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ABSTRACT OF THE DISSERTATION

An Engineering Approach to Biological Materials and Chemistry: Leveraging Nature's
Ability to Optimize Toughness, Mass Transfer, and Specific Binding Chemistry

by

Sean Nolan Garner

Doctor of Philosophy in Materials Science and Engineering

University of California San Diego, 2022

Professor Andrea Tao, Chair
The complex structure of the collagen in the dermal armor of the boxfish provides
a rich source of bioinspired engineering for fiber-reinforced composite materials.
Advanced imaging and material characterization of this complex collagen structure
revealed a Bouligand-type structure common in impact resistance biological materials.
These Bouligand-type structures were shown to have several additional characteristics that
included helical interfibrillar gaps, unidirectional collagen reinforcement of specific

loading axes, and were uniquely organized into higher order structures referred to as a

Xviii



nested-box structure. /n situ mechanical tests coupled with finite element simulations were
performed to further demonstrate structure and failure mechanics of the dermal armor.

The silica cell wall of a diatom, abundant microalgae 1 — 100 um in size, contains
highly ordered hierarchical porosity and is widely available through its fossilized form,
diatomite. The research uses diatomite to fabricate a monolith with unidirectional lamellar
walls (~15 um) via freeze casting that allows for efficient mass transport of fluids (i.e., low
pressure-drop) while maintaining sufficient mechanical properties. In this study, control
over the monoliths was explored by varying the mass ratio of diatomite and sodium
carbonate and the solids ratio in the initial slurry before freeze casting.

A point-of-care biosensor based on a surface-enhance Raman spectroscopy (SERS)
sandwich assay platform is developed using silver nanocubes (AgNCs) on a gold capture
substrate. The biosensor leverages the specific binding chemistry of the streptavidin-biotin
system, one of the strongest non-covalent interactions in nature, by functionalizing both
the AgNCs and the capture substrate with a heterobifunctional ligand, biotin-polyethylene
glycol-thiol. The model analyte, streptavidin, is then used to bind the exposed biotin head
groups on the AgNCs and the capture substrate to form the sandwich assay. The SERS of
a Raman reporter, 2-naphthalenethiol, which is also bound to the AgNC surface is then
obtained for a highly sensitive quantification of the streptavidin present. Further
functionalization and surface treatment of the capture substrates were performed to reduce

the non-specific binding of AgNC.
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CHAPTER 1: The Role of Collagen in the Dermal Armor of the Boxfish
1.1 Abstract

This research aims to further the understanding of the structure and mechanical
properties of the dermal armor of the boxfish (Lactoria cornuta). Structural differences
between collagen regions underlying the hexagonal scutes were observed with confocal
microscopy and microcomputed tomography (u-CT). u-CT revealed a tapering of the
mineral plate from the center of the scute to the interface between scutes, suggesting the
structure allows for more flexibility at the interface. High-resolution x-CT revealed, for the
first time, a 3D image of the dermal armor’s complex collagen structure. Helical
interfibrillar gaps in the collagen base were found that are similar to the Bouligand-type
structure of the lobster, Homarus americanus, thereby suggesting that the collagen in the
boxfish is also of a Bouligand-type structure. /n situ scanning electron microscopy tests
were performed in shear and tension between two connected scutes and suggest that the
interfacial collagen is structurally designed to preferentially absorb energy during
deformation to protect the internal collagen. Similarly, in situ small-angle x-ray scattering
was performed in shear and tension and further corroborated the complex collagen
structure. Lastly, these experimental results are coupled with finite element simulations
that characterize the interfacial collagen and corroborate the non-linear deformation
response seen during in situ testing. Overall, these findings further the understanding of

the structure and mechanics of the dermal armor of the boxfish which may help provide a



basis to synthesize bioinspired composites for impact-resistant materials, specifically with
bioinspired Bouligand-type structures to create novel fiber-reinforced composites.
1.2 Introduction

Overlapping scale patterns are common amongst marine and freshwater fish
species. These overlapping structures have developed as full coverage of the fish’s body
which simultaneously provide protection from predators while maintaining flexibility for
swimming and other body motions [1]. There are, however, a small number of fish species
that employ more rigid armor. Many of the species in the Ostraciidae family use rigid
armor in their defense [2, 3]. Recent work by Yang et al. [4] provided insight into the armor
of the boxfish, but also provided for a number of additional questions into this alternative
armor style.

The scales and scutes of fish species are capable of providing effective protection
from predation through a layered, composite structure [5-8]. This structure tends to consist
of a highly mineralized surface plate (often made of bony or enamel-like materials) and a
less-mineralized, collagen base [6, 7, 9-12]. The less mineralized collagen base is most
often formed in a twisted plywood, or Bouligand structure [13-15], which consists of planes
of aligned collagen fibrils stacked on top of each other with each layer slightly rotated [1].
The Bouligand structure also appears in several other impact resistant biological materials
including the exoskeletons of arthropods and the dactyl club of the mantis shrimp [16-18].
The reason for its universality within biopolymer composites in the natural world is due to
its optimization of several parameters including (1) creating quasi-isotropic fiber

reinforced materials to avoid weakness in a given axis; (2) allowing for the fibers to reorient



along the loading axis to provide more resistance [13]; (3) improving energy dissipation
and stress relaxation by influencing cracks to follow the helical fiber orientations thereby
maximizing crack surface area per unit volume [19].

When attacked by a predator, the layered structure of fish scales and scutes provides
both protection from the sharp piercing action of a tooth (through the hardened surface
plate) and the powerful compressive and crushing force of the jaws (through the tough
collagen base) [7]. Beyond the functions of an individual scale, the overlapping structure
of scales can provide protection. Vernerey and Barthelat [20-22] analytically studied these
structures in fish and showed that, by balancing the scale length and spacing between scales
with the total body length, many species are capable of large overall body flexibility, while
minimizing the rotation of individual scales, thus resisting puncture when attacked. While
this overall body flexibility is important for motion, it also plays a significant role in
defense. In addition, the flexibility of the body itself provides some energy absorbance as
the piercing tooth of a predator will cause the body to deform and the overlapping scales
to lock together before stress is directly applied to the scale [22]. Due to this success,
overlapping scale structures are found in a variety of animals including most teleost fish
[7,9, 11, 12, 23], pangolin [24], and chiton [25], and has led to a number of bioinspired
armor designs [8, 26]. Given these benefits of overlapping structures, a fish species that
employs rigid armor would be unwise to forsake all flexibility.

In this study, the dermal armor of the longhorn cowfish (Lactoria cornuta, Figure
1.1), a type of boxfish, is structurally and mechanically characterized. Figure 1.2 shows a

diagram of the features of the boxfish’s armor, similar to those previously reported [3, 4].



The rigid armor consists of non-overlapping, primarily hexagonal scutes (Figure 1.2a) [4].
Similar to many other fish scales, the scutes themselves are made of hydroxyapatite mineral
and type I collagen and are structured as a highly mineralized surface plate (1:0.33 mineral-
to-collagen ratio) sitting on a collagen base (1:12 mineral-to-collagen ratio) [4]. The
mineralized surface plate features raised ridges that extend from the center of the scute to
the edges. The interface between scutes is made of interlocking mineralized triangular
sutures, which are unlike many similar structures in nature as they are devoid of any
bridging Sharpey’s fibers or compliant phase (Figure 1.2b) [4]. Geometric analysis of
triangular sutured structures by Li ef al. [27-29] demonstrated that the teeth angles of the
boxfish’s sutures (20 = 50.6°) were considerably different from what would be expected to
maximize the strength of the interface (20 = 23.6°). This contrast between the theoretical
optimized angle for strength in sutured interfaces and actual angle of suture teeth in the
boxfish is likely due to the former being calculated while including a compliant phase
junction between sutured interfaces that is not found in the boxfish sutures. Additionally,
these results may also suggest that boxfish suture’s geometry are not solely optimized for

strength [4].



Figure 1.1: Lateral view of the boxfish (Lactoria Cornuta), commonly referred to as the longhorn cowfish.
Image taken from [33].

The collagen base itself, imaged with scanning electron microscopy (SEM),
revealed two important features illustrated in Figure 1.2¢ [4]. First, the interior of the scute
consists of periodic patterns in the collagen structure, similar to the Bouligand structure
found in the scales of most fish species, but different in terms of the orientation of the
periodic axis with respect to the thickness of the dermis. Typically, Bouligand structures
found in nature align the periodic axis with the primary loading directions, as seen in the
collagen phase underneath the mineral plates in teleost fish scales [13, 18]. However, as
shown in Figure 1.2¢ the direction of the periodic axis changes from being orthogonal to
the mineral plate near the distal and lateral regions (where ‘distal’ refers to the anatomically
outer regions of boxfish dermis where the mineral plate is, and ‘lateral’ refers to the
peripheral edges of the hexagonal scute) to being parallel, like its teleost counterparts, near

the proximal and central regions. This unique structure has prompted us to further



investigate the local structure of the collagen fibrils in this underlying network and

determine if it is a ladder-like structure, as previously claimed [4].
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Figure 1.2: Boxfish armor structure, as similarly reported [4]. (a) The armor consists of predominately
hexagonal scutes that feature raised ridges extending from their center to edge; (b) The scutes do not overlap,
but instead have interlocking suture structures

In this work we build upon previous knowledge and present new evidence of the
mechanisms that allow the boxfish to maintain flexibility and protection despite its rigid
armor. The rigid dermal armor enables the boxfish to survive in its natural environment
despite the lack of speed and ability to undulate like most other fish. Understanding the
boxfish’s dermal armor and specifically the complex collagen network beneath the

mineralized scutes, will aid in future bioinspired engineering pursuits. For example, novel



materials have been synthesized inspired by the Bouligand structure that range from
additive manufacturing resilient ceramic-polymer composites, self-assembling cellulose
nanocrystals into a Bouligand structure to create a tough and strong photonic film, and also
bio-templating a Bouligand structure from crustacean shells to create a hydrogel that
changes color based on pH [30-32]. Essentially, utilizing this naturally ubiquitous structure
in bioinspired engineering endeavors is creating novel fibrous composites with a
combination of efficient mechanical performance and photonic properties. Therefore,
further exploration and study of unique analogs of Bouligand-type structures found in
nature can add to the repertoire for future bioinspired engineering.
1.3 Materials and Methods

Two boxfish samples were obtained from the Scripps Institution of Oceanography
at the University of California, San Diego (Lactoria cornuta, catalog numbers SIO 14-20,
SIO 95-125, SIO 95-141). A representative image [33] is shown in Figure 1.1. Samples
were preserved in a 1:1 isopropanol and water solution to induce a semi-dehydrated state.
The two fish selected measured ~50 mm in length and ~100 mm in length.
1.3.1 Structural Characterization

Scutes were cut from the mid-section of the boxfish samples using a scalpel such
that each specimen consisted of two neighboring, connected, hexagonal scutes. Imaging
was performed on 15 dehydrated specimens with the mineralized plates carefully polished
to reveal the underlying collagen base. Polishing was carried out with 1700-grit SiC paper,
using water as a lubricant, prior to sonicating in water to remove residuals. Scanning

electron microscopy (SEM) was performed on 14 of these pairs of scutes. Another pair was



infiltrated with OsOs, critically point dried, fixed in epoxy, and polished to a shine such
that the collagen surfaces could be better observed. This pair of polished and stained scutes
was used in both three-dimensional (3D) imaging with micro-computed tomography (-
CT) and with confocal microscopy (Keyence VH-Z100UR).

Both the low- and high-resolution pu-CT was performed using a Zeiss Versa 510
microscope with a voxel size of 9 um and 535 nm, respectively. The resulting u-CT images
(2,401 projections) were edited and stitched together using the Amira software (Thermo
Fisher Scientific, Waltham, Massachusetts) to create a high-resolution 3D image.

1.3.2 In situ Mechanical Characterization
1.3.2.1 In situ Scanning Electron Microscopy

The scutes were mechanically analyzed using in situ tests within the SEM. Prior to
testing, all samples were rehydrated in Hanks’ balanced salt solution for 24 hours, then
immediately tested, to ensure that all tests were performed in a hydrated state. To
understand the rigid, non-overlapping interfaces of the boxfish’s armor, the scute samples
were tested in tension and shearing loading modes (see Figure 1.3a) with a focus on the
interface between scutes. To ensure this, the samples were carefully sectioned with a
scalpel from the boxfish to include exactly two scutes with a single, unaltered interface
between them. In addition, samples were tested both in an intact form and with the surface
mineralized plate removed. The surface plate was carefully polished off using same method

mentioned in Section 2.1.
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Figure 1.3: Schematic diagram of mechanical fixtures employed for in situ mechanical tests (with scanning
electron microscopy and small-angle x-ray scattering) in both tensile and shearing modes.

In situ SEM testing was performed under step-loading at a displacement rate of 0.1
mm/min (slowest displacement rate available to best observe deformation mechanisms of
collagen structures) using a Gatan Microtest 2kN bending stage (Gatan, Abington, UK) in
a S4300SE/N variable pressure SEM (Hitachi America, Pleasanton, CA, USA) operated at
a partial pressure of 35 Pa. Five samples were tested with the mineralized plate intact and
seven were tested with the mineralized plate removed.
1.3.2.2 In situ Small-angle X-ray Scattering

Small-angle X-ray scattering (SAXS) patterns were collected during in sifu uniaxial
tensile testing at beamline 7.3.3 at the Advanced Light Source X-ray synchrotron at the
Lawrence Berkeley National Laboratory [34]. As each scute was put under load,
simultaneous measurements were made of the deformation of the tissue on the macro scale,
as well as the deformation of the collagen fibrils within the tissue on the nanoscale.

Scutes were prepared for such SAXS analysis, as described above for in situ SEM
testing. The scutes were clamped at their extremities into the jaws of TST-350 tensile stage

(Linkam Scientific, Inc.) and subjected to a displacement rate of 5 pum/s. Five of the scutes



were measured in tension, and three in shear. During testing, each sample was exposed to
x-rays of 10 keV energy for 1 s every 7.5 s, with the changing x-ray scattering patterns
collected with a Pilatus3 2M detector (Dectris, Ltd.) at a distance of approximately 4
meters. The cumulative irradiation dose was kept underneath the limit of 30 kGy in order
to minimize irradiation damage to the tissue which could affect its mechanical behavior
[35]. Given these irradiation conditions, the displacement rate was chosen to be quick
enough to prevent damaging irradiation of sample. Although hydration and drying of the
sample in air was a concern, the power of the beam was considered too weak (on the order
of a milliwatt) to cause significant heating. Therefore, hydration was not monitored.
Scattering of the x-rays, specifically with the d-period of the collagen fibrils, a 67
nm regular pattern of molecular gaps and overlaps, acted to create Bragg peaks on the
detector, and as this molecular pattern was stretched by the applied loads, the strain in the
fibrils could be measured from the resulting shifts in the Bragg peaks., i.e., the d-period of
the collagen fibrils was used an a nanoscale strain gauge. The SAXS data were analyzed
with custom software written in LabVIEW, which subtracted out the background intensity
with spline fits, located the azimuthal center of each Bragg peak with a Gaussian fit, and
made a 5-degree radial integration around each azimuthal center. The d-period of the
collagen fibrils was measured by fitting this radial integration with an exponentially
modified Gaussian. The fibril strain was then derived from the changes in d-period, as
compared to the d-period at zero load. The SAXS patterns also contained broader dot-
shaped peaks created by the interaction of the x-rays with the regular lateral packing of the

collagen fibrils; these were analyzed using the same software.
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The tissue strain was obtained by collecting visible light charge coupled device
(CCD) images of the scutes in parallel with the x-ray scattering data. The CCD images
were processed with digital image correlation methods to follow the changes in spacing of
patterns on the outside surface of the scute.

Previous reports on the use of SAXS on the collagen structures in fish scales have
shown a diffraction pattern with distinct concentric arcs, corresponding to the d-period of
the collagen fibril and its harmonics [13]. Figure 1.4a shows a diagram of this, where the
lateral packing distance between collagen fibrils is displayed in the enlarged dots
(horizontally aligned dots) and d-period spacing within collagen fibrils orthogonal to the
x-ray beam are displayed in the smaller arcs (vertically aligned arcs). These characteristic
x-ray interactions with complex collagen systems have also been well-documented in
research performed in the past few decades with SAXS on human cornea collagen
structures [36]. Figure 1.4b illustrates a simplified Bouligand structure (with only 0-45-90°
oriented lamellae) where the diffraction patterns are expected from performing SAXS
either transverse or parallel to the Bouligand (or helical) axis. It is important to note that
Bouligand structures in biological materials typically have significantly smaller rotations
between lamellae which give rise to overlapping arcs/dots which form a continuous circle
for the diffraction pattern, as opposed to a few discrete arcs [11]. Furthermore, by
comparing Figure 1.4a with Figure 1.4b, the diffraction patterns for a unidirectional system
can be seen to have a similar pattern produced from the Bouligand structure transverse to
its helical axis. This occurs because collagen fibrils are orthogonal (in red) to the incident

x-rays (as in the unidirectional network); however, as the lamellae rotate to become parallel
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with x-ray (in orange) the d-period of these layers becomes effectively hidden to the
incident x-ray while the lateral packing of the fibrils remains. Therefore, the key difference
between these two diffraction patterns is that the ratio of intensities between the d-period
arcs and lateral packing dots will be less in the case of the Bouligand structure which allows

for a nuanced strategy to tell the two structures apart.
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Figure 1.4: (a) Small-angle x-ray scattering diffraction pattern from analyzing a unidirectional network of
packed collagen fibrils that are orthogonal to the incident x-rays. The periodicity of the characteristic d-period
in collagen fibril as well as the packing of the fibrils are observed in the diffraction pattern which are
represented by the arcs and dots, respectively. (b) Diffraction pattern from analyzing a rotating network of
packed collagen fibrils (i.e., Bouligand structure). When the incident x-rays are transverse to the axis of
rotation (i.e., Bouligand axis) a diffraction pattern that is nearly identical to the unidirectional network of
fibrils, (a), however, the ratio of the intensity of the d-period arcs and lateral packing dots should be less due
to the d-period of the fibrils becoming effectively hidden to the incident x-rays when the fibrils are parallel
with x-ray b(orange). Bouligand axis) a diffraction pattern that is nearly identical to the unidirectional
network of fibrils, (a), however, the ratio of the intensity of the d-period arcs and lateral packing dots should
be less due to the d-period of the fibrils becoming effectively hidden to the incident x-rays when the fibrils
are parallel with x-ray b (orange). The lateral packing of fibrils should be observed regardless of the angle of
rotation of the lamellae. When the Bouligand structure is analyzed parallel to the Bouligand axis, a concentric
ring is observed if the angle of rotation between lamellae is small enough due to overlap between d-period
arcs and lateral packing dots that represent each lamella.
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1.4 Results and Discussion
1.4.1 Confocal Microscopy

Confocal microscopy provided a relatively quick and easy approach to observe the
underlying collagen structure within a boxfish scute to provide a basis for further advanced
imaging. Figure 1.5a reveals a cross-section of the scute collagen network where it is clear
that there is a periodic structure present that changes its axis of periodicity throughout the
scute, giving rise to the nested-box structure previously observed [3]. Moreover, Figure
1.5a reveals that the pitch length (180° rotation of collagen planes) of the proximal/central

of the nested-box decreases (~ 5 times smaller) compared to the distal/lateral regions.

Figure 1.5: Confocal microscopy images of boxfish scute with top mineral plate removed. (a) Cross-section
of whole scute revealing the nested-box structure (scale bar, 500 pm); (b) Zoom in on the cross-section of
the interface between adjacent scute (highlighted in red). The lack of texture to the surface is indicative of a
less structured region as compared to inside the scute. The pitch length (black brackets) in the distal/lateral
regions (100 to 200 um) is significantly larger than the proximal/central regions (~50 um) (scale bar, 200
um); (¢) After careful removal of mineral plate, the periodic collagen structure can be seen. A portion of
scute has been damaged through handling (scale bar, 500 um).

Figure 1.5b provides a closer look at the interface between two scutes and reveals

there seems to be a difference in contrast between the inner collagen (nested-box) and the
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interfacial collagen. This difference suggests there is a structural difference between the
two types of collagen that is further explored using u-CT, SEM and subsequently SAXS.
A top-down view of a scute with its mineral plate carefully polished off, in Figure 1.5c,
reveals that the periodic structure aligns itself with the scutes’ hexagonal edges. Artifacts
of damage from polishing can also be seen.
1.4.2 Micro-Computed Tomography

High-resolution pu-CT was performed to determine the organization of collagen
fibrils in the periodic regions. These 3D images revealed the helical interfibrillar gaps (seen
as blue parallel lines in Figure 1.6b) that are similar to those in the twisted plywood, or
Bouligand-type, structure of the exoskeleton of the lobster Homarus americanus and
cuticle of the weevil Curculio longinasus [37-39]. This evidence corroborates research
done by Besseau and Bouligand [3] to characterize the twisted plywood (Bouligand-type)
structure in the collagen structure of the boxfish. However, this structure is contradictory
to the most recent work by Yang et al. [4] that hypothesized the collagen structure in the
boxfish scute follows a ladder-like structure rather than a Bouligand-type structure, i.e.,
that the periodic structure seen on the top surface consists of rows of collagen planes
separated and connected by orthogonal planes acting as the rungs of the ‘ladder’. These
claims, although proven here to be incorrect, still demonstrate that this structure consists
of a unique type of Bouligand-type arrangement that can be confused for a different
structure (ladder-like) when observing only the surface. Figure 1.6 reveals, using 3D
imaging, the apparent rungs of the ladder-like structure are in-fact the tips of the helical

interfibrillar gaps being exposed. The helical gaps are exposed on the top face when the
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long axis of the gaps are parallel to the thickness of the dermis and on the front face when
the width is orthogonal to the thickness. Although the Bouligand-type structure was
revealed through the imaging of the helical interfibrillar gaps in the distal/lateral regions
of the nested-box structure (Figure 1.6), these gaps did not appear in the proximal/central
regions where the axis of periodicity changes to become parallel with the dermis. The
absence of observable gaps and a decrease in pitch length previously suggested from
confocal microscopy suggests this region maintains less ductility and more stiffness than

the top/side regions.
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Figure 1.6: (a) Scute model with highlighted region representing approximate location of the micro-computed
tomography (u-CT) 3D images; (b) A series of the same3D p-CT image is shown where a deeper cross
section is taken with each image. The cross sections demonstrate continuous, helical interfibrillar gaps
(porosity shown in blue) which are representative of a Bouligand-type structure. The aperture inset is
representative of the direction the interfibrillar gaps have rotated to at this given cross-section. The thin,
dashed black lines provide a reference between images.3D model of collagen fibrils represents the
honeycomb-style Bouligand structure that these data reveal (scale bar, 100 pm).

The boxfish employs a complex and hierarchical network of collagen beneath its
unique hexagonal scutes that we are now beginning to understand. The Bouligand
structure, observed in many impact resistant natural materials manifests itself in varying
materials (i.e., collagen and chitin) and length scales (e.g., the pitch length can vary from

~220 nm in Cotinis mutabilis exocuticle to 100 um in the dactyl club of the mantis shrimp)
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[17,18]. Moreover, the Bouligand structure found in the lobster exoskeleton possesses a
unique type of honeycomb structure that is a variant of the Bouligand structure with
interfibrillar gaps dispersed throughout the helical collagen fibrils that are proposed to act
as microchannels for nutrient transport and also resist fiber pullout [37,38]. In this study,
using pu-CT, it was observed that the distal/lateral regions of the collagen layer of the scute
employs this honeycomb structure of helical interfibrillar gaps. Although this type of
honeycomb structure has been observed before, the boxfish appears to uniquely utilize an
abrupt shift in the helical axis giving rise to the previously described nested-box structure.
Typically, for Bouligand structures found in natural materials, the helical axis aligns with
the loading/impact axis (e.g., fish scale’s helical axis aligns with the thickness of the scale)
[11]. Therefore, it is hypothesized that the unique nested-box structure evolved to resist
bending forces that occur when the boxfish’s dermal armor interlocks and recruits multiple
scutes during a biting attack. In other words, the axis of compression during concave
bending of the dermal armor would align with the helical axis of the Bouligand structure
found in the distal/lateral region and would help explain the unique macro-organization
that the boxfish employs in the collagen layer, although further investigation is needed to
confirm such a hypothesis. Future research in designing bioinspired Bouligand structures
to create novel impact resistant fiber reinforced composites may benefit from learning more
about why the boxfish’s Bouligand-type structure utilizes the higher-order nested-box
structure.

1.4.3 In situ Scanning Electron Microscopy
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1.4.3.1 Localized Failure

Samples were tested with an in sifu micro-mechanical testing system to further
investigate failure between neighboring scutes and investigate load-bearing capabilities of
these structures. Scutes tested in tension (Figure 1.7a) showed failure occurring entirely at
the interface. The mineralized sutures sustain no visible damage and, while some cracks
form within the mineralized plates, the collagen base below can be seen to separate and
tear (Figure 1.7b). When tested in a shearing mode (Figure 1.7¢), more damage is visible
to the mineralized plate, including the sutures that, in many cases, lock together and
fracture. However, final failure still occurs predominantly in the collagen base (Figure

1.7d).

(b)

Figure 1.7: In situ SEM images with the mineralized plate under: (a, b), tensile loading and (¢, d), shear
loading. (a) In tension little damage to the mineralized plates is observed with the scutes splitting at the
interface; (b) close observation of the interface shows no damage to the mineralized sutures, with the collagen
base failing underneath; (¢) In shear, the mineralized plate experiences more cracking at and near the sutures,
however (d) failure occurs again predominantly in the underlying collagen base.
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Given that the majority of failure occurred in the collagen base which was obscured
by the presence of the mineralized plate, in situ SEM mechanical testing was performed
with the mineralized plate carefully removed. Despite the somewhat weakened structure
and the hence exacerbated deformation of the collagen, failure was predominantly located
at the interface in both tensile (Figure 1.8a) and shearing (Figure 1.8b) loading modes.
Consistent failure modes both with and without the presence of the mineralized plate
suggest that the mineralized plate’s primary purpose does not offer significant defense
against either tension or shear between the scutes. This is generally consistent with the
scales of other fish species, where the outer surface of an individual scale provides a rigid
barrier against sharp penetration [7, 8], but the combined scale/scute structure provides
toughness and ductility [22]. Additionally, the interlocking of the scute’s sutured
interfaces, unique to the boxfish, during shear modes allows for the force of a predator’s
attack to efficiently delocalize through the carapace thereby circumventing the issue of

lacking enough strength to locally resist the attack. [40]
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Prior to Loading Failure

Figure 1.8: In situ SEM images with the mineralized plate removed, loaded in (a) tension and (b) shear.
Regardless of the loading mode, failure occurs almost entirely at the interface.

1.4.3.2 Nonlinear Deformation Response

When observed in the SEM, the previously observed ladder-like structures of
collagen within the scute interior can be seen (Figure 1.9a) [4]. However, during in situ
SEM mechanical loading, it can be seen that these collagen planes deform in a much more
complex way than would be expected from a ladder-like structure consisting of
bidirectional/orthogonal collagen fibrils; instead, they form a somewhat double-twisted S-
shape structure resulting from the applied shear-load (Figure 1.9b). This manner of
behavior was observed throughout the interior of the scute’s collagen base. It is proposed
that this structure allows for the collagen planes to distort and realign with an applied stress,

providing some measure of isotropy of at least some of its mechanical properties, thereby
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increasing the deformation resistance of the scute interior, which is similar to previous
conclusions reported for the deformation response of Bouligand structures found in nature

[11,18,19].

Figure 1.9: Scanning electron microscopy images of (a) The previously identified ladder-like structures [4]
within the interior of the scute’s collagen base consist of collagen planes (dashed lines) that bridge the gap
between dense collagen bands (solid lines); (b) When a shearing load is applied to this structure, the collagen
planes deform into a complex, sinusoidal S-shape, suggesting a different structure than a bidirectional ladder-
like structure.

1.4.4 In situ Small-Angle X-ray Scattering

The SAXS data (Figures 10a, d) displayed rings superimposed with oriented arcs
and broad dot-shaped peaks, which yielded various levels of information that needed to be
carefully considered with other data, such as a priori knowledge of a Bouligand-type
structure and the change in direction of the Bouligand structure throughout the higher-order
nested-box structure of the boxfish scute. The dot-shaped peaks derive from the regular

spacing of closely packed and closely aligned collagen fibrils; they are similar to patterns
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reported previously for other natural systems, such as human cornea [36]. Measurements
of the distance between neighboring collagen fibrils (roughly the collagen fibril diameter),
made from these dots, gave a fibril diameter value of 53 £ 10 nm, which agrees closely
with corresponding measurements of collagen fibril diameter in the SEM [4] of 55 £ 10

nm.

Figure 1.10: (a, d) Small-angle x-ray scattering diffraction (SAXS) patterns from boxfish scutes. (b, e)
Representation of two neighbored boxfish scutes anchored vertically to apply a tensile load. Red and green
rectangles represent the regions of interest (ROI); (¢, f) Confocal microscopy cross-section view of nested-
box collagen structure. Dotted lines represent the width of ROI to reveal which sections of the structure were
analyzed with SAXS. (scale bar: 0.5 mm) (a) Displays a pair of vertical arcs and horizontal dots that represent
the d-period of collagen and the lateral packing of collagen fibrils, respectively. (d) Displays two pairs of
dots and arcs orthogonal to each other which is proposed to be representative of both the proximal/central
region and distal/lateral regions.

Samples were imaged through the thickness of the scutes with different placements
of the region of interest (ROI) that helped deduce what attributes were representative of
which regions of the underlying nested-box structure (Figure 1.10). As shown in Figures

10a-c, when the ROI is closer to the center of one a scute, a pattern representative of the
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proximal/central region of the nested-box is observed, where the Bouligand structure is
expected to align with the incident x-rays. As shown in Figures 10d-f, the ROI closer to
the interface between the two scutes garnered data that represents both the proximal/central
region but also the distal/lateral region, which we hypothesize, from the pu-CT data, is
where the Bouligand axis is transverse to the incident x-rays.

Figure 1.10a, which targeted the proximal/central region of the nested-box
structure, most noticeably demonstrates a unidirectional fibril system from the bold
horizontal dots and vertical arcs representative of the periodicities of the lateral packings
of collagen fibrils and d-period spacing within the fibrils, respectively (Figure 1.10b). The
direction of these fibrils is orthogonal to the edges of the hexagonal shape of the scute.
Additionally, there appears to be a faint concentric ring that suggests the expected
Bouligand-structure with its axis parallel to the thickness of the scute and the incident x-
rays. Therefore, we corroborate previous results [3] that reveal a combination of both a
unidirectional and Bouligand structure network in the proximal/central region.

Figure 1.10d, which encapsulates both regions of the nested-box structure, contains
nearly identical information to Figure 1.10a but also appears to include an orthogonal
direction of unidirectional fibrils. However, due to previous reports on the presence of a
Bouligand structure [3] and the findings in this work with p-CT, we hypothesize that these
attributes are likely due to the SAXS beam interacting with the Bouligand structure
transverse to its helical axis rather than due to additional unidirectional fibrils. It is worth
noting that Besseau and Bouligand [3] also found unidirectional fibrils running transverse

(aligned with the thickness of the scute) to the Bouligand structure in the distal/lateral
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region. However, we do not expect these fibrils to contribute much to the resultant
diffraction patterns as the fibrils are aligned with the incident x-rays and, therefore, their
d-periods are effectively hidden.

Overall, we observed three main characteristics resulting from the SAXS patterns,
utilizing previous research on the boxfish collagen structure, evidence from data acquired
in this work, and the fundamental knowledge of the interaction of SAXS in collagen
systems. These three main characteristics, shown in Figure 1.11 are:

o A Bouligand structure in the proximal/central region of nested-box structure.

. A unidirectional network of radial collagen fibrils that transversely intersect the
Bouligand structure in the proximal/central region.

o A Bouligand structure in the outer/top region with its helical axis transverse to
the thickness of the scute and aligned normal to the hexagonal edges of the

scute.
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Figure 1.11: Summary of structural characterizations within the collagen beneath a scute. The scute is
comprised of a hexagonal nested-box structure that contains rotating lamellae of collagen fibrils that either
have its axis of rotation (Bouligand axis) parallel or transverse to the thickness of the scute. The Bouligand
structures parallel to thickness dominate the inner and lower regions (green) of the scute, whereas the
Bouligand structure transverse dominate the top and outer regions (red), giving rise to the overall nested-box
appearance. These Bouligand structures in both regions are reinforced by a separate unidirectional network
of collagen fibrils that run transverse the Bouligand axis. pu-CT revealed that the distal/lateral regions
contained spiraling interfibrillar gaps that are like those found the exoskeleton of the lobster Homarus
americanus and exocuticle of the weevil Curculio longinasus[36-38].

When mechanically tested in situ, the scutes showed surprising ductility, especially
in shear (Figure 1.12). The stiffness during tensile tests is likely due to the alignment of the
unidirectional collagen fibrils in the proximal/central region of the scutes with the tensile
axis. Conversely, the ductility observed in shear tests is likely due the non-linear
deformation responses previously observed with in situ SEM. The dotted lines in Figures
12¢,d represent a theoretical maximum where all tissue strains are due to the tensile
deformation of the constituent collagen fibrils. The data demonstrate a considerable portion
of the tissue strain is not from the fibrils being tracked through SAXS. This is expected, as

the collagen in the scute is organized into a complex network that cannot be simply
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explained through the fibril strains of only the underlying unidirectional system. Moreover,
in Figure 1.12d, a tissue strain of over 40% is observed, while only reaching a fibril strain
of ~3%. This corroborates the hypothesis that the system of collagen being observed in the
SAXS diffraction patterns is normal to the hexagonal edges of the scutes; therefore, they
are perpendicular to the shearing axis explaining why modest fibril tensile strain is

observed.
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Figure 1.12: Mechanical data produced from in sifu small-angle x-ray scattering (SAXS) on neighboring
scutes with their mineral plates removed; (a), (¢) and (b), (d) are the averaged data from the tensile and shear
experiments, respectively. Tissue strain was obtained using digital image correlation to track the relative
movements of the surface texture of the collagen network. Fibril strains were taken from the d-period arcs
produced from the unidirectional fibrils in the proximal/central regions of the scutes. Dotted lines represent
a 1:1 relationship between the tissue and fibril strains that would be produced if all strain occurring on the
tissue level was due to the stretching or compressing of the constituent collagen fibrils; Results demonstrate

the scutes are designed to be stiffer and stronger in a tensile mode, while more ductile in a shear mode.
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1.4.5 Finite Element Modeling of Bouligand Structure in Shear

To understand the reason why the S-shape developed in collagen after a shear test,
a 3D finite element (FE) model of material element cell was developed by an arrangement
of N (N =20) stacked layers of continuum shell elements of thickness / and a pitch distance
of L as presented in Figure 1.13a. This material element cell represents the behavior of the
Bouligand structure inside the collagen scutes, showing the material element cell in the
forms of N helicoidally stacked layers with different orientations. The unit cell contains
layers of linear elastic layers with the pitch angle of 9 °. The orthotropic elastic properties
that are used for this study are the following [41]:

E, = 144 GPa,v,, = 0.44,G,, = 47.2 GPa

EZ =76 GPa, Vi3 = 0.06, Gl3 = 25.6 GPa

E3 = 82 GPa,V23 = 0.18, 623 = 41.3 GPa
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Figure 1.13: (a) Schematic diagram of the layered model for finite element modeling studies. The parameter,
L is the pitch distance (the distance to make a rotation of 180°); / is the layer thickness; N is the number of
layers in the pitch and is equal to 20; (b) horizontal displacement of element unit cell for Bouligand cells; (¢)
the normalized horizontal displacements of Bouligand structure and homogenous material along vertical (y)
direction. Directions u2 and u represent the horizontal displacement for the Bouligand structure and
homogenous unit cell, respectively. Direction u, represents the horizontal length of the unit cell.

The layers are completely bonded together, and shear displacement-controlled load
is applied to the top and bottom surface of the model. The horizontal displacement (u,.) of
the Bouligand unit cell under shear loading is presented in Figure 1.13b. The comparison
between normalized horizontal displacement of both a homogenized material and the
Bouligand microstructure are presented in Figure 1.13c. Results present a S-shape response

for the Bouligand unit cell although the material assigned to the layers is linear elastic. This
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nonuniform displacement distribution can be related to the Bouligand orientation of the
unit cell and thus, one can conclude that the Bouligand orientation inside the unit cell
induces a non-homogeneous displacement across an entire pitch.

1.4.6 Finite Element Modeling of Collagen Interface between Scutes

1.4.6.1 Collagen scute geometry

Table 1.1: The initial geometry of the collagen scutes used for the tensile test.

Test numbers Average width Average thickness Initial length Lo
(mm) (mm) (mm)

Lower bound 3.76 0.54 2.68

Upper bound 3.38 0.64 2.94

FE models of the collagen scutes without mineralized plates (similar to those
examined in the in situ SEM tests) were developed to characterize both the collagen and
its interface connection. Testing a single coupon sample of scutes was too difficult due to
their small size; as a result, the in situ SEM tensile experiments were performed between
two scutes without mineralized plates. Such in situ SEM tests generated a variety of stress-
strain curves. The upper and lower load-displacement curves from experimental tests are
termed as the upper and lower bounds, respectively. The dimensions of the scutes related
to the upper and lower bounds are presented in Table. 1. In the modeling, the effect of the
Bouligand microstructure was ignored inside the collagen and an interface between the
hexagonal collagen base was modeled with zero thickness cohesive elements, as shown in

Figure 1.14a.
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Figure 1.14: Finite element (FE) model for two collagen scute, (a) boundary condition and geometry of the
two collagen along with the zero thickness cohesive interface, (b) the maximum principal strain distribution
along two collagen scute under tensile loading in the middle of loading and after separation, (¢) a comparison
between the load-displacement curves from the FE models for the upper and lower bounds and SEM tests of
two collagen scute, (d) a comparison between the stress-strain curve of collagen in boxfish and various other
collagen-based materials [42-47].

1.4.6.2 TypeI Collagen and Interface Characterization

The mechanical properties of pure collagen are not available in the literature.
Previous studies on collagen of different species do not necessarily represent collagen
materials that are pertinent to boxfish scutes, but instead present a wide spectrum of

collagen with varying fibril densities and orientations [42-47]. Type I collagen is found in
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body of many animals in nature; for example, rat tail, rabbit skin, human skin, human
tendons, bone [42-47]. In all the cases, the collagen has shown a hyperelastic behavior.
Thereby, in this section a parametric and systematic study was run to develop the stress-
strain curves for collagen in boxfish scute using the experimental data from our in situ SEM
tensile tests. Since the in situ test was not a pure uniaxial test, the stress-strain curve for
collagen cannot be obtained directly. As such, several FE analyses were needed to fit the
correct behavior of both the collagen and interface. The process of separation between two
scutes under tensile loading, based on SEM observation [4], confirmed that separation
between two scutes occurs along the interface between two scutes in the underlying
collagen base.

The initial stiffnesses from the stress-strain curves in the in situ experiments are
related to the hexagonal collagen base material while, the interface is mainly responsible
for the values of peak stress and failure strain obtained from the stress-strain curves.
Several FE simulations with various hyperelastic ranges, including the geometry of the
upper and lower bounds, were developed to estimate the initial stiffness of the collagen
base. In the FE models, once the correct initial stiffness of the collagen was determined,
the next step was to develop an accurate model for the cohesive interface. The bilinear
separation law in ABAQUS [48] can be defined by two parameters, the maximum normal
strength (0,45 ), and fracture energy (Gy¢).

To validate the uniqueness of the result for the cohesive interface, two sets of
parametric analyses were conducted. For the first case study, the maximum strength was

kept constant, and the fracture energy was changed, while for the second case study, the
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fracture energy was kept constant, and the value of maximum stress was varied. The results
were found to produce a good match of the simulations and these parametric studies and
are presented in Table 2 and Figure 1.14.
1.4.6.3 Finite element results and discussion

The Lagrangian strain contour of the FE model for two-collagen bases during
tensile loading and after separation is presented in Figure 1.14b. The FE results state that
the strain concentration occurs along the interface area. A comparison between the finite
element model and SEM tensile tests of two collagen scutes without the mineralized plate
is presented in Figure 1.14c. The displacement-controlled load was applied on the
boundary condition for the FE models. As the displacement increases in the boundaries,
the value of reaction force increases up to the peak load. The comparison between FE
simulation and experiments confirmed similar initial stiffness for both upper and lower
bounds. As previously discussed, the nominal strength of the interface is responsible for
the peak load in the force-displacement curve. After reaching the peak load, the interface
starts stretching until the separation occurs between two hexagonal collagen scutes. In the
modeling, the cohesive elements of the interface are removed as they reach the final
fracture energy and a complete separation can be observed in simulations after all the
cohesive elements were removed (Figure 1.14b). For the purpose of comparison, the stress-
strain curves of type I collagen of various animals with the type I collagen in boxfish
(results from the characterization) are presented in Figure 1.14d [42-47]. For the purpose
of comparison, the stress-strain curves of type I collagen of various animals with the type

I collagen in boxfish (results from the characterization) are presented in Figure 1.14d [42-
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47]. These curves offer enormous variety in the stress-strain curves of collagen because the
collagen fibril’s hierarchical organization varies among different species and tissues.
Finally, there is excellent agreement between the load-displacement curves for simulation

and experimental results.

Table 1.2: Cohesive interface characterization using ABAQUS for the lower and upper bounds

Maximum normal strength | Fracture energy

o-max (MPa) GIC
Lower bound 12 5
Upper bound 15 8

1.5 Conclusions

While other fish species ensure flexibility of both their armor and bodies through
overlapping scales, the rigid-bodied boxfish utilizes unique adaptations to delocalize
compressive stress from predator bites, thereby providing itself a higher level of defense
than its counterparts. The results described here point to numerous mechanisms that the
boxfish employs to ensure its defense. Confocal microscopy and micro-computed
tomography (u-CT) revealed that underneath the mineralized plate is a complex system of
collagen fibrils in a Bouligand-type structure organized into a higher-order nested-box
structure. As observed through in situ scanning electron microscopy (SEM) mechanical
testing and confirmed through finite element analysis, the Bouligand structure will deform
and align with loading, allowing for some manner of mechanical property isotropy. In situ
small-angle x-ray scattering further reveals the complex network of collagen and shows

how individual collagen fibrils get stretched and compressed to accommodate the whole-
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scute’s change of shape and deformation. This complex organization of
stretched/compressed fibrils allows for relatively large levels of tissue strain to occur
without inducing scute fracture, providing enhanced ductility and toughness. Furthermore,
the collagen interface between scutes is less dense and complex in structure than the
organized interior of the scute. In addition, the mineralized sutures account for only ~4%
of the thickness of the interface and provide little or no mechanical advantage there. Failure
both with the mineralized plate and without occurs at the interface with little or no damage
to the scute interior. All of this results in a structure that ensures failure occurs
predominantly at the interface between scutes where greater flexibility can be achieved
while maintaining the complex interior of the scute intact.
Based upon this study’s results on the structure and in-situ failure mechanisms of
the boxfish’s rigid armor, the following conclusions can be made:
= The boxfish employs a novel Bouligand-type structure (nested-box) that employs
abrupt 90° shifts in its orientation that is unlike any other Bouligand-type structures
found in nature.
= A rare analog of the Bouligand-structure is observed in the distal/lateral regions
referred to as a honeycomb structure previously seen in the exoskeleton of the Homaris
americanus lobster and the exocuticle of the Curculio longinasus weevil.
= The interfaces of the boxfish’s scutes are less dense and complex than the interior and
feature very little mechanical reinforcement from the mineralized surface plate and
interlocking sutures. This structure provides flexibility at the interface and ensures that

failure occurs at specific locations when mechanically stressed in tension or shear. The
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combination of a compliant interface and stiff interior to the boxfish’s scutes allows for

it to maintain some flexibility for both motion and defense despite its rigid and non-

overlapping armor.

= The interior of the boxfish’s scutes consist of a complex collagen-based structure that
combines a unidirectional network of collagen fibrils intersecting with Bouligand-type
structures. When mechanically stressed, these structures are capable of deforming to
align with the applied force and provide damage resistance. These adaptations allow
for the interior of the boxfish’s scutes to resist damage and provide defense.

= The 3D finite element results of the unit cell with the Bouligand microstructure confirm
the S-shape shear deformation response seen in experimental results with in situ SEM
and suggest this unique response is due to the Bouligand orientation of the unit cell.

Further studies on the complex and novel collagen structure of the boxfish will aid

in the field of bioinspired fiber reinforced materials, and more specifically in understanding

the different tropes and utility of a Bouligand, or twisted plywood, structure. These

novelties that are worth further exploration for use in lightweight reinforced materials are

the following:

1. Utilization of abrupt 90° changes in the orientation of Bouligand structures, overall
referred to as the nested-box structure. We hypothesize this is used in response to
converting compressive biting forces into a delocalized concave bending that both
interlocks the mineral scutes and also applies in-plane compressive forces which
align with the distal/lateral Bouligand axis. Exploring the nested-box Bouligand

structure under bending may further elaborate on the utility of this novel structure.
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2. Employing the honey-comb structure, also seen in the lobster Homarus americanus
and the weevil Curculio longinasus [37-39]. This structure is previously proposed
to both supply microchannels for nutrients supply and also to provide a high density
of interfaces to avoid fiber pullout. Exploring bio-inspired fiber composites that can
utilize the channels of a honey-comb derivative of a Bouligand structure for
transport of a self-healing matrix or to help tune the bulk density are likely worth
exploring.

3. The boxfish applies a combination of Bouligand structures with unidirectional
fibrous networks of collagen, and further exploring this strategy may reveal how to
further control the mechanical properties of Bouligand structures in specified

directions under various loading conditions.
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CHAPTER 2: Mechanical Optimization of Diatomite Monoliths from Freeze-Casting
for High-throughput Applications
2.1 Abstract

The silica cell wall of a diatom, abundant microalgae 1 — 100 pm in size, contains
highly ordered hierarchical porosity and is widely available through its fossilized form,
diatomite. The goal of this research is to use this cost-effective source of porous silica in a
unidirectional freezing process called ice-templating, or freeze-casting, to create a ceramic
membrane with unidirectional lamellar walls (~15 pm) that allows for efficient mass
transport of fluids (i.e., low pressure-drop) while maintaining sufficient mechanical
properties. In this study, control over the monoliths was explored by varying the mass ratio
of diatomite and sodium carbonate and the solids ratio in the initial slurry before freeze
casting. The resultant monolith’s properties are measured using scanning electron
microscopy, mercury intrusion porosimetry, and mechanical testing. The membranes then
undergo in-line vacuum filtration of methylene blue dye and monodisperse latex beads to
quantify the membranes filtration performance through chemical adsorption and depth
filtration capabilities, respectively. Control over the bioinspired ceramic monolith’s
material properties allows for a cost-efficient and hierarchically porous ceramic template
with efficient mass transfer capabilities that can be potentially functionalized with a
plethora of sophisticated nanomaterials for various adsorbent, filter, catalysis, and sensor

applications.
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2.2 Introduction

The field of ceramic membranes has been around for centuries and is still
experiencing rapid growth through novel innovations. Applications range from liquid
treatment (e.g., wastewater and food/beverage industries) and gas separation to use in the
energy sector as hydrogen fuel cells [50]. Ceramic membranes have been replaced with
polymer membranes in recent decades due to the cost-effectiveness of the latter, even
considering the higher fluxes and lifetimes of ceramic membranes [50]. This is because
ceramic membranes usually require expensive starting materials, and the fabrication
processes are more complex. Therefore, research into using cheaper starting materials and
utilizing novel fabrication processes may aid in improving several fields in which ceramic
membranes can be implemented.

Diatomaceous earth, or diatomite, is the fossilized form of diatoms, which are a
unicellular photosynthetic microalga with over 100,000 different species that each produce
intricately unique and hierarchically porous silica shells called frustules [51, 52]. Diatomite
is mined throughout the world (approximately 1.8 million tons per year) and sold most
commonly as a cheap commercial farm feed dehydrant and insecticide [53]. More
generally, diatom nanotechnology has seen a surge in engineering applications in recent
decades throughout several fields, including drug delivery, biosensing, filtering, and
catalysis [54-56]. This interest is due to diatom’s abundance and their multitude of
physical/chemical properties. These include excellent open porosity for mass-transfer,
extended drug release features, ease of functionalization, and their non-toxic and cost-

efficiency otherwise not possible with porous synthetic silica [51, 57]. Recent research has
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been exploring genetic control over the complex frustule geometries and for their industry-
scaled bioproduction for the emerging fields utilizing them [58-60]. Until these pursuits
are actualized, diatomite has been used as a cheaper and more available form of diatoms,
where fractured frustules and mineral impurities are to be dealt with.

A key industry utilizing diatomite is the field of water treatment and filtration,
dating back to 1890 [55, 61-67]. Typically, diatomite in water treatment is used as a filter
aid for pre-coat filtration and processed into a filter candle [63]. However, when packed
into a bed there is a high probability that closed pores are formed which leads to inefficient
use of volume, negatively affecting the flux during filtration. Recent research into
diatomite membranes have been adopting novel processes of forming monoliths (i.e.
hydrothermal production, foam-gelcasting, and spark-plasma sintering with compression
molding) to explore potential cheaper processing routes, to enable easier methods of
extraction and regeneration, and to produce microstructures which may further benefit
membrane properties [68-74]. The foam-gelcasting of diatomite membranes notably
produces more porous monoliths compared to its counterparts (bulk density of 0.35 to 0.45
g/cm?) and ensures an efficient use of the entire volume of the diatomite membranes by
minimizing closed porosity and providing efficient mass-transfer channels [69, 70].

A novel method, known as freeze casting (or ice-templating), has garnered
increasing interest in several fields that benefit from the material-agnostic process which
produces micro-porous monoliths [75, 76]. Freeze casting is an ice-templating process
which directionally freezes a slurry such that the particles within the slurry are rejected

from the growing crystals (usually ice) and under certain conditions form staggered, or
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lamellar, walls of particles and ice. The frozen monoliths are then freeze dried to carefully
remove the ice which produces open porosity where all the ice originally formed. If the
constituent particles are inorganic, a final sintering process ensures rigidity of the green
body. Few publications have demonstrated potential for these porous monoliths to be used
for filtration purposes [77-79]. Among them, Chen et al. [78] utilized diatomite as the
constituent material in the freeze casting process and demonstrated the resulting
hierarchically porous membranes are capable of efficiently separating oil from water. This
research aims to further explore these freeze caste diatomite monoliths for their potential
in producing cost-effective ceramic membranes which utilize the open porosity of the
diatom frustules as well as the open microstructure from the freeze casting process. Recent
research also demonstrated incorporating 3D printing sacrificial scaffolding in freeze caste
monoliths to yield macrostructural control [80] which shows promise for future
applications that look to have substantial control over several length scales. By combining
the advents of structural control from the macro-microscale in the field of freeze casting
with the structural diversity of diatom frustules and further nanostructural
functionalizations (i.e. metal-organic frameworks, zeolites, nanoparticles, and shape-
preserving chemical alterations) of them, the future of diatomite freeze caste monoliths will
potentially produce a wide-reaching array of applications [51, 56, 69, 74, 81-87].

This work explores the trade-off between mechanical strength and porosity of the
freeze caste diatomite monoliths through the addition of a flux agent (i.e., sodium
carbonate) in the initial slurry. Previous studies have demonstrated sodium carbonate as

the optimal flux agent when considering diatomite as a filter aid [88, 89]. Lastly, we
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demonstrate the ability of the membranes to undergo pressurized in-line flow without
mechanical failure which demonstrate potential for these membranes to be functionalized
for use in high-flux applications or in applications which benefit from efficient hierarchical
mass-transfer.

2.3 Materials and Methods

2.3.1 Freeze-Casting

A similar freeze casting method was applied as done in Chen et al. [78]. Aqueous
slurries were created by mixing food-grade diatomite powder (Fossil Shell Flour®,
purchased from Perma-Guard Inc., USA.) and deionized water with varying concentration
(ie., 0,3, 5,7, and 9 wt. % of total ceramics) of sodium carbonate anhydrous (Fischer
Scientific S263). Each slurry contained polymer binders (1 wt. % of Polyvinyl alcohol, 98—
99% hydrolyzed, average molecular weight (M.W.) 88,000-97,000, Alfa Aesar, USA and
1 wt. % of polyethylene glycol, average M.W. 5400-6600, Alfa Aesar, USA), and a
dispersant (3 wt. % of sodium polyacrylate anionic dispersant, DARVAN® 811,
Vanderbilt Minerals, USA). The slurry was heated up to approximately 90 °C while stirring
for 15 minutes.

The obtained slurry was poured into PVC tube and attached to the freeze-casting
device previously described [77], representation shown in Figure 2.1. A copper finger
connects a proportional-integral-derivative controller, the slurry, and a liquid nitrogen bath
to enable a controlled cooling from 20 to -170 °C at a rate of 10 °C/min of the diatomite
slurry. The slurry was held -170 °C for 30 minutes before the scaffold was removed from

the mold and put into a freezer to be held until the subsequent freeze-drying step. Multiple
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scaffolds (5-10) were added to the freeze dryer (Labconco, Kansas City, MO) at -50 °C
and 350 Pa for 48 h. The green bodied scaffolds were then sintered in an open-air furnace
at a rate of 5 C/min to 1050 °C, held at 1050 °C for 4 hours, and cooled at 10 °C/min to
room temperature. Finally, the top and bottom 5 mm were removed using a PCS-400
sectioning saw with a DB412-8 diamond blade (Mark V Lab, East Granby, Connecticut).
The scaffolds were then cut into 3 — 4 mm thickness membranes still maintaining the same

diameter as the original scaffolds (~ 11 mm).

Polyvinyl
44— chloride tube
with slurry
Copper coin

4— Thermocouple

Styrofoam

container with
/ liquid nitrogen

COPPET 00 sty

Temperature
controller

|./

Figure 2.1: Unidirectional freeze cast (or ice-templating) set-up used for fabrication of diatomite membranes.
Styrofoam container holds the liquid nitrogen where the copper rod protrudes inside that is connected to the
copper coin and polyvinyl tube shown here. The cooling from nitrogen is measured and controlled to a rate
of 10 C°/min using a thermocouple attached to a temperature controller. The scaffolds are frozen to -170 C°
and thermally soaked for 30 minutes before subsequent freeze drying.
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2.3.2 Material Characterization
2.3.2.1 Structural Analysis

Structural analyses were performed using multiple techniques consisting of
scanning electron microscopy (SEM), microcomputed tomography (u-CT), nitrogen
sorption analysis, and mercury porosimetry. SEM was performed using a FEI Quanta
FEG250 (Thermo Fisher Scientific, Waltham, Massachusetts) using an electron voltage of
5 kV. Samples were prepared by fixing the diatomite membranes onto aluminum pucks
with double-sided carbon tape on the bottom and wrapped around the edges of the
membrane. The samples were sputter coated in iridium prior SEM using a K575X Iridium
Sputter Coater (Emitech, Montigny, France) to ensure maximum electron conduction. M-
CT was performed using a Zeiss Versa 510 microscope with a voxel size of 7.3673 pum,
with 1601 projection images using a 40 kV voltage. The images were edited and stitched
together using Amira software (Thermo Fisher Scientific, Waltham, Massachusetts) to
create a high-resolution 3-dimensional image. N> physisorption analyses were performed
on an ASAP 2020 (Micrometrics, Norcross, GA) applying the Brunauer—Emmett—Teller
(BET) theory. Prior to analysis, samples were activated under vacuum at 105 °C overnight
and experiments were run at 77 K. Mercury porosimetry results were obtained using a
PoreMaster-60 Mercury Intrusion Analyzer (Anton Paar Quanta Tech Inc., Boynton
Beach, FL). Diatomite membranes were cut into small cubes (1 cm?) and intruded to a
pressure of 4170 PSIA (max pressure before structural collapse of material), corresponding
to a reading of pores with diameters down to 50 nm. This was performed on samples

containing 5 and 7 wt. % of sodium carbonate.
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2.3.2.2 Compositional Analysis

Compositional analyses were performed using x-ray diffraction (XRD) to observe
crystalline phases present, energy dispersive spectroscopy (EDS) to observe ratio of
elements present, and Fourier-transform infrared spectroscopy (FTIR) to observe
functional groups and chemical bonds present in the diatomite membranes. XRD analyses
were performed on a D2 Phaser (Bruker AXS Inc., Madison, WI) instrument using Cu Ka
radiation with a step size of 0.006° 20, a minimum count time of 0.3 s, and a 20 range from
10 — 60°. EDS was performed using the same microscope used for SEM using an electron
voltage of 5 kV. FTIR was performed on a Spectrum Two Spectrometer (Perkin Elmer,
Waltham, MA) used in reflection mode with a KBr beam splitter, a mid-IR source, and a
lithium tantalate detector. The resolution was 8 cm™! and the frequency range tested was
from 400 to 4000 cm™!. The results from XRD and EDS of the raw diatomite purchased is
shown in Figure 2.2. Results demonstrate that the powder consists mainly of amorphous

silica with modest amounts of aluminum and magnesium.
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Figure 2.2: (a) X-ray diffraction spectrum of raw food grade diatomite and demonstrates it consists mainly
of amorphous silica; (b) Energy dispersive spectroscopy results reveal the diatomite is mainly composed of
silica and its main impurities are aluminum and magnesium.

2.3.2.3 Mechanical Analysis

The sintered diatomite membranes were cut into cubes 5 mm in all primary
dimensions. These cubes were compressed with a strain rate of 0.1% per second in an
Instron machine (Instron 3342, Instron, Massachusetts, USA). The cubes were tested in
two directions: (1) axial direction (parallel to the direction of ice growth) and (2) transverse
direction (orthogonal to the direction of ice growth). The Young’s modulus and ultimate

compressive strength were determined from the gradient of linear region and maximum
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stress on the stress-strain curve. Mechanical testing was performed on all types of scaffolds
created (i.e. 0, 3, 5, 7, 9 sodium carbonate wt. %)
2.3.3 Filtration

The custom-built filtration apparatus is shown in Figure 2.3. The cationic
methylene blue dye (Sigma-Aldrich M9140) and the monodisperse amine-modified
polystyrene beads (florescent red: Sigma-Aldrich L2778) with diameters of approximately
1 um were used to perform vacuum filtration to quantify the adsorption capabilities of the
diatomite freeze caste membranes with varying sodium carbonate (5, 7, and 9 wt. %).
Scaffolds with 0 and 3 wt. % of sodium carbonate were omitted due to both the lack of
mechanical rigidity to avoid failure under vacuum pressure and also due to their dusty
nature which could interfere with spectrophotometry results of the effluents. Initial
concentrations of methylene blue dye and latex beads were both 100 mg/g for all
experiments. The effluents of methylene blue and latex beads solution were collected, and
the concentrations were measured by spectrophotometry (product manufactured by
Molecular Devices, LLC. 1311 Orleans Drive, Sunnyvale, California, United States of
America 94089. SoftMax Pro Software version 7.0.3). The absorbance mode was using for
methylene blue effluents at 664 nm wavelength while the florescent mode was used for the

amine-modified latex beads at a 575 nm excitation and 610 nm emission wavelengths.
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Figure 2.3: (a) Custom built vacuum filtration apparatus used to test the size selection and electrostatic
adsorption filtration capabilities of the freeze cast diatomite membranes. (b) Vacuum parts (red box in (a))
were used to contain the diatomite membrane and a custom 3D printed O-ring was used to ensure the filtrate
did not pass through the voids between vacuum housing and diatomite membrane.
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2.4 Results and Discussion
2.4.1 Lamellar Structure

Micro-computed tomography was used to visualize the open porosity from the
freeze casting process as shown in Figure 2.4. A key attribute observed was the
translamellar bridging which significantly contributes to stress-delocalization and overall
rigidity of the final scaffold. Research done by Frank et al. [77] demonstrated an increase
in mechanical properties (i.e. stiffness and strength) the larger the constituent platelets were
which is unexpected for sintered ceramics because smaller particles allow for more
bonding to occur during the sintered step. However, translamellar bridging is more likely
to occur with larger particles and is the cornerstone to obtaining a strong freeze caste
scaffold. The diatomite powder consists of a distribution of sizes of diatoms and finer
particles which are expected to each serve an important role. For example, the larger diatom
frustules allow for a large number of inter-lamellar bridging to occur, while the finer

particles help fill in the gaps of the larger diatoms to promote stronger jointing.

(a) ~(b)

Figure 2.4: Micro-computed tomography images of diatomite membranes created from a freeze casting
process. The top-down (a) and transverse (b) cross-sections (with respect to the lamellar walls that are
common in unidirectionally freeze caste materials) are demonstrated. Lamellar walls are shown to be ~ 15
um, are continuous, and have translamellar bridging that produce a combination of porosity and mechanical
rigidity to undergo high-throughput flow applications.
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2.4.2 Addition of NaCO3

Due to the potential demonstrated by Chen et al. [78] for freeze caste diatomite
membranes, we further explored how to optimize the membranes properties, specifically
its mechanical properties. The membranes, without any further treatment, would crush
without applying much pressure and would leave dust when applying scotch tape. These
properties are clearly undesirable for a membrane used to filter out unwanted impurities
and conflict with the desirable properties of the membranes, such as the efficient
hierarchical porosity both from the freeze casting process (~15 pm lamellar walls) and the
natural porosity of the diatom frustules. Therefore, changing the processing conditions
were considered to further increase the stiffness and strength. We chose to include sodium
carbonate (NaCQs), a flux agent, to locally reduce the phase change activation energy of
the amorphous silica to a crystalline phase (i.e., cristobalite), as shown in previous research
on adding flux agent to diatomite for improving filtration capabilities [88, 89]. This was
performed, as opposed to simply increasing the sintering temperature and soaking time, to
save cost on energy and because the flux agent locally targets loose aggregates which
increases permeability and avoids the issue of having dust remain on the surfaces of the
sintered membrane. The trade-off that is expected with adding flux agents to diatomite is
that, if too much is added then the natural porosity of the diatomite may be melted together.
Therefore, finding the right amount of sodium carbonate that is needed to increase
mechanical properties with minimal closure of the natural porosity of diatom frustules was

a major goal in this research.
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2.4.2.1 Effects on Porosity

Freeze casting of diatomite membranes was performed by varying the amount of
sodium carbonate with 3, 5, 7, and 9 wt. % (will further be referred to as SC3, SC5, SC7,
and SC9, respectively) in the initial ceramic loading of the freeze cast slurry. In other
words, all membranes were created with 25 wt. % of ceramics (i.e., diatomite and sodium
carbonate) in the initial slurry and of this 25 wt. % different proportions of sodium
carbonate were used.

SEM was performed on the diatomite membranes after the sintering process, shown
in Figure 2.5, and reveal, as expected, that the natural porosity of the diatom frustules
begins to close with more sodium carbonate being added. However, both SC3 and SC5
membranes appear to have little effects on the closing of the frustule pores. Further SEM
imaging was performed on the SC5 samples, shown in Figure 2.6, to both demonstrate the
various levels of the hierarchical porosity the membranes possess and to also demonstrate
that pores smaller than 100 nm appeared unaltered despite the presence of sodium

carbonate during the high-temperature sintering process.
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Figure 2.5: Scanning electron micrographs with varying magnifications of the freeze caste diatomite
monoliths with varying sodium carbonate content: (a), (b), (c), and (d) are 3, 5, 7, and 9 wt. %, respectively,
after being sintered at 1050 C° for 3 hours. It is clear the texture of the diatom surfaces becomes smoother
the more sodium carbonate content there is demonstrating a loss in surface area and porosity.
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Figure 2.6: . Scanning electron micrographs with varying magnifications of the ice-templated diatomite
monoliths with 5 wt. % sodium carbonate and sintered at 1050 C° for 3 hours. (a) and (b) demonstrate the
lamellar porosity from ice-templating process and the natural porosity of the diatom frustules, respectively.
(c) demonstrates the retention of pores ~ 100 nm despite thermal processing.

N> physisorption was performed on the raw diatomite used, as well as the sintered
membranes with varying sodium carbonate (including no sodium carbonate content) to
observe the change in specific surface area (SSA) expected from thermal treatment. The
initial diatomite yielded a BET surface area of 38.15 + .15 m?/g with a total pore volume

of 0.11 cc/g at saturation, while all of the sintered membranes showed negligible values.
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This comes to no surprise, as this method of testing for porosity is in the range of 2 — 10
nm and pores with such low diameters are expected to sinter close under high-temperatures.

From SEM, it appeared that SC5 membranes had little effect on the porosity, while
the SC7 membranes appeared to have a clear effect. Therefore, mercury porosimetry was
performed to compare the hierarchical porosity across a broad range of pore size for the
SC5 and SC7 membranes, as shown in Figure 2.7. Pore size distributions were obtained by
measuring the volume of mercury intruded into the pores as a function of applied pressure

using the Washburn equation:

B (2ycos0) (2.1)
T
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Figure 2.7: Mercury porosimetry analysis (down to 50 nm pore diameter) on diatomite membranes with a
sodium carbonate content of either 5 wt. % (left) or 7 wt. % (right). (a) and (b) are the slopes of the
incremental volume vs. pressure plots plotted again pore diameters and reveal most of the change in volume
occurs due to the lamellar pores created from the freeze casting process. Bands are also observed in the 1 mm
region which are likely due to the width of lamellar pores, while the band observed in the 1 um range are due
to the diatom’s natural porosity. (¢) and (d) are pore distribution plots that allow a closer look in the higher
pressure (lower diameter) regions of the porosimetry results. There appears to be more porosity in sub-micron
regions with the lower sodium carbonate content, as expected.

Where y and € are material constants of mercury and are the surface tension and
contact angle, respectively [90]. Therefore, as pressure, P, is steadily increased, smaller
pores (» =radius) are being filled with mercury. Volume of mercury intruded or cumulative
volume, V, was also measured. Typically, cumulative volume is plotted against pressure or

pore size, however this tends to lose information from multimodal porous materials due to
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the largest band of pores dominating the cumulative volume. By obtaining dV/dP and
plotting against pore size, we are able to observe the spread of pore sizes and how much
each band of pores (i.e., lamellar walls from freeze casting processing, the various
hierarchical levels of diatom porosity, and interparticle spacing) is contributing to the
overall porosity as shown in Figure 2.7a,b. These plots demonstrate both SC5 and SC7
membranes have similar lamellar wall structures, as expected, from the large peaks around
15 um. Both types of membranes also show a modest contribution of volume from pores
in the diameter range of 1 — 2 um which is likely from the largest pores seen on the diatom
frustules. The pores sizes observed that are greater than 100 um are likely due to the
anisotropic geometry of the lamellar structure.

The dV/dP method of analysis gives more weight to larger pores (lower pressures);
therefore, further analysis was done to give more weight to larger pressures by plotting the

pore size distribution function, Dv(r), against pore size:

Pdv
pur) = 2% (2.2)

By giving more weight to smaller pore sizes we are able to observe what we
expected to occur by adding excess sodium carbonate. That is, that there should be less
porosity observed for SC7 samples compared to SC5 which is shown by comparing Figure
2.7¢ and Figure 2.7d. The SC5 membranes have a narrow band of pores with diameters
below 100 nm that are not seen with the SC7 samples which are likely from similar pores
to the uniform pores observed in Figure 2.6¢c. Moreover, the ratio of volume contribution

between the pore band around 2 pm and the steep band around 15 um (representative of
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the porous lamellar walls) appears greater for SC5 which suggests that these 2 um pores
are also being affected from adding in excess sodium carbonate. Overall, these porosimetry
results corroborate the SEM results which suggest that adding more than 7 wt. % of sodium
carbonate significantly closes the natural porosity of the diatomite.
2.4.2.2 Effects on Mechanical Properties

As mentioned previously, the trade-off we expect by adding in sodium carbonate is
between porosity (favorable for filtration and further functionalization for other
applications) and the mechanical properties (favorable for larger flow rates, handling, and
a decrease in dust impurities from membrane itself). By quantifying both of these material
properties we can: (i) map out what processing conditions are necessary for tailoring the
membranes to their desired application and (i1) observe diminishing returns in mechanical
properties with adding in sodium carbonate.

The effect that sodium carbonate has on the material properties of the diatomite
membranes were initially observed by obtaining the shrinkage and bulk densities of the
sintered membranes, as shown in Figure 2.8. The shrinkage of the membranes is obtained

by measuring the diameters before and after sintering:

Dfinal ) (2-3)

initial

Shrinkage % = 100(1 —
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Figure 2.8: Bulk density of sintered diatomite scaffolds with varying sodium carbonate contents (3, 5, 7, and
9 wt %) and the shrinkage of their diameters [1 — Dyina/Dinitiat] as a result of the sintering process. As expected,
the bulk density and shrinkage seem to be in strong correlation. It appears that there is a noticeable increase
in density with an increasing sodium carbonate content from 3 to 5%, but thereafter, the values plateau.

This was done as a simple way to quantify the effect increasing the sodium
carbonate content has on the final product. Results demonstrate a clear correlation between
shrinkage and bulk density, as expected. Moreover, these results reveal a noticeable
increase in shrinkage and bulk density from 13.15 £+ 2.29 % and 0.33 + 0.02 g/cc to 19.36
+ 1.33 % and 0.41 £ 0.02 g/cc for SC3 and SC5 membranes, respectively. However, the
addition of more sodium carbonate (i.e., SC7 and SC9) did not significantly further
increase these measured variables and appeared to hit a plateau.

Mechanical compression results further reveal the effect sodium carbonate has on
the sintered diatomite membranes, shown in Figure 2.9. Figure 2.9a demonstrates that
adding in any amount of sodium carbonate significantly increases the mechanical
properties (i.e. Young’s Modulus and ultimate compressive strength) of the sintered
membranes. Moreover, Figure 2.9a and 9b reveal a clear increase in these properties from

SC3 to SCS5 in the axial direction (compression axis aligned with lamellar walls), but
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thereafter sample types begin to experience diminishing returns with increase sodium
carbonate content. A surprising decrease in Young’s Modulus is also observed in the axial
direction from SC7 to SC9 which suggests finding an optimum region of sodium carbonate
that considers both mechanical properties and maintaining the natural porosity of the
diatomite is between 3 and 7 wt. %. Lastly, the compression results in the transverse
direction show a peak in mechanical properties for SC5 membranes. This suggests there
may be competing mechanisms that contribute to the mechanical properties, with the
obvious one being the sodium carbonate reducing the activation energy of crystallization
during sintering. The second may be due to a decrease in lamellar bridging which is a
critical determinate in the mechanical properties of freeze-caste scaffolds [76, 77]. An
increase in sodium carbonate also means a decrease in diatomite per volume of the final
membranes due to the overall amount of ceramics added into the initial slurries being held
constant. A decrease in diatomite density will result in a particle size distribution that is
proportional, and due to larger particles increasing the probability of lamellar bridging to
occur, this would explain how adding too much sodium carbonate could result in a decrease

in the mechanical properties.
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Figure 2.9: Summary of compressive mechanical properties of diatomite membranes with varying sodium
carbonate content (i.e. 0, 3, 5, 7, and 9 wt. %). (a) Axial stress-strain plots demonstrating a significant increase
in mechanical properties due to the addition of sodium carbonate, however the trend of increasing stiffness
and strength appears to quench after 7 wt. %; (b) summarizes the axial properties of the membranes (i.e. axis
the lamellar walls are aligned in) and demonstrate a noticeable jump in Young’s Modulus after 3 wt. %, but
otherwise do not demonstrate a linear trend of increasing mechanical properties with sodium carbonate
content; (¢) summarizes the transverse properties which are noticeably weaker than the axial direction, as
expected.

2.4.3 Compositional Analysis

X-ray diffraction (XRD) and Fourier-Transform Infrared (FTIR) analyses were
performed on each type of membranes to observe the compositional effect sodium
carbonate has on the crystallization of the diatomite silica, shown in Figure 2.10. From the
change in color with increasing sodium carbonate (Figure 2.10a), it is clear there is a

compositional change that warranted further investigation. Previous literature that uses
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sodium carbonate as a flux agent for diatomite demonstrate an increase in cristobalite
content that is correlated with how white the sintered byproducts become [88]. Therefore,
we expected to observe increasing crystallization content in XRD and FTIR with more
sodium carbonate content, specifically of the cristobalite phase. However, XRD results
(Figure 2.10b and 2.10c) revealed that all samples achieve significant crystallization due
to large and narrows peaks. All samples, including SCO, contain peaks that resemble
crystalline silica of the cristobalite phase (JCPDS#39-1425), with the most noticeable
peaks being for the “101°, ‘200°, and ‘102’ planes. Upon closer inspection of the ‘101’
plane we can clearly observe the effect sodium carbonate has on the crystal structure of the
crystallized diatomite. With increasing sodium carbonate content, the ‘101’ peak decreases
in intensity and is shifted to a higher angle. Important to note, is that all sample’s ‘101’
peaks are ~ 0.3 260 less than the reference for the ‘101’ cristobalite peak. Therefore, a
decrease in the angle of the ‘101’ peaks with decreasing sodium carbonate suggests that
the aluminum and magnesium impurities, quantified through energy dispersive
spectroscopy, may be causing substitutional and/or interstitial defects, thereby producing
lattice strains on what is mainly a cristobalite crystal lattice. Furthermore, increasing
sodium carbonate content may be decreasing the number of defects responsible for
decreasing the lattice parameter compared to the cristobalite reference by further lowering
the energy barrier needed for crystallization of pure cristobalite despite the entropically

favorable defects due to impurities present.
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Figure 2.10: Images of the sintered diatomite membranes with varying sodium carbonate (left to right: 0, 3,
5,7, and 9 sodium carbonate wt. %) that demonstrate a change to an orange color with a subsequent gradual
whitening as more sodium carbonate content is used. (b) and (c) are x-ray diffraction spectra of the diatomite
membranes. (b) demonstrates that all types of the membranes obtained crystallization to a cristobalite phase
as demonstrated by the dio1 and daoo peaks present on all the spectra. However, with 9 wt. % sodium carbonate
the dio2 plane of cristobalite becomes more pronounced than for membranes with less sodium carbonate.
Furthermore, (c) is a closer look at the dio1 peak of cristobalite and demonstrates the peak intensity decreases
and is shifted to a larger angle (smaller lattice parameter) that is closer to crystalline cristobalite (JCPDS#39-
1425) that is denoted by the dotted vertical line. (d) is Fourier-transform infrared spectroscopy and reveals
all membranes have noticeable bands at 1095, 792, and 475 cm™! which are representative of the asymmetric
stretching, symmetric stretching and bending vibrations of Si-O-Si bonds, respectively [40]. However, the
617 cm™! band is assumed to be representative of the cristobalite phase which becomes more pronounced as
more sodium carbonate is added (black circle).

69



2.4.4 Filtration Results
2.4.4.1 Electrostatic Adsorption

Diatomite is naturally anionic on its surface and therefore a cationic dye, methylene
blue, was used to observe the effectiveness the diatomite, freeze-caste membranes have for
electrostatic adsorption during in-line vacuum-assisted flow, shown in Figure 2.11. The
retention of methylene blue (mg of methylene blue retained per g of membrane) was 0.129
+ 0.027, 0.169 £+ 0.037, and 0.191 = 0.049 mg/g for SC5, SC7, and SC9 membranes,
respectively, for an initial concentration of 100 mg/g of methylene blue dye. These results
show a proportional relationship between sodium carbonate content and adsorption of
methylene blue dye; however, error bars are overlapping which suggest the changes are
negligible. Regardless, this trend is surprising given that an increase in sodium carbonate
causes the porosity to decrease due to surface melting. This trend is likely due to changes
in the surface chemistry and the membrane’s electrostatic surface potential due to the effect
sodium carbonate has in aiding the crystallization of amorphous diatomite silica into

cristobalite.
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Figure 2.11: (a) Electrostatic adsorption filtration results of 100 mg/L methylene blue aqueous solution
through 3 — 4 mm thick diatomite membranes with varying sodium carbonate content (5, 7, and 9 wt. %).
Values were quantified using spectrophotometry before and after filtration. Results demonstrate a slight
increase in adsorption capabilities with increased sodium carbonate content, however the increase is
negligible as the error bars are overlapping. (b) Image captured right after filtration demonstrating a thorough
adsorption of the dye despite the low contact time due to rapid vacuum assisted flow.

Figure 2.11b shows a cross-section of the diatomite membranes after undergoing
filtration and reveals a homogenous adsorption of methylene blue dye throughout the
membrane. These results demonstrate the robustness of the membranes to undergo
vacuum-assisted flow and an ability to quickly electrostatically adsorb methylene blue dye
which show promise for future applications. However, further research will be needed to
properly quantify the ability and capacity of these membranes for the use in electrostatic

filtration.
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2.4.4.2 Size Selection

It is essential for filtration membranes to have size selective properties to quickly
remove the bulk of impurities of various sizes, while the adsorption capabilities in the
previous section are complimentary to remove dissolved/ionic molecules and nano-
impurities. Therefore, monodisperse 1 um latex beads were used to observe the diatom
membranes size-selective properties. Monodisperse latex beads are commonly used to
quantify filtration efficiency due to their similar size to bacteria [91]. It is important to note
that the diatomite membrane is mainly composed of 15 um lamellar walls that provide
continuous channels for the filtrate to pass through and therefore it is likely the latex beads
pass straight through the membrane. Figure 2.12 shows a surprising retention of 38.8 2.4,
41.3 £ 6.4, and 26.3 + 6.2 % for the SC5, SC7, and SC9 membranes, respectively. Where
retention is defined as:

Cr; 2.4
Retention % = 100(1 — _finat. ) -
Cinitial
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Figure 2.12: (a) Size selection filtration results of monodisperse 1-um florescent latex beads through 3 — 4
mm thick diatomite membranes with varying sodium carbonate (5, 7, and 9 wt. %). Values were quantified
using spectrophotometry before and after filtration. (b) are scanning electron micrographs that reveal the
latex beads commonly become trapped onto the diatom frustule’s natural porosity. The phenomenon likely
occurs due to the open porosity of the frustules allowing the vacuum forces to permeate during filtration,
thereby forcibly entrapping the particles. This mechanism likely explains why the retention of latex beads is
around 40% despite the membranes have open lamellar walls ~ 15x larger than the diameter of the beads.
Scale bar is 5 pm. Latex beads are artificially colored.

With Cfinar and Ciniiar being the concentrations of latex beads before and after
filtration, respectively. Figure 2.12b shows an SEM micrograph of an SC5 membrane after
filtration and reveals how the latex beads aggregate on the uniform porosity of the walls in
the diatom frustules. This may be a consequence of the open porosity of the diatoms
allowing for efficient mass-transfer of the pressurized flow to force the beads into place

during the filtration process. Furthermore, a clear drop in retention of beads for the SC9
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samples can be explained due to the closure of these uniform pores, seen in SEM,
responsible for partially enveloping and stabilizing the beads. A negligible difference
between the SC5 and SC7 retention of beads can similarly be explained as the uniform
pores (~ 800 nm) did not experience complete closure as observed through mercury
porosimetry and SEM.
2.5 Conclusions

In this work, diatomite monoliths were produced through a freeze casting process,
first performed by Chen et al. [78], and further reinforced by adding a flux agent (i.e.,
sodium carbonate) at various concentrations in the initial slurry. Imaging through SEM and
u-CT reveals that the freeze casting process provides an open network of lamellar porosity,
reinforced through bridging, which compliments the naturally open porosity of the
constituent diatom frustules. Using these hierarchically porous silica monoliths with
efficient mass transport capabilities has the potential to be functionalized (i.e., metal-
organic frameworks, zeolites, nanoparticles, and shape-preserving chemical alterations) for
use in a plethora of applications, which are already being explored for both freeze casting
and diatom nanotechnology, independently [51, 58, 69, 74, 81-87]. However, a key issue
that has been solved in this work, through the addition of sodium carbonate, is to ensure
the mechanical rigidity of these highly porous scaffolds. However, it was hypothesized and
demonstrated that adding too much sodium carbonate results in surface melting of the
natural porosity of the diatomite which would hinder future applications. We determined
the optimal sodium carbonate in the initial slurry is 5 wt. % of the total ceramics used

(sample SC5) due to achieving sufficient mechanical properties while maintaining porosity
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below 100 nm. The bulk density, Young’s modulus, and ultimate compressive strength of
SC5 samples are 0.41 £+ 0.02 g/cc, 29.37 £ 9.80 MPa, and 1.02 + 0.44 MPa, respectively.
To the best of our knowledge, seldom work has been performed to create highly porous
diatomite monoliths, but of those referenced, the results here are similar (i.e., comparing
bulk density and compressive strength), although the microstructures are completely
different. The lamellar-wall microstructure is highly anisotropic which can potentially be
taken advantage of in applications involving in-line flow (i.e., filtration, catalysis, sensing)
due to the direction of maximum reinforcement being parallel with the forces of pressurized
flow. Therefore, these diatomite membranes were tested under in-line vacuum filtration
using methylene blue dye and 1 um monodisperse latex beads to quantify the performance
through electrostatic and size-selection capabilities, respectively. Results demonstrate
potential for these membranes, under further functionalization, to be able to undergo high
flow-rate applications which benefit from efficient mass-transfer and size-selection
capabilities spanning several length scales.
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CHAPTER 3: Surface-enhanced Raman Scattering Sandwich Assay for Point-of-
Care Biosensing
3.1 Abstract

A point-of-care biosensor based on a surface-enhance Raman spectroscopy (SERS)
sandwich assay platform is developed using silver nanocubes (AgNCs) on a gold capture
substrate. The specific chemistry of the streptavidin-biotin system is used as a model
system to demonstrate the facile and sensitive biosensing capabilities. Both the AgNCs and
the capture substrate were functionalized with a heterobifunctional ligand, biotin-
polyethylene glycol-thiol. The ability for the AgNCs to bind to the capture substrate
depends on the concentration streptavidin present and is characterized using SERS and
scanning electron microscopy. The Raman reporter, 2-napthethalenethiol, is also bound to
the surface of the AgNCs for ultrasensitive SERS detection of AgNC binding. The flat
surface of the AgNCs bound to the gold surface provide a high area of plasmon coupling
between the localized surface plasmons of the AgNCs and the long-range plasmons of the
gold capture substrate; thereby, providing a near-field enhancement of the Raman reporter
unavailable to similar SERS sandwich assay platforms. Further functionalization and
surface treatment of the capture substrates were performed to reduce the non-specific
binding of AgNC and increase the biosensor’s signal-to-noise ratio. The optimized sensor
was able to sense streptavidin in the picomolar range with a limit of detection of 70 pM.
3.2 Introduction

The importance of both accurate and rapid biosensing has been highlighted by the

2019 coronavirus disease (COVID-19) pandemic where detecting the virus provides
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crucial information for preventing further spread of the virus and for further treatment of
the patient [92-94]. Applications of biosensing extend into a plethora of medical diagnoses
where the detection of biomolecules (e.g., small molecules, nucleic acids, and proteins) can
reveal the presence of various diseases (e.g., diabetes, heart disease, cancer, etc.) [95].
Current gold standard techniques for the accurate detection of nucleic acids and proteins
are polymerase chain reaction (PCR) and enzyme-linked immunosorbent assay (ELISA).
However, these techniques require a mixture of a laboratory setting, expensive
reagents/equipment, long test-times, and trained professionals to perform the tests. To
circumvent these issues, point-of-care testing (POCT) aims to provide rapid results directly
to patients without the need of sending samples to a laboratory [96]. For example, the
lateral flow immunoassay (LFIA) is one of the most used POCT techniques, including for
diagnosis of COVID-19, due to a combination of its low price, ease-of-use, and quick
results. However, LFIA’s reliance on non-quantitative colorimetric analysis results in low
sensitivity and the inability to determine the concentration of a target analyte [96].
Therefore, developing techniques that increase the sensitivity of such POCT techniques
will enable the detection low analyte concentration applications and trust in these
techniques to give minimal false results, preventing the need of further expensive and time-
consuming tests.

Recent research has investigated POCT techniques which use surface-enhanced
Raman scattering (SERS) as the method of detection due to its ultrasensitive capabilities
[96-98]. SERS is obtained from plasmonic nanostructure or nanoparticles which possess

oscillating free electrons capable of concentrating light into “hot spots” of localized large
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field enhancements. These hot spots, located near the surface of plasmonic nanoparticles,
provide orders of magnitude increase in the Raman scattering of molecules located inside
which have resulted in single-molecule detection [8, 9]. Although SERS biosensors in
some cases detect analytes directly [102, 103], it is common for the nanoparticles (SERS
nanotags) to be molecularly functionalized with large Raman cross-sections molecules
(Raman reporters) to increase the sensitivity [98, 103-6]. The advantages of using SERS
nanotags as the labeling agent, as opposed to other colorimetric labeling approaches (e.g.,
fluorescence and horse-radish peroxide), are the ability for multiplexed detection, minimal
photobleaching, use of near-infrared excitation to avoid autofluorescence of biological
samples, and quantification (assuming the SERS signal is proportional to SERS nanotags)
[99, 107-109]. However, a key disadvantage for SERS-based POCT is the need for a
Raman spectrometer which currently have commercial cost greater than $12,000 U.S.
[110]. This limits widespread personal use of such techniques, however, its use as a rapid,
easy-to-use, ultrasensitive diagnostic technique in hospitals has been demonstrated to
accurately detect various forms of cancer [104, 111-113]. Moreover, further advances in
custom Raman spectrometers have demonstrated prices below $1,000 U.S. which show
promise for future widespread use of SERS-based POCT [110].

Efforts made to maximize the electric field enhancement of plasmonic
nanostructures make use of plasmon coupling which occurs when neighboring plasmons
in resonance start to hybridize [102, 106, 115-118]. Compared to a single nanoparticle, this
plasmon resonance achieves several orders of magnitude increase in the electric field

enhancement in a small region (i.e., the nanogap) between the two nanoparticles. SERS-
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based biosensors that make use of the large electric field enhancement in the nanogap can
obtain unrivaled sensitivities. For example, a 100-attomole detection of the malaria parasite
Plasmodium falciparum was detected using a core-gap-shell nanoparticle with a Raman
reporter loaded inside the nanogap obtained by the resonance between the core and shell
[105]. Another example instead utilizes the large field enhancements of the nanogap in a
sandwich immunoassay of silver nanocubes (AgNCs) on a gold substrate for surface-
enhanced fluorescence (SEF) detection of the cardiac biomarker B-type natriuretic peptide
[119]. The uniform nanogap created by the flat AgNCs and gold substrate provide a large
area of large electric field enhancement that resulted in more than 100-fold fluorescence
enhancement of the detection antibody. Zeng et al. further investigated AgNCs on a gold
substrate by fabricating a metasurface of equally spaced AgNCs using a Langmuir-
Blodgett deposition method [116]. The results, coupled by simulation, demonstrate an
order of magnitude increase in overall field enhancement compared AgNCs on a silicon
substrate (no plasmon coupling).

Here, we investigate the use of AgNCs labeled with the Raman reporter, 2-
naphthalenethiol, as the SERS nanotag in a sandwich assay to rapidly detect streptavidin.
Streptavidin forms a biotin-streptavidin-biotin bridge between AgNCs and a gold capture
substrate which are both functionalized with the heterobifunctional linker, biotin-PEG-
thiol. The SERS spectrum of the fabricated AgNC sandwich assay were obtained and the
distinct peaks from the AgNC-bound Raman reporter were quantified. In this work, two
key assumptions which are necessary to obtain a SERS nanotag-based quantitative

biosensor [99] were investigated: (i) the AgNC binding to the capture substrate is directly
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proportional to the amount of bound streptavidin and (ii) the SERS signal is directly
proportional to the amount of AgNC binding to the capture substrate. In addition to
providing quantitation, the investigation of the adherence to these assumptions serves to
decrease background signal from nonspecific binding of either streptavidin or AgNCs to
the substrate and achieve a low limit of detection. This SERS sandwich assay platform uses
the streptavidin-biotin complex as a model system but can potentially be further extended
into a variety of specific binding chemistries (e.g., antibodies, aptamers, peptides, etc.) for

ubiquitous rapid and sensitive biosensing.
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3.3 Materials and Methods
3.3.1 AgNC Synthesis and Ligand Exchange:

AgNC (average edge length 70 - 80 nm) were synthesized using a modified polyol
method previously described [116, 120, 121]. The as synthesized AgNC are capped with
polyvinyl pyrrolidone (PVP, average Mw 55 kDa). After filtration with 0.65, 0.45, and 0.22
um mesh filter paper (Millipore Durapore) the AgNCs are centrifuged and solvent
exchanged from 1,5-pentanediol to ethanol. The AgNCs are then centrifuged, and solvent
exchanged again with a mixture of water and ethanol (50:50 v/v). Next, the dispersed
AgNCs undergo a ligand exchange process to displace the PVP with a mixture of 1 uM 2-
naphthalenethiol and 10 uM biotin-PEG-thiol (average Mw 5 kDa, Nanocs) in a mixture
of water and ethanol (50:50 v/v). After 72 h of continuous mixing, the biotinylated AgNCs
are then centrifuged, and solvent exchanged 7 times with PBS-T to ensure complete
removal of unbound ligands. Controlling the pH was necessary to promote the specific
binding chemistry of the biotin head groups from both the capture substrate and AgNCs
with the streptavidin used in the sandwich assay fabrication. Moreover, the Tween20 is
necessary due to maintaining the stability of AgNCs despite the increase in pH and ionic
strength from the buffer solution. The ligand exchange of the AgNCs were characterized

UV-vis spectroscopy (Agilent Cary 60 UV-vis Spectrophotometer).

3.3.2 Au Capture Substrate Fabrication
Diced silicon substrates (1 x 1 cm) were sputtered with a Denton Discovery 18
system to obtain a thin Au surface layer. These Au substrates were then treated with piranha

solution for 2 minutes and further washed with water and ethanol. Next, each cleaned Au
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substrates was immersed overnight on a rocking table in 1 mL of ethanolic solution
containing 1 mM total of biotin-polyethylene glycol (biotin-PEG-thiol, average Mw 1 kDa,
Nanocs) or a mixture of biotin-PEG-thiol and polyethylene glycol methyl ether thiol
(mPEG-thiol, average M, 800, Sigma-Aldrich). The functionalized Au capture substrates
were then washed with 5 times with 1 mL ethanol and 2 times with 1 mL water and then
transferred into 1 mL of 1X PBS buffer solution (pH 7.4) containing 0.1 wt.% of Tween20
(PBS-T) for 30 minutes. The PBS-T incubation was used as a blocking step to prevent

nonspecific binding of streptavidin in the following step in the sandwich assay fabrication.

3.3.3 AgNC Sandwich Assay Fabrication

The biotinylated Au capture substrates incubated with varying concentrations of
the analyte streptavidin (Thermo Fisher Scientific) in a PBS-T solution for 1 h and with
control samples undergoing same procedure but without streptavidin exposure. After
streptavidin incubation the capture substrates are washed five times with PBS-T to ensure
only specifically bound streptavidin remain. The sandwich assay is then fabricated by
immersing the streptavidin-functionalized capture substrates in 1 mL of biotinylated
AgNCs (OD 5 unless otherwise stated) for 1.5 h. The AgNC sandwich assays undergo the
final washing process consisting of each substrate being immersed in 3 consecutive beakers
with 50 mL water followed by 10 mL of ethanol and left to dry before further
characterization. To prevent the non-specific binding of streptavidin and AgNCs to the
capture substrate, one experiment included extra steps before and after the streptavidin

incubation that consisted of a 1 h and a 30 min incubation with 3 wt.% bovine serum
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albumin (BSA, Sigma-Aldrich) in PBS-T, respectively. The blocking steps were followed

up with a single wash of PBS-T solution to remove unbound BSA.

3.3.4 AgNC Sandwich Assay Characterization

AgNC sandwich assays were first characterized using a Raman spectroscopy set-
up (Renishaw inVia microscope) and excited with a 785 nm laser line (Renishaw 300 mW
stripe diode laser). A 49-point (7 x 7) map of Raman spectra were obtained that were each
20 pm apart near the center of the substrates. The 49 spectra per sandwich assay were
averaged in Origin graphing software and further analyzed for biosensor characterization.
The sandwich assays were then imaged with scanning electron microscopy (SEM) using a
Zeiss Sigma 500 at Sk eV power. These SEM images were processed in Imagel software

to quantify the surface coverage of the nanocubes on the gold substrates.

3.4 Results and Discussion
3.4.1 Functionalization of AgNCs

In this work we develop a point-of-care (POC) biosensor based on a SERS
sandwich assay platform using AgNCs on a gold capture substrate, as shown in Figure 3.1.
Figure 3.1a shows the AgNCs, as synthesized, are capped with polyvinylpyrrolidone (PVP)
and undergo a ligand exchange process to displace the PVP with a mixture thiol-PEG-
biotin and 2-naphthalenethiol. The AgNC ligand exchange was confirmed with UV-vis
spectroscopy (Figure 3.2a) which shows a splitting of the dipole resonance peak with a
blue-shifted peak appearing which suggests a change in surface ligands due to a change in
the AgNC surface dielectric constant. For these biotinylated AgNCs to be able to efficiently

bind to streptavidin the AgNCs need to be redispersed from water to a PBS (pH 7.4) buffer
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solution. However, as shown in Figure 3.2b, the change in pH and electrolyte concentration
causes quick aggregation of AgNCs due to a decrease in the repulsion of the electric double
layer that prevented aggregation caused by Van der Waals attraction between AgNCs.
Therefore, a polysorbate-type nonionic surfactant, Tween20, is also added to the PBS
(PBS-T, 0.1 wt.%) solution before the addition of the biotinylated AgNCs to ensure AgNC
stability while maintaining an environment that enables the specific binding chemistry of
streptavidin and biotin head groups. Tween20 is commonly used to prevent non-specific
binding onto capture substrates of enzyme-linked immunosorbent assays and to ensure the

stability of metal nanoparticles in biological buffers [122, 123].
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Figure 3.1: Fabrication process of surface-enhanced Raman scattering sandwich assay for detection of
streptavidin. (a) PVP capped AgNCs are synthesized and undergo a ligand exchange with 10 uM 2-
naphthalenethiol (Raman reporter) and 100 pM Biotin-PEG-thiol for 72 h. (b) Gold substrate is
functionalized with Biotin-PEG-thiol and further incubated in varying concentrations of streptavidin in a
PBS-Tween solution for 1 h. Then the substrates are incubated in a solution containing the biotinylated
AgNC:s for 1.5 h. Streptavidin specifically binds with the biotin headgroups of both the capture substrate and
AgNCs forming a sandwich assay. The sandwich assay is then excited with a 785 nm laser and the 2-
napthalenethiol Raman spectrum is obtained for further analysis. Schematic is not drawn to scale.
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Figure 3.2: (a) UV-vis spectra of AgNCs in water before and after ligand exchange (biotinylation) displacing
the PVP on the surface of the AgNCs with biotin-PEG-thiol and 2-naphthalenethiol. (b) UV-vis spectra of
biotinylated AgNCs after being solvent exchanged from an aqueous solution into a PBS (pH 7.4) buffer
solution. In 15 minutes, a sharp decrease in intensity is observed due to aggregation demonstrating the
necessary addition of a surfactant, Tween20, for stabilization of the AgNCs. (¢) UV-vis spectra of AgNC
samples in PBS-Tween solutions. Streptavidin (10 nM) was introduced to one sample and compared to a
control over a period of 5 days to observe aggregation expected to occur due to streptavidin specifically
binding biotinylated AgNCs together.

The successful binding of streptavidin to the biotinylated AgNCs was confirmed
by comparing the UV-vis spectra of biotinylated AgNCs with and without the presence of
streptavidin over a period of 5 days, as shown in Figure 3.2¢. Although both samples
experience aggregation, the sample containing streptavidin shows a 9.4% greater decrease
in AgNC dipole peak intensity suggesting additional streptavidin-induced aggregation.
These data further demonstrate the successful biotinylation of AgNCs and the successful

specific binding of streptavidin to the exposed biotin head groups on the AgNC surfaces.
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3.4.2 SERS Sandwich Assay
3.4.2.1 AgNC Concentration Optimization

To determine the best concentration of biotinylated AgNCs needed during the
fabrication of the SERS sandwich (Figure 3.1b), the concentration of the analyte,
streptavidin, was fixed at 100 nM while the concentrations of the biotinylated AgNCs used
were OD 0.1, 0.5, 1, and 5 (OD, Optical density refers to the dipole peak intensity during
UV-vis spectroscopy). Figure 3.3a shows the SERS spectrum obtained of the sandwich
assay with OD 5 AgNC, where there are noticeable peaks from the Raman reporter, 2-
naphthalenethiol, most notably demonstrated by the dominant C-H bending peak located
at 1066 cm™ [124, 125]. SEM images taken reveal a substantial difference between the
amount of AgNC binding that occurs on the capture substrate with OD 5 compared to OD
1 (Figure 3.3b). Moreover, Figure 3.3c reveals that the OD 5 sample outmatches the lower
concentration samples by nearly two orders of magnitude with respect to the 1066 cm™
peak intensities which is in agreement with the absence of nearly any AgNC binding seen
with SEM. Processing the SEM images with Imagel software, the surface coverage of
bound AgNCs were quantified for further comparison of the OD 5 sample with its control
that underwent the same conditions but without any streptavidin present, as shown in
Figure 3.3d. The OD 5 sample outperforms its control nearly 5-fold in terms of both the
1066 cm™ peak intensity and surface coverage which suggests that although there is
substantial non-specific binding of AgNCs there may be additional specific binding caused

by the streptavidin present.
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Figure 3.3: (a) SERS analysis on Ag nanocube sandwich assay (OD 5) showing a strong 2-naphthalenethiol
1066 cm™! peak which corresponds to a C-H bend and is used to quantify further characterization of the
biosensor. (b) SEM was also used to characterize sandwich assay fabricated by varying optical densities (OD
0.1, 0.5, 1, and 5) of AgNCs used during the incubation with functionalized capture substrates that were
previously incubated with 100 nM streptavidin (control samples were not incubated with streptavidin). (b)
Shows substantial difference in AgNC binding between OD 1, OD 5, and the control sample for OD 5 with
nearly zero nanocubes present with samples OD 0.1, 0.5, and 1. (¢) Further demonstrates the largest 1066
cm! signal with OD 5 due to more binding of AgNCs. Data points are the mean of N = 49 measurements
taken at different points on the same sample with error bars representing + standard error. (d) Compares the
1066 cm™! signal of sample OD 5 with its control (no streptavidin) as well as the surface coverage quantified
from SEM images processed with ImageJ software. The data show a clear increase in binding of nanocubes
due to presence of streptavidin.
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3.4.2.2 Streptavidin Detection:

The SERS sandwich assay was tested for its detection of streptavidin (10 fM — 1
uM) with biotinylated AgNCs at a fixed concentration of OD 5. Figure 3.4a shows a weak
correlation between streptavidin concentration and SERS signal and the average SERS
signal of the controls (grey dashed line) is surprisingly larger than all samples exposed to
streptavidin except for the 1 uM sample. This suggests that the sensor is generally unable
to distinguish between the specific binding caused by streptavidin and nonspecific binding
of the AgNC to the capture substrate. The error bars represent the + the standard error of
SERS spectra taken from 49 different points spaced 20 um apart in a given sample and
suggest all samples have a homogenous surface coverage of AgNCs across a 140 x 140 pm
area of the sample. This is further demonstrated in Figure 3.4b showing a SEM image of
homogenous surface coverage of isolated AgNCs on the 1 uM streptavidin sample.
Although the issue of nonspecific binding needs to clearly be addressed, the homogenous
surface coverage of unaggregated AgNCs is desired for obtaining a quantitative biosensor.
That is, if there are fluctuations in analyte and/or AgNC binding to the capture substrates,
the reproducibility of the biosensor will suffer [99]. Furthermore, not having AgNCs
aggregation is essential to maintain a linear relationship between surface coverage and
SERS signal, shown in Figure 3.4c. Conversely, if there are aggregates, the charge transfer
between AgNCs will quickly diminish the enhancement factor, leading to a similar surface

coverage with a weaker SERS signal.
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Figure 3.4: (a) Raman analysis of Ag nanocube sandwich assays with varying streptavidin concentrations
(10 fM, 1 pM, 100 pM, 10 nM, and 1 uM) used during incubation of biotinylated capture substrates. Dotted
line represents the average 1066 cm’! signal of control samples (N = 4). Data points are the mean of N = 49
measurements taken at different points on the same sample with error bars representing + standard error. (b)
SEM of 1 puM streptavidin sample showing homogenous coverage of the capture substrate. (¢) Surface
coverage of Ag nanocubes on Au capture substrate measured with ImagelJ software from SEM images plotted
against Raman output. The data are cumulative from all OD 5 samples, including controls, and demonstrate
a clear correlation between the amount of nanocubes binding to the capture substrates (i.c., surface coverage)
and the SERS detection of the 2-naphthalenethiol.

Creating a quantitative SERS sensor relies on obtaining reproducible data that
minimizes false conclusions regarding the presence or absence of the analyte (i.e., false-
positives and false-negative, respectively). A quantitative SERS sensor is obtained by

establishing a reproducible relationship between the spectral data and the analyte
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concentration, either through a linear fit or with the Langmuir adsorption isotherm [126,
127]:

Ac 3.1
1= B~ hnax 754 oD
S

Where ¢, is concentration of the analyte, / is the peak intensity from the chosen
peak in the SERS data, /4 1s the maximum peak intensity obtained, B is a constant
obtained from the offset from the background, and 4 is the Langmuir constant. Using the
Langmuir isotherm model, as opposed to a linear fit, is performed when the SERS sensor
is operating in a large enough dynamic range where the linear region is in the center of a
sigmoidal curve of a semi-log SERS signal vs. analyte concentration plot. Moreover, it has
been demonstrated that using this non-linear Langmuir isotherm model also provides more
accuracy compared to linear regression models [126]. Although this model accounts for
the adsorption of the analyte (streptavidin) to the capture substrate, the binding of the
AgNCs is unaccounted for and a SERS sandwich assay protocol would need to assume that
AgNC binding is directly proportional to streptavidin concentration for the Langmuir
isotherm model to be valid. Additionally, the model assumes the SERS signal is directly
proportional to the surface concentration of streptavidin. Therefore, if there is AgNC
aggregation on the capture substrate it would create a non-linear relationship between
AgNC surface coverage and SERS signal. Consequently, this would nullify the assumption
that the streptavidin concentration is directly proportional to the SERS signal and
ultimately lead to poor fitting from linear regression or the Langmuir isotherm model.

To minimize non-specific binding of both streptavidin and AgNCs to the capture

substrate, blocking steps (BSA 3 wt.% in PBS-T) before and after streptavidin incubation
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were added into the SERS sandwich assay fabrication. Blocking steps are commonly done
in enzyme-linked immunosorbent assays (ELISA) protocols, where minimizing non-
specific binding while maintaining optimal specific binding is needed to improve
biosensing capabilities [128]. Figure 3.5a reveals the SERS signals of the sandwich assays
fabricated with blocking steps which were incubated with five concentrations of
streptavidin (100 pM, 1 nM, 10 nM, 100 nM, and 1 uM). These results demonstrate a clear
increase in SERS signal between samples with higher streptavidin concentration (10, 100,
and 100 nM) and the samples with either lower streptavidin concentration (100 pM and 1
nM) or no streptavidin at all (denoted by dashed grey line representing average of signal
of control samples, N = 5). These data suggest that including the blocking steps into the
sandwich assay fabrication successfully decreased nonspecific binding and allowed for a
larger dynamic range of streptavidin concentrations to be detected and differentiated from
control samples. Figure 3.5b shows strong correlation (R? = 0.955) between the SERS
signal and surface coverage of AgNCs for all samples expect the 1 uM streptavidin. The
strong correlation is attributed to the homogenous surface coverage of unaggregated
nanocubes, shown in Figure 3.5c, where the average enhancement factor provided by the
AgNCs remains constant. However, the 1 uM sample shows a clear deviation from the
linear trend which is explained by Figure 3.5d showing an SEM image of the aggregation
that began to frequently occur, likely due to the larger surface coverage promoting more
particle-particle interactions. When comparing these results to other SERS sensors
detecting streptavidin the limit of detection (LOD) is unexpectedly high [129-131]. For

example, Haes et al. and You et al. obtained streptavidin LODs 1 pM and 20 pM,
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respectively, which are orders of magnitude lower than the lowest detected concentration
of 10 nM. Including BSA blocking steps have demonstrated a method to decrease
nonspecific binding but there may still be issues preventing a lower LOD of streptavidin.
Possible issues include unlabeled contaminants in BSA sample causing streptavidin-biotin
interactions [128, 132], BSA forming complexes with the PEGylated nanoparticles [133],
and/or the abundance of negatively charged biotin head groups (pI ~ 5) on the capture
substrate causing electrostatic repulsion with the streptavidin (pI ~ 6.3) in a PBS solution
with pH 7.4 and significant concentration of counterions [134, 135]. Furthermore, the
additional blocking and washing steps further increased the time needed to perform the
assay which is undesirable for POC sensing applications [99] and led to us exploring other

routes to increase the signal to noise of the SERS sandwich assay.
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Figure 3.5: (a) Raman analysis of Ag nanocube sandwich assays with varying streptavidin concentrations
(100 pM, 1 nM, 10 nM, 100 nM, and 1 uM) used during incubation after the biotinylation and blocking steps
of capture substrates. Dotted line represents the average 1066 cm™ signal of control samples (N = 5). Data
points are the mean of N = 49 measurements taken at different points on the same sample with error bars
representing + standard error. (b) Surface coverage of Ag nanocubes measured with ImagelJ software from
SEM images plotted against the 1066 cm™' Raman peak intensity. Positive correlation is demonstrated (R? =
.955) which is attributed to homogenous coverage of all samples except for the 1 uM streptavidin sample.
(c) is an SEM image that shows homogenous surface coverage of nanocubes on the 10 nM streptavidin
sample and conversely (d) demonstrates the heterogeneity from the aggregates forming on the 1 uM
streptavidin sample.

To address minimizing nonspecific binding without the use of extra blocking and
washing steps, a mixed monolayer (MML) functionalization was performed for the
biotinylation step of the gold capture substrates. The substrates were immersed in an
ethanolic solution of 3:2 mol ratio of mPEG-thiol (800 Da) and biotin-PEG-thiol (1 kDa)

at a total concentration of 1 mM. The methoxy head group replacing a fraction of the biotin
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head groups serve to increase the hydrophobicity of the substrate to prevent protein-
substrate contact between streptavidin and the gold capture substrate and potentially reduce
the electrostatic repulsion occurring between biotin and streptavidin [134-136]. The
mPEG-thiols were chosen to be a shorter chain length than biotin-PEG-thiol to ensure the
methoxy head groups do not interfere with the specific binding of streptavidin. Figure 3.6a
shows the results of the sandwich assay and demonstrate a sharp increase in sensitivity of
streptavidin while also maintaining minimal nonspecific binding compared to the
experiment using BSA blocking steps. The LOD (red line) is calculated using the following

equation [127]:

Lim = 1.+ 38, (3.2)

Where I, is the average SERS signal of the control samples, &, is the sample-to-
sample standard deviation in the SERS signal of control samples, and I;;,,, is the LOD in
terms of the SERS signal. To obtain the LOD in terms of analyte concentration [j;, is
substituted into Equation 3.1 (solid black curve in Figure 3.6a) to obtain the associated the
¢s value. The LOD obtained of streptavidin is 70 pM which is an improvement from BSA-
blocking fabrication route but is still substantially higher than other SERS biosensor
platforms. Moreover, the correlation (R? = 0.811) demonstrates a poor fit of the data which
is attributed to the inconsistency of maintaining homogenous surface coverage of
unaggregated AgNCs. Figure 3.6(b) shows an SEM image of the 10 nM sample and reveals
a homogenous surface coverage of AgNCs. Conversely, aggregation is clearly

demonstrated by the 1 and 100 nM samples shown in Figure 3.6(c and d), respectively.
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This microscopic-scale aggregation is similar to previously observed drying-mediated
assembly of nanoparticles on planar substrates [137]. These results corroborate the
significant drop in SERS signal in Figure 3.6a for these samples and why there is a poor fit
with the Langmuir isotherm model. Figure 3.6e shows the 10 pM sample with minimal
AgNCs which is also representative of the samples below 10 pM streptavidin (including

controls) which explain the lower SERS signal for these samples, as expected.
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Figure 3.6: (a) SERS analysis of AgNC sandwich assays with varying streptavidin concentrations (1 pM, 10
pM, 100 pM, 1 nM, 10 nM and 100 nM) used during incubation after the surface functionalization of the
gold capture substrates with methoxy-PEG-thiol and biotin-PEG-thiol (3:2 molar ratio ethanolic solution).
Grey dashed line represents the average 1066 cm™ signal of control samples (N = 4) and the red dash-dotted
line represents the limit of detection (LOD) in units of cm™! calculated from Equation 3.1. The black curve is
the Langmuir isotherm fit from Equation 3.2 and gives the fit parameters /,..x and 4 (R = 0.811). The 1 uM
sample was omitted from fit due to severe aggregation. Combining Equations 3.1 and 3.2 gives the LOD of
70 pM streptavidin. Data points are the mean of N = 49 measurements taken at different points on the same
sample with error bars representing + standard error. (b), (c), (d) and (e) are SEM images taken of the final
sandwich assays with (b) showing the 10 nM streptavidin sample homogeneously with a mixture of isolated
AgNCs and small AgNC aggregates formed. Conversely, (¢) and (d) reveal aggregation occurring on the 1
and 100 nM samples. (e) shows the lack of AgNC surface coverage on the 10 pM sample.
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The MML fabrication route improved the signal to noise for detection of
streptavidin compared to BSA-blocking route, although it also introduced more AgNC
aggregation. The SEM patterns of AgNC aggregation due to drying was unexpected, as the
biotin-streptavidin-biotin bridge forming the sandwich assay was predicted to anchor the
AgNCs in place due to strong non-covalent interactions. However, it has been previously
demonstrated that drying can cause conformational change or denaturing of streptavidin
[138-140]. This issue from drying may have not only affected the aggregation of surface
bound AgNCs but may have also decreased the amount of streptavidin bound to the surface
during the washing steps done directly after the streptavidin incubation. Each washing step
was followed by a window of ~1 min of direct exposure to air and, due to the increased
hydrophobicity of these substrates, may have been enough time for drying and denaturing
of the bound streptavidin.

3.5 Conclusions

In this work, a novel SERS sandwich assay was developed for use as a highly
sensitive POC biosensor. The biosensor is fabricated with a gold capture substrate and flat
plasmonic nanoparticles labeled with a Raman reporter (2-naphthalenethiol) that bind to
form a sandwich structure in the presence of the analyte (streptavidin). This platform makes
use of specific chemistry, as traditionally done with ELISA protocols, but addresses the
shortcomings of the traditionally colorimetric platform’s sensitivity by utilizing the electric
field enhancement of hotspots in the nanogap for a highly sensitive SERS readout of the
Raman reporter. Experiments conducted explored the effect of AgNC concentration and

two fabrication routes to optimize signal to noise ratio by minimizing non-specific binding
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of either streptavidin or AgNCs. Results for the effect of AgNC concentration show spikes
in AgNC binding and SERS signal between OD 5 and lower concentrations used (OD 0.1,
0.5, and 1). The reason for this non-linear relationship warrants further investigation as it
does not follow non-competitive monolayer adsorption theories (e.g., Langmuir isotherm)
and may potentially be due to competitive adsorption on the capture substrate between the
Tween20 surfactant and the AgNCs.

The first route explored to decrease background SERS signal caused by nonspecific
binding was to include two additional BSA blocking steps in the fabrication protocol, one
before streptavidin incubation and another before AgNC incubation. The results
successfully demonstrated a clear decrease in AgNC binding for low streptavidin
concentration and controls but warranted further optimization as the minimum
concentration of streptavidin distinguished from control samples (1 nM) was orders of
magnitude higher than the LOD for other SERS biosensors (1 pM and 20 pM) [129, 130].
Therefore, a second route to minimize nonspecific binding was tested by fabricating a
mixed monolayer on the capture substrates. The results of this route were more successful
as demonstrated by the LOD of streptavidin decreasing to 70 pM although still higher than
expected when compared against other SERS biosensors not utilizing a Raman reporters
or high-surface area nanogaps with field enhancement > 100 afforded by the nanocube-
based SERS sandwich assay [116, 119, 129, 130]. SEM characterization of these assays
revealed AgNC monolayer aggregation, typically seen in drying-mediated self-assembly
of nanoparticles on a surface [137], despite the biotin-streptavidin-biotin bridge

theoretically anchoring the AgNCs to the substrate. Evidently, this aggregation is
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hypothesized to be the denaturing of streptavidin caused by the drying steps which can be
addressed by utilizing a commercial stabilizer typically used to preserve protein activity
during drying [140] or by circumventing drying altogether by performing Raman
spectroscopy in aqueous solution [141, 142]. The latter approach would also further reduce
the time needed to perform the assay thereby simultaneously improving reproducibility and
decreasing assay time. Overall, future studies on SERS sandwich assays will have broad
impacts on advancing POC biosensors that require better sensitivity and multiplexing
capabilities. However, to achieve these goals understanding the intermolecular and surface
forces that govern nanoparticle functionalization/stability and the specific/nonspecific

chemistry of the platform are precedent.
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