have downsides of increasing the cost of applications,
process complexity, and using chemicals of environmental concern (Cui et al., 2023; Hofer et al.,
2019; Packham, 2009). Therefore, it is desirable to develop synthesis methods that allow the
strength benefits of mineral-reinforced adhesives while reducing negative impacts on
sustainability.

Biomineralization induced by ureolysis has been used for a wide variety of applications,
such as soil stabilization, concrete remediation, well leakage remediation, and the creation of
subsurface barriers (Phillips et al., 2013; Wu et al., 2021), but has not yet been utilized to
generate biomineral fillers to strengthen adhesives. In ureolytically induced calcium carbonate
precipitation (UICP), urea is hydrolyzed by urease to ammonium and carbonate. The UICP
reaction can be summarized as follows (Phillips et al., 2013).

H,N — CO — NH, (urea) + 2H,0 + Ca?* urease » 2NH; + CaCO0;(s)

Urea hydrolysis releases carbonate ions, which precipitate out as calcium carbonate in the
presence of sufficient calcium ions. The ureolysis rate and the concentration of calcium ions can
serve as control parameters for the precipitation of calcium carbonate (Knorre & Krumbein,
2000). Ureolysis can be carried out at ambient temperatures by ureolytic bacteria (Phillips et al.,
2013), ureolytic fungi (Wylick et al., 2021), and solutions or suspensions of the enzyme urease
derived from microbial or vegetable sources (Feder et al., 2021). In prior work with calcium

carbonate produced by UICP, microbial cells, and organic components act as an adhesive that
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binds and/or seals the surrounding soil or concrete matrix (Hoffmann et al., 2021). These results
suggest that UICP could be utilized to generate biomineral fillers within a polymer matrix and
that this in situ precipitation could result in a strong adhesive. However, this idea has not yet
been tested.

The goal of this study was to determine the influence of in situ precipitation of
biomineral fillers, by microbially induced calcium carbonate precipitation (MICP) or
enzymatically induced calcium carbonate precipitation (EICP), on the adhesive shear strength of
biopolymer adhesives. In this investigation, the impacts of MICP and EICP on adhesive strength
were studied for two types of biopolymers: guar gum and soy protein. Furthermore, additional
optimization with respect to cell density and biomineralization solution chemistry was performed
to increase the strength of the adhesives. These results demonstrate considerable strengthening
(up to 6 times stronger) of adhesives through UICP-induced biomineral fillers on common

surfaces (i.e., glass and stainless steel).

3.3 Materials and Methods

Jack bean powder and BD Difco™ Nutrient broth were purchased from Sigma Aldrich
and Fisher Scientific, respectively. Guar gum and soy protein were purchased from Sigma
Aldrich and MP Biomedicals (Fisher Scientific), respectively. All solutions were prepared in

deionized water with an electrical resistivity of > 18.2 MQ.

3.2.1. Microbially Induced Calcium Carbonate Precipitation (MICP)

Microbially induced calcium carbonate precipitates were prepared by mixing a culture of
the bacterium Sporosarcina pasteurii with a mineralization solution. Bacterial cultures were

prepared by inoculating 100 ml of filter-sterilized growth medium (0.33M urea, 0.18M NH4Cl,
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3g/l Nutrient broth) with 1ml of a thawed S. pasteurii (ATCC11859) stock culture, which was
incubated overnight at 30 °C and 150 rpm. One milliliter of the overnight culture was transferred
into 100 ml of fresh growth medium and incubated again overnight at 30 °C at 150 rpm. This
bacterial culture was harvested at 20-22 hours after achieving an optical density of 0.4 +£0.05
(mean +SD) measured at 600nm (ODeoo). The bacterial cultures at OD 1.0 were prepared by
centrifuging the overnight culture at 5000 rpm for 5 minutes. The cell pellet was harvested and
resuspended in a sterile growth medium to reach an OD of 1.0 +£0.05. The optical densities were
measured in a flat bottom 96-well plate (Polystyrene, Greiner Bio-One) using a Synergy HT
Spectrophotometer (Biotek) at 200ul of liquid, the path length was estimated to be Smm.
Absorbance values for the sterile growth medium were subtracted from sample readings to
remove the OD contribution of the growth medium and the plate itself. The mineralization
solution had the same composition as the growth medium but contained different concentrations
of additional urea and calcium chloride (0.33M, 0.66M, or 1M in equimolar ratios). The bacterial
cultures and mineralization solutions were mixed in a 1:1 ratio to achieve calcium concentrations
of 0.165M, 0.33M, and 0.5M.

Guar gum (GQ) or soy protein (SP) were added to the formulations at 0.7% (w/v) and

10% (w/v), respectively, to produce MICP-GG and MICP-SP adhesives, respectively.

3.2.2. Enzymatically Induced Calcium Carbonate Precipitation (EICP)

Jack bean meal (JBM) solution was prepared by suspending 5 g/, 10 g/1, 20 g/1, and 30
g/l of fine powdered JBM in deionized water for 4 hours. Before use, the resulting suspensions
were filtered through 0.22 um pore size bottle top filters (Nalgene Rapid-Flow Filters, Thermo

Scientific). Mineralization solutions were prepared with urea and calcium chloride at 0.33M,
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0.66M, and 1M concentrations. JBM and mineralization solutions were mixed in a 1:1 ratio to
achieve 0.165M, 0.33M, and 0.5M calcium concentrations. GG and SP were added at 0.7% (w/v)

and 10% (w/v) to make EICP-GG and EICP-SP adhesives, respectively.

3.2.3. Lapjoint Assembly and Adhesive Shear Strength Testing

Stainless-steel (316L) and borosilicate glass adherends (25mm x 75mm) were cleaned
with deionized water and 70% ethanol. 25mm x 25mm square spacers were attached to each
adherend (cf. Figure 3.2). The adhesive solution was vortexed for 5s, and 100ul of the composite
was applied to a 12.5mm x 25mm edge of one adherend placed flat on a bench top. The other
adherend (i.e., a second slide) was placed on top to make a 12.5mm x 25mm overlap area (Figure
3.2, ASTM method D1002-10). No additional external pressure was applied. The sample was

allowed to cure for 48 hours at 23 °C +2 °C.

Clamped surface 1 Load in extension (N)
1in f \ ?
(25.4mm) ——— Spacer ‘
l (25mm x 25mm)
1.5 inT Composite
(33_'1 mm) adhesive
0.5 inlm overlap area 1
(12.5mm.)__ (322mm?) |
1.5 inT
(38.1mm)
l' Spacer "
Tin f (25mm x 25mm)
(25.4mm) a b
L.
Clamped surface 2 Fixed

Figure 3.2: Lapjoint dimensions and testing configuration. (a) Lapjoints were prepared by
applying adhesive to the marked overlap area, cured, and then tested by (b) lap shear in tensile
extension mode.
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After curing, the samples were tested at an extension rate of 0.0lmm/sec in tensile
extension ramp-to-fail mode using an Instron 3340 Series Universal Testing System. The
maximum load (N) at the point of bond failure divided by the overlap area (322 mm?) was used

to calculate the adhesive shear strength of the sample in megapascals (N/mm?).

3.2.4 Surface Roughness and Surface Wettability

Surface roughness (Sa) of glass and stainless-steel surfaces was estimated using a
Filmetrics Profilm 3D optical profilometer at 50X magnification on triplicate (300pm x 300um)
regions. The surface wettability of adherends was estimated by measuring the contact angle of
deionized water on the glass and stainless-steel using a video contact angle system

(VCA2500XE, AST).

3.2.5 Surface Coverage and Mode of Failure Analysis

Image analysis was used to assess the mode of failure of the adhesives. Lapjoint overlap
regions were imaged post-fracture using a mobile device (iPhone 12). The images were auto-
thresholded in ImageJ using the Otsu method (Otsu, 1979). The surface coverage was calculated
as the sum of the adhesive remaining on both sides (arbitrarily assigned a and b) of the fractured
lapjoint. The failure mode of the bonded regions was calculated based on three predicted modes
of failure: adhesive, cohesive, and mixed (adhesive and cohesive). If the adhesive remained on
both sides of the lapjoint post-fracture, cohesive failure was assumed to have occurred within the
adhesive. The remaining regions were assumed to have adhesive or near-surface adhesive failure.
The percentage of cohesive (CF) and adhesive failures (AF) was determined using Eq. 3.1 & 3.2.

CF = 1100 — (surface coverage adherend a + b)| Eq.3.1

AF = (100 — CF) Eq.3.2
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3.2.6 Statistical Analysis

Three-way ANOVA was used to assess whether adhesive shear strength depended on
biopolymer type (soy protein or guar gum), calcium concentration, bacterial OD, or their
interactions. Three way-ANOV As also tested whether adhesives strength and percentage of
adhesive failure for MICP-SP adhesives depended on surface type, calcium concentration,
bacterial OD, or their interactions. Two-way ANOVA tested whether adhesive shear strength
depended on biopolymer type, enzyme concentration, or their interaction for EICP-reinforced
adhesives. Critical alpha was set as 0.05 a priori. Residuals were checked for normality and equal
variance for all models. Post-hoc testing was performed for significant interactions using a

Tukey correction to adjust critical alpha for family-wise error.

3.4 Results and Discussion

3.3.1 Adhesive Performance of Biopolymers is Improved by Ureolytically
Induced Calcium Carbonate Precipitation

This work demonstrates that the adhesive shear strength of biopolymer adhesives is
improved through the in situ precipitation of biomineral, whether from microbially induced
calcium carbonate precipitation (MICP) or enzymatically induced calcium carbonate
precipitation (EICP). MICP increased the adhesive shear strength of biopolymers by 2.5 (guar
gum) to 5.7 (soy protein) times when measured for glass surfaces (Figure 3.2, Table 3.S1). On
stainless steel, the strength gain with biomineralization was even higher (6 times for soy protein,
Figure 3.5, Table 3.S1). The increase in adhesive strength achieved with EICP were similar to
MICP (Figure 3.3 & 3.4, ¢f. Tables 3.S1 & 3.S2). These improvements in adhesive shear strength

with the inclusion of biomineral fillers align with results from other studies (Liu et al., 2010; Qi
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et al., 2016; Sun et al., 2021), except that the biomineralization method requires no additional
modifications of the biomineral-biopolymer interface to achieve these strength improvements.

A key finding is that microbial and enzymatic sources of the ureolytically induced
mineral fillers in biopolymers achieved similar increases in adhesive shear strength of
biopolymer adhesives. These strengths, as high as 1-2 MPa for the EICP or MICP-reinforced soy
protein, are suitable for several light-duty adhesive applications (e.g., bonding floor and wall
coverings, panels, fibers, particle boards, etc.). Since their strengths are similar, choosing EICP
or MICP for biomineralization of biopolymer adhesives may depend on competing practical
considerations. EICP can be performed relatively easily and quickly (minutes to a few hours)
using powdered jack bean meal urease or another source of urease, while MICP requires live
microbial cultures, which require longer preparation times (24 hours or more). On the other
hand, jack bean meal powder with high urease activity has a higher cost than the raw materials
needed for microbial growth and requires the use of agricultural land for non-food purposes. In a
time-cost trade-off, MICP would be more suitable for large construction projects or commercial
applications, while EICP might be preferable for smaller custom applications or when time is the
primary concern.

While the choice of biomineralization method (MICP vs. EICP) did not substantially
affect adhesive strength, the type of biopolymer matrix was an important determinant of strength.
Soy protein as a biopolymer matrix resulted in higher adhesive strength than guar gum, even
without biomineral reinforcement (0.22 MPa for SP vs. 0.11 MPa for GG on glass). After
biomineralization, the soy protein biopolymers improved in adhesive strength up to 1.26 MPa for
MICP and 1.24 MPa for EICP, respectively. In contrast, the guar gum biopolymer adhesive

strength increased only up to 0.28 MPa for MICP and 0.28 MPa for EICP, respectively. These
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differences in adhesive performance by biopolymer type may be associated with their inherently
different polymer chemistry (protein vs. polysaccharide) and structural variations in the resultant

biopolymer-biomineral adhesives, as shown by scanning electron microscopy (Figure 3.S1 &

3.82).

3.3.2 Calcium Concentrations Control the Adhesive Shear Strength of
MICP-Reinforced Biopolymer Adhesives.

Because the kinetics of MICP are well-known to depend on cell density (ODeoo) and the
concentration of the biomineralization solution (i.e., calcium concentration) (Lauchnor et al.,
2015; Murugan et al., 2021; Knorre & Krumbein, 2000), these parameters were varied to
optimize the adhesive shear strength of MICP-reinforced biopolymer adhesives. There was a
significant interaction between the effect of biopolymer type and calcium concentration on the
adhesive strength of MICP-reinforced adhesives (p <0.001, Table 3.S3). The effect of cell
concentration (range tested OD 0.4-1.0) on the adhesive shear strength of MICP-reinforced
adhesives was not significant (p=0.33). The optimal calcium concentration differed for the two
types of biopolymer adhesives (range 0.165-0.5M). For guar gum, the adhesive strength was
optimal at 0.165M calcium concentration, whereas for soy protein, the adhesive strength was
optimal at 0.33M calcium (Figure 3.3). Notably, the glass slides failed before the adhesive during
shear strength testing for several MICP soy protein adhesives (0.33M and 0.5M calcium
concentrations, at OD 0.4 and 1.0). This substrate failure shows that the adhesive bond was
stronger than measurable with the glass substrates. Therefore, our results may underestimate the

adhesive shear strength of some of the stronger MICP soy protein adhesive preparations.
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Figure 3.3: Adhesive shear strength of guar gum- and soy protein-based microbially induced
calcium carbonate adhesives on glass lapjoints. The calcium concentrations and bacterial cell
density (OD) were varied for each biopolymer (guar gum and soy protein) to optimize the
adhesive shear strengths of MICP-reinforced adhesives. Control samples do not contain bacteria
and only either soy protein or guar gum in DI water. The upper and lower bounds of the boxplot
represent the 25 and 75™ percentiles, and the whiskers indicate minimum and maximum values.
The median is indicated by a horizontal straight line.

The effect of calcium concentration on the adhesive shear strength of the MICP-
reinforced adhesives can be interpreted in terms of ureolysis (rate and extent), calcium carbonate
precipitation rates, and calcium carbonate content. Ureolysis by S. pasteurii is described by first-
order kinetics with respect to urease (Lauchnor et al., 2015), and the rate of calcium carbonate
precipitation is proportional to the rate of ureolysis (Mitchell et al., 2019). As the calcium
concentration increases, mineral (calcium carbonate) content within the adhesive increases as

well. For MICP in soy protein matrices, the adhesive shear strength increased as calcium
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concentrations increased from 0.165M to 0.33M. High mineral content has been shown to
improve the adhesive (Liu et al., 2010) and tensile strength (Fu et al., 2008; Post et al., 2021) of
several polymer mineral composites. However, consistent with our observations with MICP and
both types of biopolymer matrices, the adhesive and tensile strengths of polymer-mineral
composites have been described to decrease beyond an optimal mineral content (Piekarska et al.,
2017; Post et al., 2021; W. Xu et al., 2019). The strength of biomineralized biopolymer
adhesives is likely to depend on mineral volume fraction, mineral dispersion, and mineral-
microbe-biopolymer interactions. Investigating which of these candidate mechanisms
individually or together confer the strengthening benefit of the biomineral filler was beyond the
scope of the present investigation but would benefit from future inquiry.
3.3.3 Enzyme Concentrations and Biopolymer Type can be used to

Optimize the Adhesive Shear Strength of EICP-Reinforced Biopolymer
Adhesives

The shear strength of EICP-reinforced biopolymer adhesives depended on the biopolymer
type (guar gum vs. soy protein) and jack bean urease concentration. These experiments were
conducted at a calcium concentration of 0.165 M because preliminary analyses indicated that this
concentration resulted in the highest adhesive strength for EICP-reinforced guar gum
biopolymers (Figure 3.S3, Table 3.S4). Therefore, the adhesive shear strengths of EICP-
reinforced adhesives were optimized with respect to urease concentrations at a constant calcium

concentration of 0.165M (Figure 3.4).
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Figure 3.4: Adhesive shear strengths of EICP-reinforced biopolymer adhesives on glass
lapjoints. For each biopolymer, urease enzyme concentrations were varied from 0-15 g/l at
0.165M calcium concentrations. Control samples contain soy protein or guar gum in DI water.
The upper and lower bounds of the boxplot represent the 25" and 75" percentiles, and the
whiskers indicate minimum and maximum values. The median is indicated by a horizontal
straight line.

There was a significant interaction between the effect of urease concentration and
biopolymer type on the adhesive shear strength (p <0.001, Table 3.S5). Increasing the urease
concentration from 2.5 to 10 g/l significantly increased the adhesive shear strength of EICP guar
gum adhesives (+65%, p <0.001) but did not significantly affect the adhesive shear strength of
EICP soy protein adhesives (-16%, p= 0.71). A further increase in urease concentration from
10g/1 to 15g/1 significantly decreased the adhesive shear strength of EICP soy protein adhesives
(p <0.001). These data show that biomineral fillers introduced by both EICP and MICP can
achieve meaningful improvements in the adhesive strength of biopolymers by optimizing the

precipitation conditions. While both, EICP and MICP-reinforced adhesives, exhibited similar
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strength, further analyses related to the influence of surface type and failure characteristics were

only performed for MICP-reinforced adhesives.

3.3.4 The Type of Surface Influences the Adhesive Shear Strength of
MICP-Biopolymer Adhesives

The strength of MICP-reinforced adhesives was further compared on two surfaces, glass
and stainless steel. For MICP soy protein adhesives, there was a three-way interaction between
calcium concentration, cell density, and surface type on adhesive shear strength for MICP-
reinforced adhesives (p=0.04, Table 3.S6). At the lowest studied calcium concentration
(0.165M), the adhesive shear strength of MICP-reinforced adhesives was greater on stainless
steel than on glass (Figure 3.5). At 0.33M, the strength of the adhesives was similar for stainless
steel and glass. At the highest studied calcium concentration (0.5M), the adhesive strength was
similar on glass and stainless steel for an OD of 0.4 but was much lower on stainless steel than
glass for an OD of 1 (-33%, p=0.002). Across these comparisons, a mid-range calcium value
(0.33M) was seen to promote adhesive strength best. However, as discussed in 3.3.2, the
tendency of the glass to break for some of the replicates (0.33M and 0.5M) before the adhesive
failed may underestimate the adhesive shear strength of MICP-reinforced soy protein adhesives

and limit the comparison of true adhesive strength of the adhesives by surface type here.
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Figure 3.5: The adhesive shear strength of MICP-reinforced soy protein adhesives on stainless-
steel and glass substrates at varying urea and calcium concentrations and bacterial cell densities
(OD). The upper and lower bounds of the boxplot represent the 25" and 75™ percentiles, and the
whiskers indicate minimum and maximum values. The median is indicated by a horizontal
straight line.

While the MICP-reinforced guar gum adhesives had low adhesive strength on glass
surfaces, they had no measurable adhesive strength on stainless steel. These lap joints fell apart
while loading into the test frame. These results reinforce the importance of identifying a suitable
combination of biopolymer and surface type for specific adhesive applications, as reported

earlier in the literature (Budhe et al., 2017; Marques et al., 2020).
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3.3.5 Failure Characteristics of MICP-Reinforced Adhesives Dependent
on the Surface Type

To add insight into how MICP reinforcement improves adhesive properties, surface
coverage and mode of failure were compared across different surfaces and calcium
concentrations. After lapjoint failure, the percentage of surface area covered by adhesive on both
adherends was summed. In this analysis, 100% total summative surface coverage indicates
complete adhesive failure, while 200% indicates complete cohesive failure (Figure 3.6, A & B,
Table 3.S8). Less than 100% coverage indicates that some adhesive was lost during testing, such
as through spalling or flaking, or that the lapjoint surfaces were not completely covered during
application and curing. For most of the tested lapjoints, the summative surface coverage was
between 100 and 200%, indicating that a mixed failure (both adhesive and cohesive) occurred.
The extent of adhesive and cohesive failure in the mixed failure were estimated by equations 3.1
& 3.2 and shown in Figure 3.6C & D. For glass lapjoints, failure mode analysis was only

performed when adhesive failure occurred, as opposed to the failure of the glass substrate itself.



44

200 Glass 200 Stainless Steel
A I ]
1501 T 1507 Z
§125 125
o ] =
[e)]
©
o Y
8100'_"{"-'" ——————————————— 100 + - - -1
[0} P *
®
5 75 75
w
502~ -~ 50z =
0 0
0D 0.4|0D 1.0/OD 0.4|0OD 1.0/ 0D 0.4 0D 1.0 0D 0.4/0D 1.0{0D 0.4]0OD 1.0[OD 0.4] 0D 1.0
0.165M 0.33M 0.5M 0.165M 0.33M 0.5M
100 +

100 -
% adheswe failure C
80 - 80
L 601 60
=
‘©
[had
Y
o 401 40 [_]% cohesive failure
(]
©
O
= 20 20
0 : : :
0.165M 0.33|V| 0.33M 0.5M 0.5M 0.165|V| 0.155M 0.33M 0.33M 0.5|V| 0.5N|
OoD1.0 ODO04 OD10O0 ODO4 OD1O obo4 OD10O ODO4 OD1O0 ODO4 OD1O

Figure 3.6: Surface coverage and failure mode analysis for MICP-reinforced soy protein
adhesive lapjoints. (A, B) Percent surface coverage was measured after the failure of (A) glass
lapjoints & (B) stainless-steel lapjoints, as detailed in Figure 3.S4. The values on the y-axis
indicate the total surface coverage summed for both sides of the lapjoints. Thus, 100% surface
coverage indicates complete adhesive failure while 200% indicates complete cohesive failure;
values less than 100% indicate that some material is lost during testing. The upper and lower
bounds of the boxplot represent the 25" and 75" percentiles, and the whiskers indicate minimum
and maximum values. A horizontal straight line indicates the median. (C, D) The fraction of
adhesive and cohesive failure in samples with mixed failure is shown for samples with summed
surface coverage between 100 and 200% (yellow shaded regions in A & B). Adhesive failure is
indicated in blue, and cohesive failure is tan. Stacked bars indicate the sample means, and
whiskers indicate 1 standard error of the mean.
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The MICP-reinforced adhesives mostly failed adhesively (Figure 3.6, C & D) with an
average of 92.5 + 8.9% and 82.4 + 9.3% adhesive failure after testing on glass and stainless-steel
surfaces, respectively (p=0.002, Table 3.S7). The lower percentage of adhesive failure in the
stainless steel lapjoints may indicate a stronger adhesion at the adhesive-adherend interface.

Our data demonstrate that not only adhesive strength but also failure mode depends on
the biomineralization precipitation conditions and surface type (Figure 3.6, A & B). On stainless
steel, increasing calcium concentrations from 0.165M to 0.5M did not consistently improve
strength across all cell densities (Figure 3.5) but improved the cohesive characteristics of the
biopolymer-mineral adhesives, i.e., an increase in calcium concentrations from 0.165M to 0.5M
decreased adhesive failure from 88 to 77% (Figure 3.6D). On the glass, this same increase in
calcium concentration improved strength but did not change the cohesive failure characteristics.
Theoretically, the maximum strength of an adhesive can be realized when failure is 100%
cohesive, and there is little to no adhesive failure (Ebnesajjad, 2010; Singh et al., 2022). Our
results, however, do not demonstrate this correlation between higher adhesive strength and
higher cohesive failure of the MICP adhesives on glass or stainless steel (Figure 3.S5).

The increased tendency of adhesives to fail cohesively on stainless-steel lapjoints, as
opposed to glass, can be attributed to the higher surface roughness and hydrophobicity of
stainless-steel surfaces. Surface profilometry showed that the surface roughness of stainless steel
(Sa=0.45 = 0.0008um) was an order of magnitude greater than for glass (Sa=0.046 = 0.0023um,
Figure 3.S6). The surface wettability analysis showed that stainless-steel surfaces had a higher
hydrophobicity than glass (Figure 3.S6). The occurrence of stronger adhesive interfacial bonding
(generally associated with lower adhesive failure) and higher surface roughness in stainless steel

surfaces aligns with the literature indicating that higher surface roughness promotes adhesive
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bonding (Frihart, 2015). Studies have also shown that higher surface roughness and greater
hydrophobicity can each improve microbial adhesion (Song et al., 2015; George et al., 2003;
Ho~evar et al., 2014), biopolymer-surface interactions (Fukuzaki et al., 1995; Wang et al., 2007),
and calcium carbonate deposition (Wang et al., 2013). A combination of the surface roughness
and wettability and surface-microbe-biopolymer interactions may be responsible for improved
adhesion of the MICP adhesives on stainless steel as compared to glass surfaces. Further
investigation of mechanisms of mineral-biopolymer-surface interactions would be valuable to
understanding their contributions to the adhesive strengths of biomineral-reinforced adhesives.

3.3.6 Sustainability of UICP-Reinforced Biopolymer Adhesives and
Prospects

Our results demonstrate that reinforcing biopolymer adhesives using MICP or EICP, both
forms of ureolysis-induced calcium carbonate precipitation (UICP), improves their strength
towards values useful for everyday applications. These UICP-reinforced adhesives have the
potential for improved sustainability in terms of the renewability of reactants and the low
environmental and human health effects of their by-products. A principal reason for this
improved sustainability is that no organic solvents are used during the production of these
adhesives and, therefore, they avoid VOC emissions. Importantly, ureolysis generates
ammonium ions, which in environments with pH > 9 or temperatures > 300°C can convert to
ammonia, a volatile inorganic compound with a noxious smell and known health effects.
Ammonium ions themselves do not cause these issues. In the manner that these UICP-reinforced
adhesives are synthesized, the pH is maintained below 8, and almost all ammonium stays in
solution. Further, ammonium forms ammonium chloride in the chemical environment of these

adhesives, as confirmed by X-ray diffraction analysis (Figure 3.S2). Together, these data suggest
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that the risk of ammonia release and impact for this application is small at ambient temperatures.
At higher temperatures (> 300°C), the concern with ammonia can re-emerge due to thermal
decomposition of ammonium chloride into ammonia and HCI gas, requiring ventilation measures
in place. Further assessments of the fate of ammonium ions can provide additional validation of

the environmental applicability of the UICP-reinforced biopolymer adhesives.

3.5 Conclusions

This work demonstrates that reinforcement of common biopolymers through ureolysis-
induced calcium carbonate precipitation can produce adhesives with sufficient strength for
indoor applications. Both microbial and enzymatic sources of the urease enzyme successfully
strengthened the adhesives without the need for additional processing. Aside from
biomineralization, the most critical factor determining the strength of the biomineral reinforced
biopolymer adhesives was the type of biopolymer utilized. Specifically, at the concentrations
used, soy protein outperformed guar gum as the biopolymer additive of these adhesives. These
types of adhesives have the potential for increased sustainability because of the renewability of
reactants, zero VOC emissions, and low environmental and human health concerns of its by-
products. These findings motivate further investigations of mechanisms of biomineral-organic-
surface interactions and their potential contributions to the durability of such biomineral-

biopolymer adhesives.
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3.7 Supplemental Information

Figure 3.S1 FESEM images show the topographical differences between the MICP-
reinforced adhesives by the biopolymer type. Figure 3.S2 shows the distribution of calcium in
MICP-reinforced soy protein adhesive. Figure 3.S3 shows the preliminary boxplot data for the
optimization of EICP-reinforced adhesives. Figure 3.S4 shows the method for estimating surface
coverage and mode of failure in lapjoints. Figure 3.S5 shows the correlation between adhesive
strength and cohesive failure on glass and stainless steel surfaces. Figure 3.S6 shows the surface
roughness and wettability measurements for stainless steel and glass surfaces.

Tables 3.S1-3.S8 present the adhesive shear strength and surface coverage data used for

MICP and EICP-reinforced biopolymer adhesives and their respective statistical analysis results.
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Figure 3.S1: Field Emission Scanning Electron Microscope (FESEM) imaging of MICP-
reinforced guar gum and MICP-reinforced soy protein post-fracture. Discrete spherical
aggregates in MICP guar gum on (A, B) glass and (C, D) stainless steel. Inset images b & d show
that the aggregates are polycrystalline with sharp edges and smooth crystal faces, indicative of
polycrystalline calcite. Biopolymer-mineral aggregates in MICP-soy protein on (E, F) glass and
(G, H) stainless steel surfaces (EDX in Figure 3.S2). (E) A yellow arrow indicates the glass
surface in the background, and a flat region indicated by the white arrow shows potential sites of
adhesive failure (delamination) of MICP soy protein on glass surfaces. (F) The MICP soy protein
adhesives have circular (potentially mineral) precipitates embedded in the (soy protein) matrix
(encircled white). The sites of (G) fracture within the adhesive and (H) delamination on stainless
steel are indicated with yellow and white arrows, respectively.



50

Intensity (a.u.)

c
[
c c
V\.,M‘ c C | |
et Mt R e N s e,
15 20 25 30 35 40 45 50 55 60 65
20

Figure 3.S2: Field Emission Scanning Electron Microscopy Backscattered Electron (FESEM-
BSE) imaging and Energy Dispersive Spectroscopy (EDS) elemental mapping of MICP soy
protein. (A) The FESEM-BSE image of a MICP soy protein adhesive shows distinct, relatively
circular aggregates (encircled red) within the mineral-biopolymer adhesive. FESEM-EDS shows
that these are calcium-rich regions. (C) The presence of K, S, and P indicates the presence of an
organic (biopolymer) matrix. (D) The presence of calcium carbonate precipitates in the adhesives
was confirmed using XRD, indicating a predominance of calcite polymorph (indicated by peaks
labeled ‘c’). The peak labeled ‘a’ indicates the presence of precipitated ammonium chloride in
the adhesive.
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Figure 3.S3: Shear strength of EICP guar gum at varying urea and calcium concentrations (M), and
enzyme (E) concentrations 2.5 (red) and 5g/1 (blue). The upper and lower bounds of the boxplot
represent the 25" and 75™ percentiles, and the whiskers indicate the minimum and maximum
values. The median is indicated by a horizontal straight line. Statistical analysis results in Table
3.S5.
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Figure 3.S4: Surface coverage and failure on glass lap joints. (A) MICP guar gum adhesives had
incomplete surface coverage of the lapjoints after curing and (B) indicates a mixed failure of a
MICP guar gum lapjoint after fracture. (C) MICP soy protein adhesives appear to achieve complete
coverage of the overlap area between glass surfaces. Image analysis was performed by considering
the (C) initial surface coverage in the overlap area for MICP soy protein as 100%. Surface coverage
of the overlap area (D&E) post fracture was measured by thresholding the images using the Otsu
method; (F&G) white regions are adhesive coverage against black adherend background and red
arrows indicate adhesive or near surface adhesive failure of the adhesives. (H) An overlay image
shows the (yellow) overlapping regions indicative of cohesive failure in the adhesives. The red and
green areas are adhesive coverage on bonded sides D&E, yellow regions indicate an overlap in
surface coverage (indicating cohesive failure), and black regions have little or no adhesive.
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Figure 3.S5: A weak correlation was observed between shear strength and cohesive failure for glass
(R?=0.35) and none for stainless steel surfaces (R?>= 0.01).
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Figure 3.S6: Surface hydrophobicity and surface roughness of glass and stainless-steel surface
surfaces. The contact angle of water (yellow text) on (a) glass is 26.9° and on (b) stainless steel is
88°, indicating that the stainless-steel surface is slightly hydrophobic, and the glass surface is
highly hydrophilic. Surface roughness of (c) glass and (d) stainless steel surface, color legends
show an increasing surface roughness with a transition from blue to red. (c) Color maps of
surface roughness show that the glass surface has a lower surface roughness (N=3, 0.046 +
0.0023um), than the (d) stainless steel surface (N=3, Sa 0.45 + 0.0008pm).
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Table 3.S1: The adhesive strength of microbially induced calcium carbonate adhesive (MICP)
adhesives on glass and stainless-steel lap joints. The table shows calcium concentrations and
microbial cell density tested for each biopolymer type. n = number of specimens yielding usable
results (see text for details regarding inclusion criteria, e.g., substrate failures).

Adhesive type Biopolyme | Calcium (M) Adhesive strength Mean +SD
r (g/l) +S. pasteurii (MPa)
OD600 Glass Stainless steel
1 MICP soy Soy 0.165 | 0.4 0.45 £0.1 0.85+0.3
protein protein (n=9) a (n=6)
2 isolate 1.0 0.65 0.3 1.1 +0.6
100 (n=9) a (n=6)
3 033 |04 1.26 £0.2 1.3+0.4
(n=5)a (n=6)
4 1.0 1.24 £0.2 1.6 £0.5
(n=4) a (n=6)
5 0.5 0.4 0.84 £0.2 1.26 0.3
(n=6) a (n=6)
6 1.0 0.96 £0.3 0.64 £0.3
(n=4) a (n=6)
7 No MICP DI water 0.25 +0.1
(SP only) 022+0.01 |0
(n=6)
8 MICP guar Guar gum | 0.165 | 0.4 0.17 £0.06
gum 7 (n=8) b -
9 1.0 0.28 £0.07
(n=10) b -
10 033 |04 0.20 £0.05
(n=7)b -
11 1.0 0.24 +0.09
(n=9) b -
12 0.5 0.4 0.06 £0.02
(n=5)b -
13 1.0 0.06 £0.03
(n=6) b -
14 No MICP DI water
(guar gum 0.11 £0.01
only) (n=6) b -

an = 10 replicates were prepared for each group MICP soy protein glass lap joints. Some

of the variability in the resulting adhesive strength data size for lap joints comes from the




exclusion of samples with failure of the glass lap joints (substrate failure) before the adhesive

bond failure.

®n = 10 replicates were tested for each group in MICP guar gum glass lapjoints. The

variability in adhesive strength data size comes from the exclusion of samples, for which the lap
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joints fell apart before and during loading into the test frame for shear, and tensile testing.

- (dashes) indicate that no data are available. The MICP- guar gum adhesives did not provide

measurable adhesive strength on stainless steel lap joints for the curing and testing parameters

used in this work.

Table 3.S2: The adhesive strength of EICP adhesives on glass lap joints. The table shows urease

and calcium concentrations tested for each biopolymer type.

Adhesive type Biopolymer | Calcium (M) + Adhesive strength
g/l Jack bean meal urease | Mean +£SD (MPa)
g/l
1 EICP soy | Soy protein 0.165 | 2.5 (n=3) 1.240.3
2 protein isolate 100 M 5 (n=3) 1.1+0.2
3 10 (n=3) 1.0 +0.3
4 15 (n=3) 0.71 £0.3
5 EICP DI water (n=3) 0.22 +£0.01
control
6 EICP guar | Guar gum 0.165 | 2.5 (n=3)
gum 7 M 0.1 £0.025
7 5 (n=3) 0.17 £0.06
8 10 (n=3) 0.28 +£0.04
9 15 (n=3) 0.25 +0.05
10 EICP DI water (n=3) 0.11 £0.01
control
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Table 3.S3: Results of a three-factor ANOVA for MICP soy protein on glass lap joints
(dependent variable: shear strength, independent variables: biopolymer, calcium concentrations
(Ca), and bacterial cell density (OD)).

Analysis of Variance for response shear strength

Source DF AdjSS | AdjMS | F- P-Value
Value

Ca 3 3.31 1.10 30.23 0.00

Biopolymer 1 7.78 7.78 213.54 1 0.00

Cell O.D. 1 0.04 0.04 0.96 0.33

Ca x Biopolymer 3 3.64 1.21 33.25 0.00

Cax Cell OD 3 0.20 0.07 1.84 0.15

Biopolymer x Cell OD | 1 0.00 0.00 0.01 0.94

Ca x Biopolymer x |3 0.15 0.05 1.43 0.24

Cell OD

Error 101 3.68 0.04

Total 116

Table 3.S4: Results of a two-factor ANOVA to test the effect of calcium (Ca) and urease
concentration on the adhesive strength of EICP adhesives on glass lap joints (dependent variable:
shear strength, independent variables: calcium concentration, urease concentration).

Analysis of Variance for response shear strength

Source DF | Adj SS | Adj F-Value | P-Value
MS

Ca 2 0.027 | 0.014 | 26.34 0.00

Urease concentration | 1 0.001 | 0.002 3.03 0.11

Ca x Urease 2 0.002 | 0.001 2.34 0.14

Concentration

Error 11 0.005 | 0.000

Total 16 | 0.040




Table 3.S5: Results of a two-factor ANOVA to test the effect of biopolymer type and urease
concentration on the adhesive strength of EICP adhesives on glass lap joints (dependent variable:
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shear strength, independent variables: biopolymer, urease concentration).

Analysis of Variance for log-transformed (In) response shear strength

Source DF Adj SS Adj MS F-Value P-Value
Enzyme 4 5.40 1.35 16.66 0.00
concentration

Biopolymer 1 16.46 16.46 202.90 0.00
Enzyme 4 3.18 0.79 9.79 0.00
concentration x

Biopolymer

Error 20 1.62 0.08

Total 29 26.66

Table 3.S6: Results of a three-factor ANOVA for MICP soy protein (dependent variable: shear
strength, independent variables: surface type, calcium concentrations (Ca), and bacterial cell

density (OD)).
Analysis of Variance for log-transformed (In) response shear strength
Source D |AdjSS | AdjMS | F-Value | P-Value

F

Ca 2 | 1.14 0.57 20.56 0
Surface 1 ]0.19 0.19 6.85 0.01
Cell OD 1 |0.00 0.00 0.02 0.88
Ca x Surface 2 10.18 0.09 3.25 0.05
Cax Cell OD 2 10.20 0.10 3.67 0.03
Cell OD x Surface 1 |0.05 0.05 1.72 0.20
Ca x Cell OD x Surface 2 10.19 0.10 3.44 0.04
Error 61 | 1.69 0.03
Total 72 1 4.09
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Table 3.S7: Results of a three-factor ANOVA for MICP soy protein (dependent variable:
summative surface coverage, independent variables: surface type, calcium concentrations (Ca),
and bacterial cell density (OD)).

Analysis of Variance for response summative surface coverage

Analysis of Variance

Source D | AdjSS | AdjMS | F-Value | P-Value
F

Ca 2 | 608.8 304.42 3.86 0.037

OD 1 |110.6 110.61 1.4 0.25

Surface 1 |961.9 961.95 12.19 0.002

Ca*OD 2 |173.4 86.68 1.1 0.352

Ca*Surface 2 | 2843 142.16 1.8 0.19

OD*Surface 1 |264.8 264.78 3.36 0.081

Error 21 | 1656.6 | 78.89

Lack-of-Fit 1 |341.6 341.55 5.19 0.034
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Table 3.S8: Surface coverage and failure data for MICP- soy protein adhesives on glass and
stainless steel lap joints. The table shows the surface coverage of the adhesive and microbial cell
density tested for each biopolymer type.

Biopolymer type Calcium OD Surface Failure analysis
(M) coverage (Cohesive failure %)
(atb)
Mean £SD
MICP- soy protein 0.165 0.4 | 84.77+8.12 (n=0)*
glass (n=9)
(tested n=10) 1.0 | 96.63 £7.73 (n=5)* 2.374£3.95
(n=9)"
0.33 04 |102.39+6.62 (n=4)* 5.43 +4.56
(n=5)
1.0 | 122.50+19.70 (n=2)* 22.47 +5.59
(n=4)*
0.5 04 | 104.10£11.02 (n=5)* 7.8543.95
(n=6) *
1.0 | 106.92 +£5.87 (n=3)* 6.92 +4.56
(n=4)°
MICP- soy protein 0.165 0.4 103.72 £9.64
stainless steel (tested (n=3)° (n=2) 8.30 £5.91
n=0) 1.0 | 110.29+£12.29
(n=3) (n=2)16.24 +5.91
0.33 04 |123.13+4.57
(n=3) (n=3) 23.13 +4.83
1.0 | 110.04 £11.55
(n=3) (n=3) 10.04 +4.83
0.5 0.4 | 122.82+0.778
(n=3) (n=3) 22.82 +4.83
1.0 | 110.30+24.4
(n=3) (n=2) 23.33 £5.91

¥The variability in the number of replicates used in surface coverage analysis is due to the
exclusion of lap joints where the failure occurred in the substrate instead of the bonded region,
reducing the number of samples available for image analysis.

*Number of samples included in failure analysis is lower than the number of samples

used for surface coverage analysis; only samples with a total surface coverage (a+b) greater than
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100%, which indicated cohesive failure, were included in the failure analysis. Adhesive failure

was back-calculated from the estimated percentage cohesive failure.
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Graphical Abstract
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Figure 4. 1: The durability of the MICP-reinforced adhesives was tested after varying exposures
for 7 days: immersion (for 24h and 7 days), at relative humidities (50 and 80% RH), and at
temperatures (-20, 100, and 300°C).

4.1 Abstract

Biobased adhesives are an integral part of the journey towards sustainably produced
adhesives. Among biobased adhesives, many biopolymer-based adhesives have been developed
as alternatives for petrochemical based adhesives However, the biopolymers often require
structural modifications to improve their mechanical characteristics and adhesive performance.

One such modification is the addition of mineral fillers as reinforcing agents, which has been
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shown to improve the adhesive strength of the resulting composites. Among mineral filler-based
adhesives, ureolytically induced calcium carbonate precipitation (biomineralization) in soy
protein has been shown to deliver adhesive strength comparable to several commercial water-
based adhesives. However, the durability of such adhesives upon environmental exposure (i.e.,
variations in temperature and humidity) remains unexplored. In this work, we demonstrate that
the durability of soy protein adhesives reinforced via biomineral precipitation can be improved
via biomineralization. The biomineralized soy protein adhesive has significantly higher water
resistance than the soy protein alone. The type of biomineralization reaction affects the water
resistance of mineral-reinforced biopolymer adhesives, and microbially induced ureolysis
delivers a biomineral biopolymer adhesive with higher water resistance than enzymatic
neurolysis. The microbially induced biomineral-biopolymer adhesives are also durable at
freezing temperatures (T -20C) to moderate temperature and humidity (23°C and 50% RH).
Thermogravimetric and X-ray diffraction analysis show that the durability of the microbial
biomineral-biopolymer adhesives at temperatures >100°C and relative humidity >80% is
potentially limited by the presence of highly soluble salts and low thermal stability of the
organics (biopolymer) component of the adhesives. Determining the working range of the
composite adhesives is critical for the scope of adhesives applications, and understanding the
factors responsible for their performance is valuable for further research and development of
biomineral based adhesives.
Keywords: polymer-composite adhesives, biopolymer-biomineral composites,

biomineralization, durability, water resistance, water sensitivity, thermal stability.
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4.2 Introduction

The development of biobased adhesives is a strategy to decrease the environmental and
human health risks associated with synthetic polymers in the adhesives and packaging industry
(Hofer et al., 2019; Packham, 2009). Most polymers used in adhesive and packaging applications
are derived from petrochemical feedstock and involve the use of high volatile organic compound
(VOC) solvents (Li et al., 2021; Packham, 2009; Tolls et al., 2016). To minimize the
environmental impacts of petrochemical-based polymers, greener synthesis methods for
producing synthetic polymers, and their complete or partial replacement with biopolymers are
being explored (Dinte & Sylvester, 2018; Heinrich, 2019; Lamaming et al., 2021; Patel et al.,
2013). While protein-based adhesives such as soy protein have gained significant attention with
an increasing demand for sustainable adhesives, the limited water resistance of such adhesives
significantly limits their broader applicability (Oni et al., 2023).

To improve the water resistance of protein and soy-based adhesives, several methods
have been employed. Most common modifications include crosslinking modifications, either by
synthetic or biobased crosslinking agents, and protein denaturation by thermal and chemical
treatments (Bukartyk et al., 2022; Oni et al., 2023). More recently modified fillers have emerged
as a solution for low mechanical performance and water resistance of soy-based adhesives. The
modified mineral fillers-based soy- nanocomposite adhesives are developed by combining soy
protein denaturation and crosslinking treatments with mineral fillers to achieve high adhesive
strength and water resistance as biobased adhesives (Chen et al., 2022; Helanto et al., 2021,
2022; Post et al., 2021; Qi et al., 2016; Sun et al., 2021). These modifications in soy-based

adhesives are highly beneficial for their performance, yet, the crosslinking reactions involve the
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use of potentially toxic and hazardous reagents thereby lowering the sustainability of the
adhesives (Raydan et al., 2021).

Recently (Chapter 3 of this dissertation) our group has shown that biomineralization via
ureolytically induced precipitation of calcium carbonate precipitation can significantly enhance
the adhesive strength of soy protein-based and guar gum-based biopolymer mineral adhesives.
These ureolytically induced calcium carbonate precipitate (UICP)-reinforced adhesives can be
produced at ambient temperatures in the biopolymers in-situ, do not require additional
crosslinking reactions, and are highly customizable. The ureolysis can be carried out by multiple
urease enzyme sources and optimized using several control parameters (e.g., calcium and
enzyme concentrations and type of biopolymer additive).

The goal of this work was to determine the durability characteristics of these biomineral-
biopolymer adhesives. To determine the durability characteristics of UICP-reinforced adhesives
we assess 1) the water resistance of microbially and enzymatically induced biomineral-
reinforced biopolymer adhesives upon immersion, 2) the durability of the microbial biomineral-
biopolymer adhesives at varying humidity and temperature exposures, and 3) the structural and
compositional changes in microbial biomineral-biopolymer adhesives following the humidity
and temperature exposures. These data are needed for testing whether biomineral-biopolymer
adhesives improve upon the durability characteristics of biopolymer adhesives as well as
identifying key areas of performance improvements necessary to advance the utility of biobased

adhesives.
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4.3 Materials and Methods

Jack bean powder and BD Difco™ Nutrient Broth (NB) were purchased from Sigma
Aldrich and Fisher Scientific, respectively. Soy protein isolate was purchased from MP
Biomedicals (Fisher Scientific). All solutions were prepared in deionized (DI) water with an

electrical resistivity of > 18.2 MQ.

4.3.1 Microbially Induced Calcium Carbonate Precipitation Reinforced
Adhesive

Microbially induced calcium carbonate precipitation (MICP) was induced by mixing a
culture of the bacterium Sporosarcina pasteurii with a mineralization solution. Bacterial cultures
were prepared by inoculating 100 ml of filter-sterilized growth medium (0.33M urea, 0.18M
NH4Cl, 3g/I Nutrient broth) with 1ml of a thawed S. pasteurii (ATCC11859) stock culture,
which was incubated overnight at 30 °C and 150 rpm. One milliliter of the overnight culture was
transferred into 100 ml of fresh growth medium and incubated again overnight at 30 °C at 150
rpm. This bacterial culture was harvested after 20-22 hours when achieving an optical density of
0.4 + 0.05 (mean + SD) measured at 600nm (ODs0o). Bacterial cultures with an ODeoo of 1.0
were prepared by concentrating the overnight culture through centrifugation at 5000 x g for 5
minutes at 21°C; the resulting cell pellet was harvested and resuspended in a sterile growth
medium to reach an OD of 1.0 & 0.05. The optical densities were measured in flat bottom 96-
well plates (Polystyrene, Greiner Bio-One) using a Synergy HT Spectrophotometer (Biotek); at
200ul of liquid, the path length was estimated to be Smm. Absorbance values of 200 ul of sterile
growth medium in a 96 well plate well was subtracted from sample readings to remove the OD

contribution of the growth medium and the plate itself. The mineralization solution had the same
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composition as the growth medium but additionally contained calcium chloride (0.33M). The
microbial culture and mineralization solutions were mixed in a 1:1 ratio to achieve a calcium
concentration of 0.165M. The MICP-reinforced biopolymer adhesive was prepared by adding

soy protein isolate (SP) to the formulation at 10% (w/v).

4.3.2 Enzymatically Induced Calcium Carbonate Precipitation Reinforced
Adhesive

Enzymatically induced calcium carbonate precipitation (EICP) was induced by mixing a
solution of jack bean meal urease with a mineralization solution. Jack bean meal (JBM) extracts
were prepared by suspending 5 g/l of fine powdered JBM in deionized water for 4 hours. Before
use, the suspensions were filtered through 0.22 um pore size bottle top filters (Nalgene Rapid-
Flow Filters, Thermo Scientific). Mineralization solutions were prepared with both urea and
calcium chloride at 0.33M. JBM extract and mineralization solution were mixed in a 1:1 ratio to
achieve a calcium concentration of 0.165M. The EICP-reinforced biopolymer adhesive was

prepared by adding soy protein isolate (SP) to the formulation at 10% (w/v).

4.3.3. Lapjoint Preparation and Adhesive Strength Testing

Borosilicate glass adherends (25mm x 75mm) were cleaned with deionized water and 70%
ethanol. The MICP and EICP-reinforced biopolymer adhesives were vortexed for 5s, and 100ul of
an adhesive was applied to 12.5mm x 25mm edge of one adherend placed flat on a bench top. The
second adherend (i.e., a second slide) was placed on top to make a 12.5mm x 25mm overlap area
(Figure 1, ASTM method D1002-10). No additional external pressure was applied. The sample
was allowed to cure for 48 hours at 23 °C +2 °C. The adhesive strength of the adhesives was tested

in tension at 0.01 mm/sec displacement rate to failure (Instron 3340). The maximum load (N) at
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the point of bond failure divided by the overlap area (322 mm?) was used to calculate the adhesive

strength of the sample in MPa.

4.3.4 Water Resistance and Durability Testing

The water resistance of the MICP and EICP-reinforced biopolymer adhesives was
compared in a 24-hour immersion test. Cured MICP and EICP adhesive lapjoints were immersed
in DI water for 24 hours. The lapjoint joints that remained intact post-immersion were tested for
their wet adhesive strength.

The durability of MICP-reinforced adhesives at various humidity regimes was tested at 7-
day exposures to 50% RH, 80% RH, and immersion. The humidity chambers were prepared in
64-ounce wide-mouth mason jars with magnesium nitrate and potassium chloride salt slurries to
maintain 50% and 80% humidity, respectively, at 23 + 1°C. Samples were preconditioned at 50%
RH at 23 £ 1°C for 7 days. The lapjoints were then transferred to 50% RH and 80% RH humidity
chambers for 7 additional days. For a 7-day immersion exposure, lapjoints were immersed in DI
water in a closed airtight container. Humidity in the mason jars was monitored using Elitech
GSP-6 humidity probes.

The durability of the adhesives was tested with temperature exposures at -20°C, 100°C
and 300°C for 7 days. The preconditioned lapjoints (50% RH at 23 + 1°C for 7 days) were placed
at -20 = 1°C into a Whynter (FM65-G) Portable Freezer, 100°C in a Gravity Convection Oven
(Quincy Lab, inc. I0GCE-LT), and 300 = 5°C in a Muffle Furnace (Fisher Scientific Isotemp
650 Series Model 58). To prevent sudden temperature changes in contact with the incubator,

oven, and freezer surfaces, the samples were placed in mesh holders inside mason jars. The oven
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and furnace temperatures were tracked using Infrared Thermometer (Etekcity Lasergrip 1080),

and the freezer temperatures were logged using a GSP-6 temperature probe.

Table 4.1: Test parameters for temperature and humidity exposure conditions (ASTM D1151-
00).

Samples Temperature Time (days) | Moisture Conditions
(O
Cured (C) 23 2 Uncontrolled humidity
Preconditioned 23 C+7 50% RH
(PC)
Temperature -20 PC +7 Uncontrolled humidity
exposures 100 PC +7 Uncontrolled humidity
300 PC +7 Uncontrolled humidity
Humidity exposures | 23 PC +7 50% RH
23 PC +7 80% RH
23 PC +7 Immersed in water

4.3.5 Statistical Analysis

A two-way ANOVA was used to test the effects of bacterial cell density, immersion, and
their interactions on the adhesive strength of MICP-reinforced adhesives. One-way ANOVA
tested the effects of relative humidity and temperature on the adhesive strength of MICP
adhesives. Dunnett's test was used to determine the pairwise significance of differences in means
after humidity and temperature exposures as compared to preconditioned lapjoints. The critical a

was set a prior at 0.05.

4.3.6 Mineral and Organic Phase Characterization

The mineral phase composition of the adhesives was analyzed by X-ray diffraction
(XRD). The XRD spectra were obtained at 20 from 5°-70° using a Cu-Ka X-ray source in a
Bruker D8 Advance X-ray diffractometer. The crystalline phases were identified using the Jade

software.



70
Thermogravimetric analysis was used to assess the variations in organic and mineral
content of the adhesives before and after the humidity and temperature exposures. The thermal
decomposition profiles of the adhesives were tracked by their respective rates of weight loss
between 50 to 800 °C at a heating rate of 10 °C/min in a nitrogen (N2) atmosphere. The thermal
weight loss profiles of individual components, i.e., soy protein isolate, ammonium chloride, and

calcium carbonate, were acquired separately for reference.

4.4 Results

4.4.1 MICP-Reinforced Soy Protein Adhesives have Higher Water
Resistance than Non-Mineralized Biopolymer and EICP-Reinforced Soy
Protein Adhesives

This study demonstrates that MICP reinforced adhesives had higher water resistance than
non-mineralized biopolymer and EICP reinforced adhesives lapjoints. Both non-mineralized SP
and EICP reinforced adhesives deteriorated during immersion in water at 23+ 0.5°C for 24 hours
(Figure 4.2) indicating that the effectiveness of water resistance depended on the
biomineralization method. Both non-mineralized SP and EICP-reinforced adhesives deteriorated
after 24 hours of immersion in water, indicating that the enzymatically induced calcium
carbonate precipitation does not confer any noticeable water resistance to the soy protein

adhesive.
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Figure 4. 2: The adhesive strength of non-mineralized biopolymer (SP), enzymatically and
microbially induced calcium carbonate reinforced adhesives, before and after 24 hours of
immersion. The SP and EICP-reinforced adhesives lapjoints deteriorate after immersion whereas
the MICP-reinforced adhesives prepared with low (OD 0.4) and high (OD 1.0) cell density retain
75 to 81% of their adhesive strength. The box plots show data for n=3 each (no exposure), n=4
low OD immersed, and n=6 high OD immersed replicates. The upper and lower bounds of the
boxplots represent the 25" and 75" percentiles, and the whiskers indicate the minimum and
maximum values for data points (¢), The median is indicated by a horizontal straight line.

The MICP lapjoints retained 75-81% of their adhesive strength after immersion as
compared to dry samples (before vs. after immersion adhesive strength p= 0.053, Figure 4.2).
The dry and wet adhesive strength of MICP adhesives produced with higher cell density (OD
1.0) were 1.63 MPa and 1.24 MPa, respectively, compared to 1.22 MPa and 1.04 MPa,
respectively for MICP adhesives produced with lower cell density (OD 0.4). At OD 0.4, two of
the six MICP lapjoints experienced bond failure while they were being loading into the test
frame, whereas no OD 1.0 MICP lapjoints experienced bond failure during loading. The fragility

of two of the six MICP OD 0.4 lapjoints indicates variability in their water resistance. There was
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no significant Biomineralization in the presence of bacterial cells and their extracellular products
has been shown to protect organic matter in soils against environmental factors (Kleber et al.,
2005). During in-vitro biomineralization reactions, ureolytically induced calcium carbonate
precipitation in the presence of S. pasteurii cells has been shown to produce calcium carbonate
precipitates lower the dissolution rates than abiotic calcium carbonate precipitates (Mitchell &
Grant Ferris, 2006). The synergistic interactions between bacterial cells, cell products and the
mineral content of the MICP adhesives may be responsible for their improved performance upon
immersion for 24 hours.

MICP adhesives show higher retention in adhesive strength after water exposure than
most of the emerging biopolymer-mineral adhesives reported in the literature. The MICP
adhesives with low OD (OD 0.4) retained up to 81% of its adhesive strength after 24 hours of
immersion in water at 23°C. The water resistance shows their potential suitability for indoor
applications where a short water exposure, e.g., a water spill does not result in failure of the
bonded joints. Mineral filler-based soy flour (SF) adhesives in other work made mineral fillers
like montmorillonite have been shown to retain ~45 to 60% of their adhesive strength on
plywood after three hours of immersion in water at 63°C (Sun et al., 2021). However, the
biopolymer-mineral adhesive films made with nanoparticle fillers retain only 3-4% of the
adhesive strength on aluminum substrates after 24 hours of immersion at 25°C (Li et al., 2018).

in comparison.
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4.4.2 The Adhesive Strength Of MICP-Reinforced Adhesive is Maintained
at Low to Ambient Relative Humidity Exposures

Preconditioning the MICP lapjoints (at 50%RH) prior to humidity exposures, did not
significantly affect their adhesive strength compared to the cured samples (1.72 = 0.23 vs. 1.45 +
0.36, p=0.37, Figure 4.3). Subsequent exposure to 50% RH humidity for 7 additional days, did
not change the adhesive strength of the adhesives post exposures (p>0.05, Table 4.S4). The
exposure to 80% RH and immersion significantly decreased the adhesive strength compared to
the preconditioned lapjoints (95% decrease, p=0.001). The MICP adhesives had high water
resistance after 24h immersion (section 4.4.1) but after 7 days of immersion, most of the MICP
lapjoints deteriorated. The immersed lapjoints that did not deteriorate retained only 3-4% of their

adhesive strength compared to the preconditioned samples (p<0.001).
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Figure 4. 3: Adhesive strength of MICP adhesives after exposure to varying relative humidity
regimes or after immersion in water for 7 days. The boxplots contain datapoints for n=7 to n=10
replicates. The variability in sample sizes occurs due to substrate failure during strength testing
(50% RH) and bond failure before testing (80% RH and immersion). The upper and lower
bounds of the boxplot represent the 25" and 75" percentiles, and the whiskers indicate the
minimum and maximum values for data points (¢), The median is indicated by a horizontal
straight line, and the mean is represented by (e).

4.4.3 The MICP-Reinforced Adhesive is Durable at Below Freezing
Temperatures

Freezing MICP-reinforced adhesives at -20°C for 7 days and thawing them before testing
did not affect their adhesive strength, while exposure to higher temperature (100 and 300 °C)
decreased the adhesive strength of MICP-reinforced adhesives (Figure 4.4). The MICP adhesives
retained their adhesive strength after 7-day exposure to -20°C as compared to the preconditioned
samples (p> 0.05, Table 4.S6). In contrast, the adhesive strength of MICP adhesives might have
decreased by 45% upon exposure to 100°C (p=0.005). However, five of the ten replicates
exposed to 100°C experienced a failure in the glass substrate instead of the bonded region during
the lap shear tests, thus having a potentially having greater adhesive strength. While the
remaining five lapjoints failed in the bonded region and showed a 45% decrease in adhesive
strength as compared to the preconditioned lapjoints. The decrease in the adhesive strength of the
soy-based adhesive after high-temperature exposures (100-150°C) differs from previous reports,
which report an increase in adhesive strength after heat treatments (Chen et al., 2022; Jensen et
al., 2015; Lamaming et al., 2021). Exposure of the adhesives to 300°C resulted in a 95% loss in
the adhesive strength of the adhesives (p<0.001, Table 4.S6), and 3 of 10 lapjoints deteriorated
before testing. At the curing conditions investigated here, the MICP-reinforced adhesives are
highly suitable for below-freezing temperature applications, whereas the adhesives need further

optimizations for reliable performance at 100°C. The performance of the adhesives is potentially
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limited by thermal degradation of soy protein at higher temperatures (>200°C) (Chen et al., 2022;

Lamaming et al., 2021).
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Figure 4. 4: Adhesive strength of MICP adhesives pre- (cured and preconditioned) and post-
temperature exposure for 7 days. The boxplots contain n=6 to n=10 replicates. The variability in
sample sizes occurs due to substrate failure during testing (-20 °C and 100 °C) or bond failure
before testing (300 °C). The upper and lower bounds of the boxplot represent the 25" and 75%
percentiles, and the whiskers indicate the minimum and maximum values for data points (4), The
median is indicated by a horizontal straight line, and the mean is represented by (e).

4.4.4 The Organic Components of MICP-reinforced adhesives are
Susceptible to Immersion

The MICP adhesives before and after the 7-day humidity exposures had similar
mineralogy as the cured and preconditioned samples. Calcium carbonate, sodium chloride, and
ammonium chloride were detected in all adhesives (Figure 4.5). Calcium carbonate was present

as calcite in cured samples and preconditioned samples, but after exposure to 50% RH and 80%



76
RH, vaterite peaks were detected as well. An absence of vaterite in cured and preconditioned
samples, but its noticeable presence in MICPs after exposure to 50% RH and 80% RH, indicated
the potential occurrence of dissolution-precipitation kinetics at moderate to high humidities

resulting in the formation of vaterite.
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Figure 4. 5: X-ray diffraction spectra of MICP adhesives pre- and post-humidity and temperature
exposures. The crystalline phases detected in MICP adhesives were ammonium chloride (a),
calcite (c), halite (h), and vaterite (v).

To determine the relative mineral and organic content of the MICPs before and after
humidity exposures, their thermal degradation profiles were analyzed (Figure 4.6). Preliminary
tests showed that, the soy protein volatilizes between 200-550°C, and calcium carbonate between

600-750°C (Figure 4.S1). The thermal degradation of ammonium chloride and soy protein



77
overlaps between 250-325°C. The weight loss between 50-100°C was assigned to the loss of
adsorbed water, and the weight loss between 100-250°C was associated with biomass and low
volatile organic compounds.

The weight loss profiles of the MICPs after 50 and 80% RH exposures were similar to the
preconditioned samples (Figure 4.6 A&C). However, the weight loss profile of the 7-day
immersion samples was different from the preconditioned sample. This loss in adhesive during
immersion was attributable to the absence of biomass and low VOCs peak (100-250°C),
suggesting their solubilization upon immersion (Figure 4.6C). Additionally, the peak height in
the 250-550°C region was smaller for immersed samples than for the preconditioned samples,
suggesting the solubilization of ammonium chloride and possibly even soy protein (Figure 4.6C).
The weight loss between 600°C-750°C confirmed the presence of calcium carbonate in the

immersed adhesives.
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Figure 4. 6: The thermogravimetric profiles of the MICPs before and after humidity. (A, C) and
(B, D) temperature exposures were developed by tracking weight loss (normalized to initial
weight, w/wi) and rate of weight loss (A(w/wi)/ AT) from 50 to 750°C, at 10°C/min heating rate.
(E) The weight loss from 50 to 100°C, 100 to 200°C, 200 to 550 °C, and 650 to 750°C associated
with water loss, low MW organics, soy protein, and calcium carbonate, show the variations in
the mineral and organic content of the adhesives after humidity and temperature exposures.
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4.4.5 Thermal Degradation of Organics may be a Limiting Factor for
MICP Adhesives Durability

The MICP-reinforced adhesives before and after the 7-day temperature exposures had
similar mineralogy as preconditioned samples, except after the 300°C exposure (Figure 4.5). The
calcium carbonate was present as calcite in all temperature exposure samples, as well as in cured
and preconditioned samples. No ammonium chloride was detected after exposure to 300°C,
indicating that the ammonium chloride may have sublimated at prolonged exposure to 300°C.

There were no differences in the weight loss profiles of the samples exposed to -20 or
100°C exposure samples compared to the preconditioned samples (Figure 4.6 B&D). At 300°C,
no distinct peaks were detectable in the derivative plot (Figure 4.6 D), a d weight loss of only
~43 % was observed for 300°C exposure samples as compared to ~75% weight loss in
preconditioned samples. The lower weight loss in 300°C samples during thermogravimetric
samples may have occurred due to the degradation of thermally labile organic components and
the loss if ammonium chloride during 7-day exposure at 300°C. A significant amount of the
weight loss in the 300°C exposure samples occurred between 600 and 750°C, indicating a

prevalence of calcium carbonate.

4.4.6 Implications of Mineral and Organic Content for the Durability of
MICP adhesives

There are multiple possible reasons explaining the decrease in the adhesive strength of
MICPs with water immersion and high humidity. One of these is that the MICPs contain
substantial quantities of highly soluble salts, such as ammonium chloride and sodium chloride as
indicated by XRD data (Figure 4.4). These salts may contribute to a high capacity for water

vapor retention. Nevertheless, MICPs have higher water resistance than non-mineralized
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biopolymers after 24 hours of immersion. Moreover, the adhesive strength retained by MICPs
after water immersion is much greater (~2x) than a range of soy adhesives made by crosslinking
soy with kaolin, clay, and calcium carbonate minerals (Sun et al., 2021). The durability of MICP
adhesives to water exposure could further improve by lowering the presence of high solubility
salts in the formulations. Lowering the water retention potential of the adhesives can potentially
further improve their prospects for long-term high humidity exposure applications, e.g., as
outdoor adhesives in humid climates.

The high organic content of the MICPs may also influence the degradation characteristics
of these materials with immersion and humidity (Figure 4.5). The role of microbial biomass in
the adhesive adhesives is evident by a significant (75-81%) retention of the adhesive strength in
MICP-reinforced adhesives, as compared to EICP-reinforced adhesives that deteriorate after 24
hours of immersion. Yet after 7 days of immersion, the MICPs deteriorate as well. The
thermogravimetric analysis shows the loss of biomass and soy protein in the 7-day immersion
samples. This loss of organics at humidity and temperature extremes and the corresponding loss
in the adhesive strength in adhesives highlight the significance of the organic components for the
performance of the adhesive adhesives.

Some of the ways to counter the solubilization of organics and reduce the water
susceptibility of the adhesives might be to protect the functional groups by the crosslinking of
the biopolymers, as demonstrated for other biopolymer-mineral adhesives (Azeredo & Waldron,
2016; Jayachandran et al., 2022; Kim et al., 2021). Cross-linking between biopolymer and
bacterial cells can serve the dual function of protecting the water susceptible groups and
increasing the cohesive strength (stiffness) of the adhesives (Oni et al., 2023). The thermal

stability of the adhesives at 300°C remains limited by the thermal degradation of the soy protein,
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and the stability of the MICP adhesives beyond 100°C is out of the scope of their intended indoor

and outdoor applications.

4.5 Conclusions

This study demonstrates that microbially induced calcium carbonate adhesives produced
in the presence of soy protein (MICP) have a higher water resistance than non-biomineralized
soy protein specimens at 24-hour immersion exposures. The water resistance of MICP-reinforced
adhesives is also higher than the EICP-reinforced adhesives at 24-hour immersion exposures.
The durability of MICP at 7-day exposures is, however, limited to low and moderate humidity
environments. The low water resistance of MICP at 7-day exposures can be attributed to the
presence of hydrophilic salts and water-soluble soy protein. The adhesive strength of the MICP
is stable at sub-freezing temperatures. The thermal stability of the adhesive at high temperatures
is also strongly limited by the thermal decomposition of the biopolymer and other organics. The
MICPs are durable at sub-freezing temperatures and in indoor environments, which ideally have
a relative humidity (RH) between 30 and 50%. This work offers potential pathways for further
improvements in the performance and durability of biomineral-biopolymer adhesives. Overall,
biomineralization offers significant improvements in the water resistance of biopolymer

adhesives and may increase the range of applications where biobased adhesives can be used.
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Table 4.S1: Results of a two-factor ANOVA to test the effect of cell density and immersion on
the adhesive strength of MICP-reinforced adhesives.

Analysis of Variance for Transformed Response (A=2)

Source DF | AdjSS AdjMS | F-Value | P-Value
Immersion 1 1.5653 1.5653 4.70 0.053
Cell density 1 1.9386 1.9386 5.83 0.034
Immersion*Cell 1 0.5055 0.5055 1.52 0.243
density

Error 11 3.6600 0.3327

Total 14 7.6895

Table 4.S2: Descriptive statistics of the wet and dry adhesive strength of MICP reinforced
adhesives before and after immersion in water, respectively.

Cell density | Immersion | Total | Mean SE St Dev | Variance | Median
Count Mean
OD 1.0 Dry 3 1.6307 | 0.0667 |0.1156 |0.0134 1.6838
Wet 6 1.2401 | 0.0815 | 0.1998 | 0.0399 1.2156
Variable Exposure | Total | Mean SE St Dev | Variance | Median
Count Mean
OD 0.4 Dry 2 1.2209 | 0.0417 | 0.0590 | 0.0035 1.2209
Wet 6 1.047 0.177 0.354 0.125 0.945
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Table 4.2: Results of a two factor ANOVA to test the effect of varying humidities on the (log
transformed) adhesive strength of MICP-reinforced adhesives.

Source DF | AdjSS Adj MS F-Value P-Value
Humidity 4 80.345 20.0863 327.67 0.000
exposures

Error 37 | 2.268 0.0613

Total 41 82.613

Table 4.3: Paired Dunnett’s comparisons for the adhesive strength of the MICP-reinforced
adhesive lapjoints after relative humidity exposures as compared to preconditioned lapjoints.

Difference of Differenc | SE of Simultaneous T- Adjusted

Sample Levels e Difference 95% CI Value | P-Value
of Means

50 RH - PC 0.009 0.120 (-0.299, 0.317) 0.08 1.000

80 RH - PC -2.517 0.114 (-2.808, -2.226) | -22.13 | 0.000

Cured — PC -0.185 0.120 (-0.493, 0.123) -1.54 0.367

Immersion - PC -3.274 0.125 (-3.593, -2.955) | -26.24 | 0.000

Individual confidence level = 98.52%

Table 4.4: Results of a one-factor ANOVA to test the effect of varying temperatures on the
adhesive strength of MICP-reinforced adhesives.

Source DF | Adj SS | Adj F-Value | P-Value
MS

Temperature exposures | 4 10.657 | 2.6643 | 31.10 0.000
0

Error 30 [2.570 | 0.0856
7

Total 34 | 13.227
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Table 4.5: Paired Dunnett’s comparisons for the adhesive strength of the MICP-reinforced
adhesive lapjoints after varying temperature exposures as compared to preconditioned lapjoints.

Difference of Difference of | SE of Simultaneous T- Adjusted
Sample Levels Means Diftference | 95% CI Value | P-Value
100°C — PC -0.582 0.165 (-1.011,-0.152) |-3.52 | 0.005
300°C - PC -1.755 0.149 (-2.143,-1.367) | -11.76 | 0.000
Cured — PC -0.185 0.144 (-0.559,0.189) |-1.28 | 0.542
Neg 20°C - PC 0.060 0.156 (-0.346, 0.465) | 0.38 0.988
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5.1 Abstract

Biologically and enzymatically induced biomineralization has been well optimized for
engineering applications such as soil consolidation, concrete remediation, and below-ground
fracture biocementation. The broad structural applications of biologically induced
biomineralization stem from the robustness and customizability of the process. Yet, for
applications such as mineral fillers in engineering adhesives, the role of organics in modulating
the microscale material properties of such biominerals is not well understood. The material
properties of biogenic biomaterials on the other hand, are well understood and highly dependent
on the organic-mineral interface and its hierarchical distribution. The biomimetics of biogenic
biominerals offers the inspiration for the use of organics to control mineral structure and material
properties in biologically induced mineral precipitation. The goal of this study was to determine
the structure and material properties of enzymatically induced calcium carbonate minerals
formed in the presence of a well-known protein additive, bovine serum albumin. The calcium
carbonate precipitates were formed using jack bean meal, both in the absence and presence of
bovine serum albumin. The structural and polymorphic variations of the mineral precipitates
were assessed by FE-SEM and XRD analysis, and the material properties of the mineral
aggregates were assessed by nanoindentation and atomic force microscopy (AFM). The calcium
carbonate precipitates formed in the presence of bovine serum albumin had lower moduli than
those formed without these organics. Atomic force microscopy analysis confirmed the presence
of low moduli regions in the abiotic and enzymatic precipitates formed in the presence of bovine
serum albumin. Furthermore, the presence of bovine serum albumin introduced structural

variations and moduli gradation in biominerals that resemble structural and material properties
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heterogeneities observed in biogenic and geologic minerals. These results demonstrate that the
presence of organics can alter the nanoscale structure and material properties of calcium

carbonate precipitates.

5.2 Introduction

Biomimetic biomineralization is a frontier in synthetic biochemistry that uses nature-
inspired pathways to achieve specific structure and function for the development of new
materials (Deng et al., 2022¢; Harris et al., 2017; Weiner, 2008). Biomineralization is referred to
here as the precipitation of inorganic mineral phases through interactions between bio-
macromolecules (e.g., enzymes or whole cells) and inorganic ions. The two broad categories of
biominerals that have been extensively researched are biogenic minerals and geologic minerals
(Gorgen et al., 2021; Harris et al., 2017). Biogenic minerals are made because of cellular
activity. In this process, biomacromolecules play an active role in control of mineral size,
morphology, orientation, and consequently their material properties (Evans, 2017; Kunitake et
al., 2013; Wallis et al., 2022). In the past the presence of organics in geologic minerals was
assumed to be entirely coincidental, and it was debated whether the organics played any role in
the mineral precipitation (Dhami et al., 2018). Today, there is a growing body of evidence that
shows that microbial activity also plays a significant role in the formation of geological minerals
(Kleber et al., 2021; Possinger et al., 2020). The geologic minerals in nature have a complex
organic profile depending on the environmental conditions and the archeological and microbe-
mineral interaction-based origins (Weiner & Dove, 2003). The formation of biominerals by
microbial activity and products of microbial activity are referred to as biologically or microbially

induced mineral precipitates. The limited understanding of the role of organics and the
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apparently passive role of organics in biologically induced mineralization may have limited the
active use of organics in potential engineering applications.

The use of organics has been central for the control of mineral morphology and material
properties in biomimetic synthesis of biogenic minerals (Bar-Cohen, 2012; Liu & Oyen, 2014;
Nudelman & Sommerdijk, 2012; Xiong et al., 2018), but the use of organics in biologically
induced mineral precipitation remains relatively unexplored. Biogenic minerals have been of
high interest due to the unique material properties, which are influenced by their microscale
structural motifs. Studies on the material properties of biogenic biominerals have shown that
microscale distribution of mineral and organic interfaces confers unusual combinations of high
strength, stiffness as well as fracture toughness to biomaterials such as nacre and bones
(Barthelat et al., 2016). The biomineral features in certain regions of sea urchin spicule, nacre
and mollusk shell have high hardness and elastic modulus but are surprisingly resistant to
inelastic deformation and cracking (Bar-Cohen, 2012; Labonte et al., 2017). Where synthetic
minerals and ceramics are prone to brittle fractures, biominerals often have crack deflection
mechanisms due to disordered structures at the nanoscale (Deng et al., 2022). This toughness and
nanoscale disorder of biogenic minerals has been attributed to ion substitutions in minerals, the
presence of intra-crystalline organics, amorphous phases, polycrystallinity and twinning
boundaries within the biominerals (Deng et al., 2022; Deng & Li, 2021). The common
underlying factor associated with these structures is the presence of organics.

The presence of organics is ubiquitous to mineral precipitation in nature from
biosignatures of flora and fauna in geologic minerals (Dhami et al., 2018), interactions of
microbes and microbial exopolymeric substances with minerals (Azulay et al., 2018; Zhu &

Dittrich, 2016), to precise control of calcitic structures in eukaryotes (Nudelman & Sommerdijk,
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2012). Harris et al. proposed that the presence of inter and intra- crystalline organics is a
structural commonality between biogenic and geological minerals (Harris et al., 2017). Yet, the
structure-material property relationships have mostly been explored for biogenic minerals so far.
The challenge and opportunity lie in determining the commonalities in structure-property
relationships in biominerals to improve the design of biominerals by both biogenic and
biologically induced mineralization pathways (Cranford et al., 2013).

The role of organics in biologically induced mineralization is highly complex due to
timescale of geological mineral formation, and a large variability in environmental conditions
that can influence the mineral precipitation kinetics (Cho et al., 2019; De Yoreo, 2003),
morphology and polymorphism (De Yoreo, 2020; Evans, 2017; Xu et al., 2019). In-vitro
experiments have been conducted to understand and modify the aggregation behaviors in
geologic minerals in the presence of a concoction of microbial extracellular materials similar to
found in nature (Cho et al., 2019; Guhra et al., 2019; Newcomb et al., 2017) In-vitro
incorporation of nacre proteins has been shown to modify even the material properties of abiotic
calcite crystals (Risan et al., 2018). The work of adhesion between bacterial EPS and geological
minerals has been shown to depend on the respective charges on the compounds, positively
charged mineral showed favorable interactions with microbial extracellular polymeric substances
which carry negative charges (Sand et al., 2017). Protein-like micelles (PSPMA30-PDPA47)
were shown to incorporate into geologically sourced calcium carbonate during mineral growth,
whereas Bovine serum albumin was shown to have no structural or kinetic influence of crystal
growth (Cho et al., 2019). Cho et al proposed that the inclusion of the protein and protein-like
micelles in mineral was dependent on the binding strength of a macromolecule to a mineral face

and the growth rate of the mineral. The use of complex organics such as EPS and geologic
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minerals to determine organo-mineral interactions offers insights into the in-vivo interactions at
the soil-mineral-organic interfaces but remains too complex to determine specific cause-effect
relationships to mimic the processes in-vitro. Other in-vitro studies are often carried out by
abiotic precipitation of mineral precipitates have shown that the presence of organics such as
amino acids and oligopeptides can influence the shape and morphology of carbonate minerals
(Finney et al., 2020), as well as material properties such as hardness of calcium carbonate
precipitates (Coté et al., 2015; Kim et al., 2016). However, the role of biomacromolecules as
additives and their structure-property relationships for enzymatic and microbially induced
biomineralization remains unclear.

Ureolytically induced calcium carbonate precipitation (UICP) is a type of biologically
induced biomineralization process which has been extensively engineered for binder and
sealants, bioremediation, and bioaccumulation applications (Phillips et al., 2013; Van Wylick et
al., 2021; Zhu & Dittrich, 2016). The ureolytically induced biomineralization is relatively
simple, scalable, and is effective for heterogeneous biomineralization applications in porous
substrates (Krajewska, 2018; Knorre & Krumbein, 2000). A few studies have also shown
recently that the compressive strength of porous materials cemented by ureolytically induced
biomineralization can be improved by the addition of animal-based protein complexes such as
whey, milk and single protein e.g., casein (Arab et al., 2021; Miyake et al., 2022). It has been
shown that the use of different ureolytic strains of bacteria can also alter the nanoscale material
properties of the biologically induced minerals, but it remains undecided whether bacterial cells
or their by-products affected these material properties (Heveran et al., 2019).

In this study, we explore the material properties of calcium carbonate precipitates formed

by UICP in the presence of bovine serum albumin. The ureolysis was carried out by jack bean



93
ureases which hydrolyze urea to release carbonate ions, and ammonium ions. The stoichiometric
balance of the ammonium and carbonate production by ureolysis results in a pH increase which
favors precipitation of calcium carbonate (Hammes & Verstraete, 2002; Parks, 2009). To
determine the effect of a protein on the physicochemical and material properties of the
biominerals, the reaction was carried out in the presence and absence of BSA. This work offers
insight into the use of a protein to control the material properties of ureolytically induced

calcium carbonate precipitates for their applications as biominerals in biopolymer materials.

5.3 Materials and Methods

Jack bean meal (JBM) and bovine serum albumin (BSA) were purchased from Sigma
Aldrich. All solutions were prepared in deionized water with an electrical resistivity of > 18.2

MQ.

5.3.1 Preparation of Enzymatically Induced and Abiotic Calcium
Carbonate Precipitates

The ureolytic solution was prepared by mixing 5 g/l of fine powdered JBM in deionized
water for 24 hours. Before use, the resulting suspensions were filtered through 0.22 um pore size
bottle top filters (Nalgene Rapid-Flow Filters, Thermo Scientific). The enzymatically induced
calcium carbonate precipitates (EICP) were prepared by mixing JBM solution with a solution
containing 100mM urea and 100mM calcium chloride at a 1:1 ratio, to reach final concentrations
of 2.5g/1 IBM, 50mM urea, and 50mM calcium at a final volume of 40ml in Falcon® 50 ml
polypropylene centrifuge tubes (Corning). The EICP-BSA treatments contained a final
concentration of BSA of 10g/l. The abiotically induced calcium carbonate precipitates (AICP)

were prepared by mixing 20ml each of 100mM CaClz and 100mM NaHCOs solutions to reach a
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final concentration of 50mM for each compound. AICP-BSA samples were prepared with a final
concentration of 10g/l BSA; BSA-free controls were set up as well. Four replicates were
prepared for each reaction type, EICP, EICP-BSA, AICP, and AICP-BSA. The vials were placed
in a shaking incubator at room temperature 23+ 2°C for 5 days to allow ureolysis, induction of
CaCOs precipitation, and precipitate maturation. After 5 days precipitates were harvested using
centrifugation at 5000 x g for 5 minutes at 21°C. Precipitates were rinsed in DI water and air-

dried at room temperature 23+ 2°C for 24 hours followed by 30+ 2°C for 5 days.

5.3.2 Mineral Morphology and Composition Assessments

The mineral precipitates were mounted on carbon tape and coated with a carbon layer to
prevent charging during imaging. The imaging was done between accelerating voltage of 1-5kV
at a 30um aperture size, on a Zeiss SUPRA 55VP Field Emission Scanning Electron Microscope
(FE-SEM).

For X-ray diffraction analysis (XRD), approximately 3-5mg of precipitates were crushed
into a powder on a glass slide using stainless steel metal spatula, and 70% ethanol was used to
disperse the powders into a thin layer. After the ethanol evaporated, the sample was inserted into
a Bruker D8 Advance instrument. X-ray diffraction spectra were obtained using a 20 range from
5-70° at the instrument’s Cu K-alpha source. The sample spectra were analyzed for peak fits
using MDI Jade software.

Subsets of the dried precipitates from each sample were embedded in epoxy and prepared
for materials testing as described in section 5.3.3. After the materials testing by nanoindentation

(5.3.4 & 5.3.5), the epoxy-embedded samples were sputter-coated with carbon before undergoing
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high-resolution backscatter imaging (15kV, aperture 30um) using FE-SEM. The samples were

scanned to assess density variations within and between the precipitates for each sample.

5.3.3 Microscale Assessment of Material Properties of Mineral
Precipitates

Subsets of the dried precipitates from each sample were embedded in epoxy (Buehler
Epoxicure) and sectioned with a low-speed diamond saw (Isomet, Buehler), irrigated with water.
The epoxy-embedded samples were smoothed with 600 and 1000-grit silicon carbide papers
(Buehler), followed by polishing with 9, 6, 3, and 1 um oil-based Beuhler MetaDi diamond
suspensions. The final polishing step was performed with a 0.05um alumina suspension to
achieve a mirror finish. Between each polishing step, the samples were rinsed and sonicated in
100 percent ethanol to minimize the dissolution of CaCO3 in water. Nanoindentation (NI)
analysis was performed on each of the 4 experimental groups (4 replicates each; N =16 samples)
using a Berkovich tip, KLA Tencor iMicro. The nanoindentation sites were selected such that a
grid of 150-200 indents was placed on each region with spacing of 15um (x and y). A
trapezoidal load profile was applied using a 30s loading, hold, and unloading cycle, with a target
load of 3 mN. The hold time was sufficient to dissipate viscoelastic energy within the sample.
The moduli of the samples were calculated using the Oliver Pharr method (Oliver & Pharr,
1992). Briefly, a polynomial curve was fitted to the 95th — 20th percentiles of the unloading

curve. The reduced nanoindentation modulus (Er) can be calculated from:

Equation 5.1 E, == |—

The stiffness (S) of the samples was calculated from the derivative of a tangent line at the

beginning of the polynomial fit. The tip contact area (Ac) was calibrated as a function of depth
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(hc) on a fused silica reference sample. However, the E: is a function of the material properties
(moduli) of the sample (Es) and the indenter tip (Et) as well as the Poisson ratios of the sample
(vs) was assumed to be 0.3 and the tip (vt) defined by:

—p2 2,2
Equation 5.2 1_ [1(1 v3) (1 vt)]
Eyr Eg E¢

The nanoindentation modulus Ei of samples was calculated from the reduced modulus E:
using Equation 5.3, where the tip properties (vt and Et) are known, and Poisson ratio vs

assumption is 0.3.

2,2
Equation 5.3 E; = (1352) _ [Eir n (1E1:t)]—1

Each loading and unloading curve for a nanoindentation indent was analyzed before
calculating the Ei and H values for a sample. It is known that strain hardening, strain softening,
and displacement bursts (porosity) of samples can contribute to errors in measurements of the
elastic moduli and hardness of the data (Gale & Achuthan, 2014). The sample load depth profiles
with representative effects of strain hardening, strain softening, and porosity on the load depth
profiles excluded from further data analysis (Figure 5.S1). Example subsets of load depth
profiles included in data analysis for each sample are given in Figure 5.S2. The epoxy used for
the embedding of the samples has an Ei of ~5 GPa upon curing. The nanoindentation data points
of moduli <5 GPa were removed from the analyses, as they were likely from epoxy or an epoxy-
rich mineral interface.

Indentation hardness (Hi) was used to quantify the contributions from both elastic and
inelastic deformation on the sample during indentation. Indentation hardness was calculated from

maximum load and corresponding contact area by:

Equation 5.4 H; = %
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The resistance to deformation for each sample was measured by Hi /Ei.

5.3.4 Submicron Scale Assessment of Material Properties of Mineral
Precipitates

One sample from each experimental group was taken for nanoscale analyses using atomic
force microscopy (AFM, Asylum research, Cypher S). A 200 N/m spring constant tip (RTESPA-
525, Bruker) was used to accommodate the high stiffness of the samples. AFM was operated in
two different modes: AC tapping mode for topography scans and fast force mapping (FFM) for
modulus maps. Using AC tapping mode, the cantilever was driven at a constant amplitude at its
resonance frequency and scanned across the surface to locate minerals and measure their
topography. Fast force mapping generated an array of local force-distance curves, obtained at
high speed with nanometer spatial resolution, and was used to characterize modulus profiles of
mineral precipitates. Tip parameters were calibrated and resulting force curves were fit to a
Hertzian contact model to calculate the contact modulus of the material. First, calibration of a
cantilever spring constant was obtained via thermal tune. Next, a force-distance curve was
performed on a silicon wafer (Silicon Inc., Boise, ID) to calculate optical lever sensitivity. Once
these values were obtained, tip radius was calibrated by first acquiring a fast force map (320 x
320-pixel map) of a glass surface with known modulus (72 GPa, Fisherbrand, Pittsburgh, PA)
then identifying the tip radius value needed to generate agreement of the Hertz model with the
glass calibration surface. AC tapping mode was used to generate 20um x 20um topography maps
of three random locations across the surface of the sample. Additionally, two regions of 7um x
7um were scanned to generate topography maps. FFM-provided modulus maps at a trigger force
of 500 mN and analyzed using a Hertzian model. After each modulus scan, the radius of the tip

was calibrated on a glass surface with known modulus (72 GPa, Fisher brand) to account for
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possible tip wear during each FFM scan. All topography and modulus scans were conducted at

320 x 320 pixels.

5.3.5 Statistical Analysis

Two-factor ANOVA was used to test whether the material properties Ei, Hi or Hi/Ei were
influenced by enzymatic ureolysis, the presence of BSA, or an interaction between the two
factors. Significance was set at 95% confidence, and p-values < 0.05 were deemed indicators for
statistically significantly different values. For all models, residuals were tested for normality and
homoscedasticity. Post-hoc testing was performed for significant interactions using a Tukey

correction to adjust critical alpha for family-wise error.

5.4 Results

5.4.1 Mineral Morphology and Mineral Phase Assessments

The EICP formed had varying morphologies, including rhombohedral, spherulite,
polycrystalline mineral precipitates (Figure 5.1). The AICP show rhombohedral calcite-like
morphology, with terraces (1) on some of the crystal growth faces, possibly due to the presence
of impurities in the solutions (Figure 5.1 A). The polycrystalline precipitates (1) in EICP have
multiple crystalline faces growing in different directions (Figure 5.1 B). The spherulite
morphology in EICP includes smooth spherical precipitates of varying sizes (2). In AICP-BSA
and EICP-BSA conditions the size of the precipitates was smaller, and the predominant

morphology was spherical.



(A) AICP (B) EICP (C) AICP BSA (D) EICP BSA
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Figure 5.1: The mineral precipitates in (A) AICP have sharp smooth edge morphology with
rhombohedral form commonly observed in calcite polymorphs of calcium carbonate, with
precipitates that show growth terraces. (B) The EICP have varying morphologies, including
polycrystalline calcite like morphology (B1) and spherulites (B2). (C &D) The AICP-BSA and
EICP-BSA precipitates have smaller precipitates and predominantly spherical morphologies.

AICP BSA EICP BSA

samples embedded in epoxy. (A, B, C, D) The AICP and EICP samples have larger precipitate
sizes than (E, F, G, H) AICP-BSA and EICP-BSA precipitates. (E, F) The AICP-BSA and (G, H)
EICP-BSA show density variations in the precipitates, based on the BSE signal intensity.
Brighter precipitates indicate a higher BSE signal and potentially have a higher molecular
density. (F, H) At higher magnifications, the AICP-BSA and EICP-BSA samples show density
variations within precipitates in the form of lamellar structures and circular growth rings in the
precipitates, indicated by white arrows, and twinning features indicated by red arrows.
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Backscattered electron images of the sections show the density variations in the internal
structure of precipitates exposed after sectioning and polishing the samples (Figure 5.2 D, F&H).
The EICP single crystal shows porosity (D1) as well as density variations in the single crystal
(D2) indicative of multiple planes of crystal growth (Figure 5.2 D). The variations in density
within a single crystal in EICP precipitates agree with the observations of polycrystallinity in
Figure 5.1 B. Both AICP-BSA and EICP-BSA show the presence of growth rings/lamellae and
twin structures indicated by white arrows and red arrows respectively in Figure 5.2 F&H.
Formation of rings, lamellae, polycrystalline calcite polymorphs, and twinning calcite have
previously been reported for biogenic and geologic minerals in-vivo (Barthelat et al., 2016;
Kunitake et al., 2013; Liu et al., 2023; Locht, 2014) and in-vitro (C6té et al., 2015; Deng et al.,
2020; Pokroy et al., 2007).

The AICP and EICP specimens mostly consist of calcite, and there was no detectable
vaterite (Figure 5.3). Abiotic and enzymatic mineral precipitates formed in the presence of BSA
has spherulite morphologies (Figure 5.1 C&D), but EICP-BSA was calcite, but both AICP-BSA

was vaterite.
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Figure 5.3: X-ray Diffraction spectra of AICP, EICP, AICP-BSA, and EICP-BSA samples.
Letters ‘c’ and ‘v’ indicate peaks indicative of calcite and vaterite, respectively. The AICP,

EICP, and EICP-BSA spectra appear to be dominated by peaks indicative of calcite, whereas the
AICP-BSA samples have peaks indicative of vaterite.
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5.4.1 BSA Modifies the Elastic Moduli and Hardness of enzymatically
induced mineral precipitates
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Figure 5.4: (A) Nanoindentation elastic moduli (Eiin GPa) and (B-E) their probability
distribution for AICP, EICP, AICP-BSA, and EICP-BSA samples. (A) Nanoindentation moduli
for abiotically and enzymatically induced precipitates formed without BSA were significantly
higher than the respective samples with BSA. The data points (0) on each box represent the
median of 50-100 indents for each replicate (n=4) in each experimental condition. The upper and
lower bounds of the boxplot represent the 25th and 75th percentiles, and the whiskers indicate
the minimum and maximum values. (B, C) The distribution of nanoindentation moduli in AICP
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and EICP is skewed left towards lower moduli. (D, E) The AICP-BSA and EICP-BSA samples
have a right-skewed distribution toward higher moduli.

The nanoindentation moduli of the samples were significantly influenced by the presence
of BSA (p=0.001), but not by the reaction type. i.e., abiotic vs. enzymatic precipitation reaction
(p>0.05) (cf. Figure 5.5 and Table 5.S1). The elastic moduli of AICP-BSA and EICP-BSA were
78.4% and 83.1% lower than their respective BSA-free AICP and EICP samples (p<0.001 in
both cases). The effect of BSA on the elastic moduli of the precipitates was independent of the
effect of reaction type (abiotic vs enzymatic precipitation), i.e., the interaction between the
presence of BSA and reaction type was not significant (p=0.1).

In contrast, the effect of BSA on the nanoindentation hardness of precipitates was
dependent on the effect of reaction type (reaction x protein, p = 0.01). The hardness of EICP was
significantly higher than that of AICP (3.32 +0.75 GPa vs. 2.42 +0.52 GPa, p=0.01), but the
hardness for AICP-BSA and EICP-BSA was not statistically significantly different (p=0.4, Table
5.1). As with nanoindentation elastic moduli, the nanoindentation hardness of the AICP-BSA
and EICP-BSA were significantly lower than AICP and EICP, respectively (p<0.001 for both

AICP vs. AICP-BSA and EICP vs. EICP-BSA).
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Figure 5.5: (A) Boxplots for nanoindentation hardness (Hiin GPa), (B) the resistance to inelastic
deformation (Hi/Ei) and (C-F) probability distributions of AICP, EICP, AICP-BSA, and EICP-
BSA samples. (A) Nanoindentation hardness for abiotically and enzymatically induced
precipitates formed without BSA were significantly higher than the respective samples with
BSA. The data points () on each box represent the median of 50-100 indents for each replicate
(n=4) in each experimental condition. The upper and lower bounds of the boxplots represent the
25" and 75™ percentiles, and the whiskers indicate the minimum and maximum values. (C, D)
The distribution of nanoindentation hardness in AICP and EICP skews left towards lower
moduli. (E, F) The AICP-BSA and EICP-BSA nanoindentation hardness have a right-skewed
distribution towards higher values.
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The probability distributions of nanoindentation moduli and hardness for AICP and EICP
are left skewed (Figure 5.4 B & C, Figure 5.5 C&D). For example, the 25" and 75" percentile of
nanoindentation hardness for AICP is between 2.12 and 3.7 GPa, with a small probability
distribution of hardness values <2 GPa. Similarly, the 25™ and 75" percentile of AICP
nanoindentation moduli is between 45.07 and 70.07 GPa, and a small probability distribution of
indents with moduli <25 GPa. Though indents were excluded on epoxy or evidently on epoxy
interfaces, some indents may nonetheless interact with epoxy subsurface and potentially
contribute to the few lower values.

The low elastic moduli for AICP-BSA may be due to the presence of vaterite (Figure
5.3). Yet, the reason for reduced elastic moduli in EICP-BSA is probably different. For EICP-
BSA samples, only calcite was detected while vaterite was below detection limits. Therefore, the
low elastic moduli in EICP-BSA are not necessarily low due to the presence of a less crystalline
mineral polymorph and may be due to the inter- and intra-crystalline protein-mineral
interactions.

The probability distributions of nanoindentation moduli and hardness for AICP-BSA and
EICP-BSA are right-skewed (Figure 5.4 D&E). This right skew could result from a few
precipitates with higher relative density in the AICP-BSA and EICP-BSA, where a few higher
relative density precipitates are interspersed with predominantly low relative density precipitates

(Figure 5.2 E&QG). Regions of high atomic density can have higher hardness (Rabiei et al., 2020).
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Table 5.1: Distribution of nanoindentation moduli and hardness data for abiotically and
enzymatically induced calcium carbonates formed in the presence and absence of BSA.

Nanoindentation Min Ql Median | Q3 Max IQR
modulus
AICP 6.912 45.07 | 61.352 | 70.0 |104.473 |25
1 71
AICP-BSA 7.176 10.59 | 13.253 | 17.5 |50.901 |6.978
3 71
EICP 7.835 57.95 | 65.088 |70.8 |94.407 | 12.865
6 21
EICP-BSA 7.352 9.67 11.022 | 13.4 |40.022 |3.747
18
Nanoindentation Min Ql Median | Q3 Max IQR
hardness
AICP 0.139 2.120 | 2.4285 |2.64 |3.701 0.5275
5 8
AICP-BSA 0.166 0.3 0.463 0.74 |3.02 0.441
1
EICP 0.113 2.874 | 3.3155 |3.63 |4.802 0.7593
2 35
EICP-BSA 0.163 0.271 | 0.341 0.48 |2.427 0.218
9

Previous research has shown that the hardness and modulus data from nanoindentation
can be used to assess elastic vs. plastic deformation in materials by measuring their Hi/Ei ratios

(Cheng & Cheng, 1998; Yang et al., 2008). A high Hi/Ei suggests a brittle fracture in materials

upon fracture and vice versa. Therefore, low Hi/Ei is a desirable feature of biominerals as it

represents a higher elastic vs. plastic deformation in materials (Labonte et al., 2017).

The resistance to inelastic deformation, used as an indicator of resistance to crack

propagation) was measured from the elastic modulus and hardness of the precipitates. The

resistance to inelastic deformation was significantly lower in the presence of BSA for both

abiotic and enzymatic calcium carbonate precipitates (Figure 5.4B). EICP specimen had the

highest resistance to deformation, whereas EICP-BSA specimen had the lowest resistance to

deformation in the presence of BSA (EICP vs. EICP-BSA, p <0.001). Overall, there was a
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significant effect of BSA on all material properties of the samples, i.e., nanoindentation modulus,
hardness, and resistance to inelastic deformation. For AICP vs. AICP-BSA and EICP vs. EICP-
BSA, the hardness and elastic moduli are significantly lower in the presence of BSA p <0.001.
The resistance to inelastic deformation (Hi/Ei) of EICP-BSA stands out as significantly lower
than all other precipitates (AICP-BSA vs. EICP-BSA, p=0.032, and EICP vs. EICP-BSA p<
0.001, Table5.S5).

In biogenic minerals, the low Hi/Ei or a high elastic response is explained by their
fracture mechanisms. For example, in marine shell bivalve Atrina rigida, fractures occur at the
micron and submicron scale during nanoindentation and the intracrystalline defects in minerals
offer tortuous paths for crack propagation (Deng et al., 2020). Such microscale fractures can
dissipate stress and block crack propagation and improve damage tolerance of biominerals.
Another reason for low Hi/Ei can also be the presence of low-stiffness components such as
organics or a biopolymer matrix. For example, Risan et al. showed that incorporation of
recombinant nacre protein hydrogel in the calcite crystals lowered their stiffness and hardness
(Risan et al., 2018). Since the hardness, as well as stiffness is significantly lowered for abiotic
and enzymatic calcium carbonate precipitates formed in the presence of BSA, there is a higher
probability that the mineral itself is not stiff or there is considerable incorporation of organics

into the minerals.

5.4.3 The Presence of BSA Increases Microscale Heterogeneity in
Biomineral Precipitates

To assess whether the low hardness and elastic moduli observed in AICP-BSA and EICP-
BSA precipitates were similarly represented at submicron scale, AFM force mapping was

conducted for the epoxy embedded AICP, EICP, AICP-BSA, and EICP-BSA precipitates. The
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AICP and EICP maps show a relatively uniform surface topography and a normal distribution of
moduli whereas the AICP-BSA and EICP-BSA samples show topographical variability and a
right skewed distribution of moduli (Figure 5.6 vs. Figure 5.7). To evaluate the distribution of
moduli in the AFM modulus maps, the data was first screened for modulus values that fit the
AFM tip calibration range. AFM moduli valued <0 GPa were excluded as illogical outputs and
>150 GPa were excluded due to the tip calibration limits. AFM moduli of epoxy regions were
calculated to be ~5.12 GPa, hence AFM moduli <5 GPa were eliminated to exclude epoxy rich

regions from the median calculation outputs.
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Figure 5.6: AFM modulus maps of (A) AICP and (B) EICP show a distribution of moduli across
the samples. The histograms were generated by screening the AFM modulus data and are
separated by modulus values: <5GPa (magenta) likely from epoxy regions and >5GPa and
<150GPa modulus values in (yellow) bins likely from calcium carbonate precipitates. The
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distribution of moduli for both (C) AICP and (D) EICP is quasi-Gaussian-normal; the AICP have
a higher number of events in the lower moduli regions <50GPa. Overall, the median of the AICP
moduli (59.5 GPa) are lower than the median of the EICP moduli (84.88 GPa), p>0.05 (Table
5.57).
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Figure 5.7: AFM modulus maps of (A) AICP-BSA and (B) EICP-BSA precipitates show a
distribution of moduli across the samples. The histograms were generated by screening the AFM
modulus map data, and separated by modulus values: <5GPa (magenta)for epoxy regions and
>5GPa and <150GPa modulus values in (yellow) bins likely from calcium carbonate precipitates.
The distribution of moduli for both (C) AICP-BSA and (D) EICP-BSA are left skewed and in
agreement with the nanoindentation data in (Figure 5.4 D&E). The upper limit of moduli for
AICP-BSA is lower (50 GPa) as compared to EICP-BSA precipitates (150 GPa).
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Table 5.2: Sample medians of elastic modulus (GPa) of regions analyzed using AFM force
mapping.

AFM map region | AICP EICP AICP-BSA EICP-BSA
1 42.6 55.99 12.88 10.34

2 57.78 60.87 11.96 13.23

3 47.65 84.09 11.76 9.06

4 73.18 84.2 11.12 22.44

The larger size and higher AFM moduli (indicative of higher compactness) of AICP and
EICP samples potentially minimized the penetration of epoxy and its interference with the
moduli measurements. There is a clear distinction between the bins with moduli <5 GPa and the
ones that are higher (Figure 5.6 C&D). The AFM moduli for AICP and EICP show a normal
distribution (Figure 5.6). However, the AICP-BSA and EICP-BSA samples show a left skew in
their moduli distribution (Figure 5.7).

The distributions of moduli in AFM maps highlight differences in moduli gradation
between AICP-BSA and EICP-BSA samples. The EICP-BSA samples have a broader range of
moduli distribution (5 to 150 GPa) than the AICP-BSA (5- 50 GPa). The upper bound of AFM
moduli in EICP-BSA samples is limited by tip calibration.

The low AFM moduli for the EICP-BSA are in agreement with the nanoindentation
analyses (Figure 5.3). These low moduli occur despite the presence of calcite in the samples as
indicated by XRD analyses, and thus indicate changes in the moduli of mineral precipitates due

to presence of BSA. Although specific mechanisms for the low moduli in the presence of BSA
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remain unclear, the possibility that the moduli are low due to the presence of intracrystalline
BSA remains a strong possibility.

The ring structure observed in the topography maps of the precipitates in AFM phase
diagram of EICP-BSA (Figure 5.7 C) is similar to ring structures observed in the BSE image
analysis (Figure 5.2 D). The AFM phase diagrams are influenced by a complex set of
topographical and compositional factors. The dark regions observed in phase diagrams are also
the low moduli regions on modulus maps which indicate that factors other than topography, such
as compositional or density differences, influence the high contrast in the ring structures in
EICP-BSA precipitate (Figure 5.7 D). The formation of mineral growth rings in AICP-BSA and
EICP-BSA precipitates observed in BSE images, and AFM phase maps are also imitations of
lamellae formed in mussels and alternating layers of organics in the shell of pearl oysters (Wallis
et al., 2022). Furthermore, the gradation in moduli of AICP-BSA and EICP-BSA is also
reminiscent of the gradation of moduli in biogenic mineral precipitates where organics are
present in biominerals (North et al., 2017).

While the material properties of these biominerals formed in the presence of BSA are
incomparable to biogenic minerals in strength and stiffness, the outcomes of this study provide
evidence that organics can be used to modify material properties of biominerals in ureolytically
induced mineral precipitates. Optimization of the types of organics used and their concentrations
can be used to develop not only structure-property relationships in such biominerals but also
develop methods to manipulate microscale material properties for enhanced macroscale
performance of biominerals in engineered applications as well design of biomineral aggregates

with specific morphologies and material properties.
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5.5 Conclusions

This work shows that BSA can alter the structural and material properties of biominerals.
The abiotically and enzymatically induced calcium carbonate (AICP and EICP) precipitates
formed in the presence of BSA (AICP-BSA and EICP-BSA) had smaller particle sizes as
compared to the AICP and EICP formed without BSA. The AICP-BSA and EICP-BSA
precipitates also exhibited density variations within the precipitates during backscattered
imaging. The nanoscale structural heterogeneity in the precipitates was confirmed by AFM phase
diagrams. The mineral precipitates in the presence of BSA had lower elastic moduli and hardness
than their BSA-free counterparts in the absence of BSA. The lower moduli of abiotic and
enzymatic precipitates were confirmed by AFM force mapping of the mineral precipitates. The
low moduli regions in AFM maps also corresponded with the phase contrasts in AFM phase
diagrams. Overall, these results indicate that morphology and material properties can be
manipulated in ureolytically induced mineral precipitation through purposeful addition of
organics. Further research in this area will support the advancement of biologically induced
mineralization with higher control on mineral morphology and material properties to deliver
macroscale toughness for engineering applications such as construction, binder and adhesive

applications.
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Figure 5.S1: Sample curves with representative effects of (A, B) strain hardening, (C) strain
softening, and (D) porosity on the load depth profiles. (B) Stiffening in only the loading part of the
curve indicates strain-hardening effects. (C) The load depth profile with a relatively long plateau in
the early parts of the loading curve shows potential strain-softening effects. (D) The displacement
bursts on the load depth profile indicative of pores in the mineral samples.
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Figure 5.S 2: Example subsets of load depth profiles for (A) abiotically induced calcium carbonate
precipitates (AICP), (B) enzymatically induced calcium carbonate precipitates (EICP), (C) AICP in
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Table 5.S1: A two-factor ANOVA tested the effect of reaction type and BSA on the
nanoindentation modulus (Ei) of the minerals. The nanoindentation modulus data was log-
transformed to improve the normality and homoscedasticity of data.

Source DF Adj SS | Adj MS | F-Value | P-Value
Reaction 1 0.530 0.5300 | 0.49 0.491
Biopolymer 1 94.006 | 94.0059 | 86.19 0.000
Reaction*Biopolyme | 1 1.973 1.9725 | 1.81 0.189

r

Error 29 31.628 | 1.0906

Total 32 126.320

Table 5.52: A two-factor ANOVA tested the effect of reaction type and BSA on the
nanoindentation hardness (Hi) in minerals. The nanoindentation hardness data was log-
transformed to improve the normality and homoscedasticity of data.

Source DF | AdjSS | AdjMS | F-Value | P-Value
Reaction 1 ]0.0391 |0.0391 0.66 0.424
Biopolymer 1 |21.3328 | 21.3328 | 358.79 0.000

Reaction*Biopolymer | 1 0.7556 | 0.7556 12.71 0.001

Error 29 | 1.7243 | 0.0595

Total 32 | 23.3676
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Table 5.S3: Tukey simultaneous tests for differences in interactions between the effect of
reaction type and the presence of BSA on the Hi of the minerals.

Difference of Reaction | Differen | SE of Simultaneo | T- Adjusted P
*Biopolymer Levels ce of Difference | us Valu | Value
Means 95% CI e

(AICP) -(AICP-BSA) | 1.539 0.136 (1.168, 11.29 | 0.000
1.910)

(EICP-BSA) - (AICP- | -0.276 0.172 (-0.745, -1.60 | 0.395

BSA) 0.194)

(EICP) - (AICP) 0.438 0.102 (0.161, 4.31 |0.001
0.714)

(EICP) - (EICP-BSA) |2.252 0.147 (1.853, 15.37 | 0.000
2.651)

Individual confidence level = 98.91%

Table 5.S4: A two factor ANOVA tested the effect of reaction type and BSA on the resistance to
deformation (Hi /Ei) in minerals.

Source DF | AdjSS | Adj F-Value | P-Value
MS

Reaction 1 112 112 0.01 0.936

Biopolymer 1 650723 | 650723 | 38.38 0.000

Reaction*Biopolymer 1 157653 | 157653 | 9.30 0.005

Error 29 1491681 | 16955

Total 32 1270565
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Table 5.S5: Tukey simultaneous tests for differences in interactions between the effect of
reaction type and presence of BSA on the resistance to deformation (Hi /Ei) in minerals.

Difference of Differen | SE of Simultaneou | T- Adjusted P-
Reaction * ce of Difference | s 95% CI Value | Value
Biopolymer Means

Levels

(AICP) - (AICP- | 168.1 72.8 (- 2.31 0.119
BSA) 30.1,366.3)

(EICP-BSA) - -167.3 92.1 (-417.9, -1.82 0.286
(AICP-BSA) 83.4)

(EICP) (AICP) 158.6 543 (10.9,306.3) | 2.92 0.032
(EICP) - (EICP- 494.0 78.2 (281.0, 6.31 0.000
BSA) 707.0)

Table 5.S6: A two factor ANOVA tested the effect of reaction type and BSA on the log
transformed AFM moduli of minerals.

Source DF | AdjSS | AdjMS | F-Value P-Value
Sample 1 0.1146 | 0.1146 1.73 0.214
BSA 1 10.2692 | 10.2692 | 154.60 0.000
Sample*BSA 1 0.0314 | 0.0314 |0.47 0.505
Error 12 {0.7971 | 0.0664

Total 15 | 11.2123




118

Table 5.S7: Tukey simultaneous tests for differences in interactions between the effect of
reaction type and presence of BSA on the AFM moduli of minerals.

Difference of Difference | SE of Simultaneou | T- Adjusted

Sample*BSA of Means Diftference | s 95% CI Value | P-Value

Levels

(AICP) - (AICP- | 1.514 0.182 (0.972, 8.31 0.000

BSA) 2.055)

(EICP-BSA) - 0.081 0.182 (-0.461, 0.44 |0.970

(AICP-BSA) 0.622)

(EICP) - (AICP) | 0.258 0.182 (-0.283, 142 |0.514
0.799)

(EICP) - (EICP- | 1.691 0.182 (1.150, 9.28 | 0.000

BSA) 2.232)
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CHAPTER SIX

FUTURE CONSIDERATIONS FOR THE USE OF BIOMINERALIZATION IN THE

DEVELOPMENT OF SUSTAINABLE ADHESIVES

Replacing hazardous chemicals and manufacturing processes with safer chemicals and
greener technologies is a key investment toward sustainability and the health and safety of the
environment, workers and consumers. While regulatory compliance limits the use of hazardous
commercial adhesives, the use of hazardous reagents (e.g., isocyanates), which can have short-
and long-term detrimental health effects, remains common in the production of adhesives
(Marques et al., 2020). Petro-based adhesives with highly volatile organic compounds also
remain persistent in the market (Kozicki & Guzik, 2021; Li et al., 2021; Tolls et al., 2016; Wilke
et al., 2004). The demand for safer alternatives remains high, but the availability of alternatives
is limited by their mechanical and adhesive performance (Bennett, 2012). The mechanical
properties and adhesive performance of conventional petrochemical-derived adhesives have been
well-established over several decades of research and advancement (Banea & Da Silva, 2009;
Budhe et al., 2017; da Silva et al., 2018).

Biobased adhesives made by biopolymer and bioderived polymers are less established
and remain limited to non-structural applications (Packham, 2009; Steven Abbott, 2019).
Strategies such as the incorporation of nanoparticles or the microencapsulation of nanoparticles
with hazardous but efficient cross-linkers have been some of the potential solutions to enable
eco-friendly biobased structural adhesives (Helanto et al., 2021, 2022; Podlena et al., 2021; Qi et
al., 2016; Sun et al., 2021). The use of nanoparticles as polymer fillers is not unique to

biopolymers. These nanoparticle-based modifications and crosslinking reactions have been
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common for synthetic and petrol-based polymers as well (Oliveira et al., 2018; Thorvaldsen et
al., 2015; Tjong, 2006). Yet in the development of biopolymers, the goal is to minimize the use
of hazardous or toxic reagents. The use of several bioinspired crosslinking strategies has been
developed for biobased adhesives (Bukartyk et al., 2022; Cui et al., 2023; Ghahri et al., 2021),
but these methods are biopolymer specific and may not be scalable.

An alternative method proposed in this work is the use of biomineralization in the
development of biopolymer mineral composites and adhesives. Biomineralization in nature
involves the formation of mineral precipitates by highly controlled cellular processes and their
byproducts or passively due to interactions between microbial activities and organic contents and
inorganics (Harris et al., 2017; Weiner, 2008). Biomineralization induced by ureolytic bacteria
Sporosarcina pasteurii isolated from soil has been central to the advancements in the use of
biominerals for engineering applications (Phillips et al., 2013; Zhu & Dittrich, 2016). The
ureolytic reaction is a robust method for the formation of biominerals, which has been shown to
be effective in surface and subsurface applications (Krajewska, 2018). Ureolytic
biomineralization generally uses low-cost material and exhibits high rates of ureolysis, and
therefore mineral precipitation, compared to other methods of biomineralization (Hammes &
Verstraete, 2002; Ma et al., 2020). Ureolytically induced biomineralization does not involve any
processing of minerals to bind with biopolymers or crosslinking reactions.

In nature, the ureolytic reaction occurs in the presence of a large variety of organic
components, the most common sources are the local flora and fauna (Decho, 2010; Dhami et al.,
2018). It is therefore reasonable to hypothesize that biomineralization can be compatible with a
large range of biopolymers. In this work, the ureolytic reaction by Sporosarcina pasteurii and

jack bean urease was carried out with two common biopolymers: soy- and gum-based products
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for adhesives and food packaging films. Soy protein has been extensively researched for
applications as a wood adhesive, whereas guar gum is common in the food packaging industry
due to its high safety index. It is proposed here that biomineralization carried out in the presence
of organics may offer a non-specific and transferrable method for the formation of biobased
mineral composites.

For the development of viable options for sustainable adhesives, it is essential that the
relevant process parameters are optimized. The ureolytically induced calcium carbonate
precipitation (UICP) was carried out by Sporosarcina pasteurii and a jack bean meal-based cell-
free urease source. The concentrations of the urease source were optimized for each biopolymer
type, soy protein, and guar gum. It was found that the calcium concentrations in the formulations
can be increased up to an optimal concentration for the highest adhesive strength of the
composites, but beyond the optimal concentration, the adhesive strength of the composite
suffers. Both S. pasteurii and jack bean urease-induced calcium carbonate precipitation (MICP
and EICP respectively) in soy protein biopolymer delivered similar adhesive performance and
reached up to 1.5 MPa adhesive strength on glass surfaces. The MICP-reinforced adhesives were
also tested on stainless steel surfaces and showed adhesive strength of up to 1.9 MPa. In MICP
and EICP-reinforced guar gum adhesives had 2.5x higher adhesive strength than the guar gum
itself. The adhesive strength of the MICP and EICP-reinforced adhesives was more than 6x
higher than for soy protein itself. Further research directed towards development of biomineral
biopolymer adhesives needs to target adhesive-surface interactions and durability of the
adhesives.

One of the key characteristics of the adhesive performance needed for product and

process specification of biobased adhesives is the reporting of failure characteristics of the



122
adhesives (Banea & Da Silva, 2009). This implies the relationship between adhesion and/or
cohesive strength must be substantiated by testing the performance of an adhesive in lap shear
tests. The failure characteristics of MICP-reinforced adhesives were evaluated by image analysis
of the bonded regions of a lapjoint after failure. The residual amount of composite on either side
of the bonded region was used to determine the fraction of adhesive vs. cohesive failure. A
significant fraction of failure in the composites was found to be of adhesive nature. Ideally, the
preferred failure mode for composites is a cohesive failure to achieve the highest possible
adhesive strength, where all the failure occurs within the composite and none at the interface of
the bonded surfaces (da Silva et al., 2018; Frihart, 2010). Conventionally, surface pretreatments
ensure the highest cohesive failure in adhesively bonded lapjoints (Marques et al., 2020).
Optimization of surface pretreatments are needed to define pre-treatment parameters for bonding
adhesives. In this work, only the characteristics of the composite itself were optimized.

Surface pretreatment studies should be carried out to support the next steps in the
optimization of the UICP adhesives. By making evaluations based on cost, time and
effectiveness of each treatment, there is a large range of surface preparation methods that can be
selected based on the application needs and resource availability. One of the easiest surface
preparation methods is mechanical roughening of surfaces, such as by manual roughening,
sandblasting or similar; on the other hand, the most effective method for surface preparation for
commercial adhesives is the use of plasma treatments (da Silva et al., 2018).

The optimization of adhesive development needs to be technically and environmentally
competitive. This includes the determination of adhesive performance after application (Banea &
Da Silva, 2009; Marques et al., 2020). The durability testing of the UICP-reinforced adhesives

was carried out by testing the adhesively bonded lap joints after 24-hour immersion in deionized
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water. In a 24-hour immersion test, it was determined that MICP-reinforced adhesives retained
81% of their adhesive strength after 24-hour immersion, while soy protein alone was solubilized
within a few hours, and the bonded lapjoints deteriorated. It was also noticed here that while the
adhesive strength of MICP and EICP-reinforced adhesives were similar in previous experiments,
the EICP-reinforced adhesives exhibited a significantly lower water resistance and had no
adhesive strength post 24-hour immersion.

Further durability testing of MICP-reinforced adhesives was carried out at 7-day
immersion, relative humidity, and temperature exposures. It was found that the performance of
the composites was reliable at room and below-freezing (-20°C) temperatures but not at high
temperatures (=100°C). Hence, the performance of the MICCs was maintained at low to
moderate humidity of up to 50% for 7 days, but the lapjoint performance was severely
compromised after 7-day exposures to 80% RH or full immersion in water. The XRD and TGA
analyses showed that the low molecular weight organics and ammonium chloride salt in the
composites disappeared from the adhesive during immersion. Furthermore, at high-temperature
exposures (300°C), lower organics and ammonium chloride were volatilized. The thermal and
physical stability of the MICP-reinforced adhesives was potentially limited by the organics and
highly soluble salts, like ammonium chloride. The biodegradability of the biobased composites
can be valuable for some applications where biodegradability is desirable. e.g., in food
packaging. One future consideration in improving the water resistance of MICP adhesives for
longer exposure periods (greater than 24 hours) might be to lower the concentrations of soluble
ammonium chloride. While 7-day exposures of MICP adhesives to 100°C in this work lowered
the adhesive strength of the composites, shorter high temperature exposures (>100°C but <180°C

for 1 hour) have been shown to improve both the adhesive strength and water resistance of soy-
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based adhesives (Frihart et al., 2016; Koshy et al., 2015; Vnucec et al., 2016). It would therefore
be valuable to add a heat cure step for a few minutes to improve the adhesive strength and the
water resistance of MICP-reinforced adhesives. Heat shock can cause damage in S. pasteurii cell
integrity, which can release the intracellular urease enzyme and increase the efficiency of
ureolysis (Akyel, 2022) The heat treatment of lapjoints as a curing step may have the additional
benefit of lowering the curing time by evaporating water at high temperatures.

An important design consideration for a biomimetic synthesis of biominerals using
biomineralization is the influence of organics on the structure and material properties of the
resulting biominerals (Cranford et al., 2013; Deng & Li, 2021; Weiner, 2008). The interactions
between organics and minerals during the biomineralization process are governed by a complex
set of kinetic parameters that influence the crystallization of precipitates (Harris et al., 2017;
Weiner & Dove, 2003; Williams, 1984). The microscale structure of the biominerals is central to
the performance of biomineral composites in nature and for the synthesis of materials for
engineering applications (Deng & Li, 2021; Labonte et al., 2017). Overall, the role of organics in
ureolytic biomineralization is unexplored and unexploited. Very few studies have evaluated the
use of organics as control parameters in UICP (Heveran et al., 2019; Xu et al., 2019), and
structure-material property relationships in UICP have yet to be established. For the application
of UICP-reinforced adhesives, it is very important to identify the control parameters to deliver
reproducible structure and material properties in the biominerals.

For higher complexity systems with an abundance of organics, for example in
microbially induced biomineralization which have organic-inorganic interfaces on the bacterial
cell walls and produce extracellular polymeric substances, the cause-effect relationships for

organic-mineral interactions are harder to pinpoint (Decho, 2010). For simplified organic-
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mineral interaction dynamic, we tested the influence of the bovine serum albumin (BSA)
biomacromolecule on the structure and material properties of calcium carbonate precipitates
formed by cell-free enzyme suspension of jack bean urease. The enzymatically induced calcium
carbonate precipitation was carried out independently and in the presence of BSA. In
comparison, abiotic calcium carbonate precipitation was induced by mixing a solution of sodium
bicarbonate and calcium chloride. The abiotic calcium carbonate precipitation was also carried
out in the presence of BSA.

A unique feature of the mineral precipitates formed in the presence of BSA was their
growth patterns that resembled those of geologic and biogenic biominerals. Since the organics
from local flora and fauna have been a part of the co-evolution of mineralization in microbes and
higher phyla of organisms (Dong et al., 2022), it is a reasonable outcome that an animal-based
protein, BSA, induced structural features in biominerals that are similar to geologic calcite. The
presence of BSA modified the structure as well as the material properties of the minerals. The
nanoindentation moduli and hardness of AICP and EICP in the presence of BSA were lower than
for AICP and EICP formed in the absence of BSA. The decrease in hardness and elastic moduli
of the biominerals formed in the presence of BSA was non-linear, and the BSA based
biominerals showed high resistance to inelastic deformation. The structural variations in the
AICP-BSA and EICP-BSA precipitates also translated to submicron scale decrease in their
moduli. It is known that microscale gradation in structure and moduli in biominerals is
influenced by organics has been proposed to be responsible for toughening of biominerals from
micro- to macro scales (Barthelat et al., 2016; Harris et al., 2017; Tjong, 2006). To develop

outcome-focused advancements in the use of organics, the structure-material property
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relationships at the microscale need to be further tested against their performance in engineered
applications.

The outcomes of this study support the development of biomineral-based composite
adhesives with a relatively simple process design. The design parameters optimized for UICP
adhesives in this study include the urease source and mineral content of the composites. The
microbially induced calcium carbonate composites had significantly higher water resistance than
biopolymers alone and enzymatically induced calcium carbonate composites. Additionally, we
identified factors associated with the durability of the UICP adhesives, which can support further
research into the advancement of biomineralization-based adhesives. The presence of
biomacromolecules such as soy protein and BSA during calcium carbonate precipitation have a
demonstrated influence on the material properties of resulting composite adhesives and
biominerals themselves. The effect of soy protein on the strength of the adhesive and the effect
of BSA on the micro- and nano-scale structure of biominerals demonstrates that protein
biomolecules can be used to alter the nanoscale structure and therefore, potentially the
macroscale properties of the composites, too.

While many parameters can be further tested and optimized for biopolymer-biomineral
adhesives, it is important to determine the application niche for these adhesives beyond this
stage. The application of the composites determines appropriate testing methods beyond lap
shear tests. Overall, biomineralization is a potentially highly adaptable method for the production
of mineral based adhesives, and with the availability of organics as a control parameter toolbox,

the possibilities are potentially unlimited.
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APPENDIX A

SPATIO-TEMPORAL PROFILE OF CALCIUM CARBONATE MINERALS IN

SPOROSARCINA PASTEURII BIOFILMS
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The goal of this study was to determine the spatial distribution of calcium carbonate

minerals in biofilms, and the effect of calcium carbonate minerals on biofilm formation.

Methods

Sporosarcina pasteurii biofilms were grown in drip flow reactors at a flow rate of
Iml/min, at 30°C for 48 hours, the biofilm growth was promoted in two stages, batch phase of 6
hours and continuous flow for 42 hours.

To carry out fluorescence microscopy of biofilms were stained with SYTO9 and
propidium iodide (Live/Dead stain). Green (SYTO?9) indicates cells with intact cell membranes
(‘Live’), while red (propidium iodide) indicates cells with compromised cell membranes or
extracellular DNA (‘Dead’). Reflection (white) was used for minerals. The Images were acquired
on a Leica TCS SP5 II confocal laser scanning microscope.

For critical point drying, biofilm samples were sequentially dehydrated in 25, 50, 75, 95
and 100% ethanol and critical point dried using a Tousimis Samdri-795 critical point drier.
Topographical Images were acquired using a Zeiss SUPRA 55VP Field Emission Scanning

Electron Microscope.
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Figure A 1: Field Emission Scanning Electron Microscopy of biofilms. (1) Biofilms grown in the
absence of calcium (and therefore minerals) consist of chains of bacteria. Elongated cells (A, B)
can be seen actively dividing to form chains of cells. (2) Biofilms grown in the presence of
calcium during continuous flow show cells associated with minerals. A few cells appear to have
minerals associated with cell walls (D), indicating that these might have been sites for
nucleation. (3) In biofilms formed in the presence of calcium in both batch and continuous flow,
chains of bacterial cells as well as cells growing on the surface of minerals can be seen, while
some cells are entombed in the mineral (F). Mineral morphology appears to be amorphous (G)
and vaterite-like (H). Confocal Laser Scanning Microscopy shows 3D images of biofilms
without minerals. (4a) Biofilms formed without mineral precipitates show the distribution of
viable and non-viable cells. The cells are connected end to end forming chain like structures,
shown in previous work in the lab as well (Schultz et al., 2011). (4b) The cross-section of the
biofilm shows higher numbers of non-viable cells (I) on the surface while viable cells (J) appear
to be more prominent at the bottom of the biofilm. (5a) 3D image of biofilm formed in the
presence of calcium only in continuous flow shows cell attached to the surface of minerals which
form a dome-like structure. (5b) In the cross section the dome structure appears to be hollow (K)
due to the opacity of the mineral which limits the penetration of light into the sample. (6a) 3D
image of biofilm formed in the presence of calcium throughout the batch and continuous phase.
Image 6b shows a vertical cross-section of the biofilm. The bottom of the biofilm appears hollow
due to limited penetration of light through the mineral (L).
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Figure A 2: The change in urea concentration in the drip flow reactors with S.pasteurii growth in
continuous flow drip flow reactor over time. The data is shown for ureolysis in the presence of
urea only () urea and calcium added to continuous growth phase (®), and urea and calcium
added in both the batch and continuous growth phase (®).
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Figure A 3: The change in pH in the drip flow reactors with S.pasteurii growth in continuous
flow drip flow reactor over time. The data is shown for ureolysis in the presence of urea only ()
urea and calcium added to continuous growth phase (@), and urea and calcium added in both the
batch and continuous growth phase ()

Concluding Remarks

The spatial organization of cells varies depending on the presence or absence of calcium
the presence or absence of calcium in the batch phase affects mineral morphology under
continuous flow. Future work will focus on the effect of these minerals on the mechanical

properties of the biofilms.
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APPENDIX B

BIOMINERALIZATION IN 3D PRINTED HYDROGELS
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A PEGDA hydrogel containing E.coli cells was 3D printed using a Forman Lab2 3D
printer. The 20mm x 2mm hydrogel was placed in a Drip Flow Reactor setup described in
Appendix A. LB medium containing urea and calcium (0.33M in 1:1 ratios) was dripped into the
drip flow channels to promote bacterial growth and induce mineral precipitation. The reactor was

run for 24 hours and then the hydrogel was observed under the confocal microscope.

Drip-flow Reactor

Nutrients, O,

Medium:

—Waste container

e —"
MSU Center for Biofilm Engineering

" < % v A = il

was used to observe hydrogel in reflection
mode where (white) mineral precipitates can be observed against the (black) hydrogel
background. The E.coli bacterial cells carried the green fluorescent protein (gfp) gene. The scale
bars represent 20pum length scale. It was noted that the cell clusters do not always align with
areas of mineral precipitation, indicating that the carbonate ions may travel some distance from
the cell before mineral precipitation occurs.
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Figure B 2: Reflection and transmission overlay image of a vertical section of hydrogel. A 5-
7um thick cryosection of the hydrogel observed under the confocal laser scanning microscope.
Reflection imaging was used to identify mineral-rich regions in the hydrogels. The string-like
structures observed vertically indicate freezing and dehydration artifacts introduced in the
samples. The height of the hydrogel was measured to be 800um on average.

The mineral precipitates (Figure B2) appear to be spread throughout the hydrogel, and
thus calcium is available throughout the hydrogel (because without calcium the mineral
precipitates could not form). Also, ureolysis appears to be occurring throughout the hydrogel
because ureolysis provides the second component (CO3%) necessary for calcium carbonate
precipitation. The top (oxic) and bottom (relatively anoxic regions) of hydrogels have similar
mineral aggregate distribution. Experiments conducted by Tobler et al. show that the rates of
ureolysis in S.pasteurii and therefore their calcite precipitation potential remains similar in oxic
and anoxic growth media (Tobler, et al., 2023).

Further rheological analyses of the hydrogels did not show noticeable changes in the
storage and loss moduli of the hydrogels before and after mineral precipitation. However,

slipping the hydrogels during rheometry potentially limits the reliability of the outcomes.
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APPENDIX C

EFFECT OF SURFACE ROUGHENING ON THE ADHESIVE STRENGTH OF

BIOMINERAL-BIOPOLYMER ADHESIVES
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Surface roughening of the stainless-steel slides was carried using sandpapers with_grit
size120 to achieve a surface roughness (Sa) value of 1.3. The stainless-steel coupon was
roughened by placing a 150g (1.5N normal force) on the glass slide. The sanding was carried out
for 1 minute at 30s intervals. The slides were then cleaned by sonication in 100% ethanol for 1

minute to remove all sanding residue.
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Figure C 1: Adhesive shear strength of soy protein-based microbially induced calcium carbonate
(MICP) reinforced adhesives on stainless steel lapjoints. The bacterial cell densities (OD) were
0.4+0.3 and 1.0£0.3, and surface treatments were (R) roughened and (NR) untreated stainless-
steel surfaces. The upper and lower bounds of the boxplot represent the 25" and 75" percentiles,
and the whiskers indicate minimum and maximum values. The median is indicated by a
horizontal straight line. There was no difference between the adhesive strengths observed with
roughened and untreated stainless-steel surfaces for either low or high OD MICP-reinforced
adhesives (p>0.05).
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APPENDIX D

THE INFLUENCE OF SOY PROTIEN ISOLATE AND GUAR GUM ON UREOLYSIS BY

SPOROSARCINA PASTEURII
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Figure D 1: (Left) Ureolysis by Sporosarcina pasteurii in the presence of (¢) urea at 0.33M
concentration, (®) soy protein isolate and urea, ( A) soy protein isolate, urea and calcium at 1:1
M ratios, and (right) corresponding pH changes in the growth media during ureolysis.
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Figure D 2: (Left) Ureolysis in the presence of presence of (A ) urea and calcium at 0.33M

concentrations (®) guar gum, urea and calcium, and (right) corresponding pH changes in growth
media during ureolysis.

24

It was noted that the rates of ureolysis are influenced by the biopolymer type. Differences
in ureolysis rates did not significantly influence the pH in the presence of calcium ions. Further
analysis, such as quantitative TGA, can determine the effect of biopolymer type on the mineral

content produced under altered ureolysis kinetics.
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