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ABSTRACT OF THE DISSERTATION

Bioinspired Materials to Address Challenges in Biomedicine and Cellular Agriculture

by

Amir Nasajpour
Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2023

Professor Paul S. Weiss, Chair

Nature has developed advanced materials after billions of years of evolution in an exquisite
way, giving rise to elaborate materials with optimized designs, architectures, properties, and
functionalities. These functionalities emerge from the directed assembly of biomolecules from the
molecular level up to the length scales relevant to living cells, cellular tissue, and entire organisms.

Inspired by these bottom-up assembly processes, | have developed materials that self-
assemble into active substrates mimicking the actuation found in living muscle fibers. The
resulting bioinspired materials display properties that mimic endogenous viscoelastic properties
found in collagen and, consequently, push muscle cellular differentiation faster than the state-of-
the-art elastic scaffolds. During my PhD, | developed a nonwoven CLC electrospun scaffold by
dispersing three cholesteryl ester-based mesogens within polycaprolactone (PCL). We tuned the
ratio of our mesogens so that the CLC would be in the mesophase at the cell culture incubator

temperature of 37 °C. In these scaffolds, the PCL polymer provided an elastic bulk matrix while



the homogeneously dispersed CLC established a viscoelastic fluidlike interface. Increasing the
CLC concentration within the composites enhanced myoblast adhesion strength promoted
myofibril formation in vitro with mouse myoblast cell lines. Cholesteryl ester liquid crystals
(CLCs) intrinsic ability to organize into supramolecular helicoidal structures on the mesoscale
allows cell-helix interaction to create dynamic biomaterials.

Inspired by the shoaling behavior of fish, | devised a method to deploy the CLC-helix to
orchestrate and to template the three-dimensional aggregation of anchorage-dependent cells lines.
The 3D cellular aggregates are rapidly produced off the dynamic scaffold providing a platform to
manufacture cost-effective organoids for precision medicine and cellular agriculture.

As scientists, it is our calling to provide solutions to protect society. During my PhD, we
were faced with the Coronavirus (COVID-19) pandemic. We developed a self-cleaning fabric
ambient environment sunlight provides enough energy to stimulate the band gap of embedded 3D
anisotropic nanoparticles fiber matrix, mixing the dimensionality of the nanomaterial mentioned
gives rise to rose-thorn-like protrusions a natural defense plant morphology seen in nature.

Herpes simplex virus (HSV) plagues billions of humans with infections globally. We have
developed and demonstrated rose-thorn-inspired antiviral fibrous arrays by electrospinning a
composite of polycaprolactone (PCL) polymer with a dispersion of anisotropic zinc oxide tetrapod
nanoparticles (ZOTeN). This rose-thorn-mimicking material enables physical and chemical
protection. Under blue-light stimulation, ZOTeN photocatalyzes the production of hydrogen
peroxide for an accessible disinfection and sterilizing mechanism to prolong materials usage. The
fibrous material has dose-dependent antiviral properties against both HSV-1 and HSV-2. The
engineered mats can potentially be used for manufacturing antiviral garments, face coverings, and

bandages.
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Nature as a Canvas for Inspiration
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1.1 Introduction

Natural selection is the process by which a species becomes more fit to its environment
over time, and this evolutionary mechanism provides scientists with a roadmap to design materials
by a ‘“bioinspired approach.” Designing such materials requires the understanding of the
organism’s environment and how it has evolved over time to have the highest likelihood of
surviving and reproducing. For instance, naturally occurring liquid crystals in plants have been
shown to increase trees’ wind tolerance, and corneal liquid crystals in some vertebrates manages
internal eye pressure.>2 Scientists use this understanding to reverse engineer such materials found
in nature to address societal challenges.® An example is reverse engineering the photosystem Il
enzyme found in plants to create more efficient light-harvesting systems for energy. Another well-
studied example involves sedentary aquatic-based organisms, who deploy polypeptide coacervates
in salt-rich environments in order to adhere to porous, rough surfaces. The chemistry leading to
this adhesive behavior has led to inspiration for biomedical-based adhesives, many of which are
being commercialized.

In Chapter 2, | begin this thesis by describing cholesteryl ester liquid crystal scaffolding
technology based on a defense mechanism in shoaling fish, in which single entities assemble and
congregate into one large entity. Natural advantages of this behavior include hydrodynamic
efficacy, reproductive enhancement, and predator avoidance. | reverse engineer this assembly
process from a bottom-up approach using molecules that assemble into large supramolecular
structures. | highlight the usage of this material in electrospun nanofibers and its advantages in
orchestrating muscle cell differentiation. Using the materials developed in my doctoral research, |
describe a method to orchestrate 3D cellular organoid organization from a 2D monolayer. In this

process, the mechanical twisting from the biomaterial directs and stacks the cells into 3D



aggregates in less than one day in cell culture.*

Next, in Chapter 3, | introduce a rose-inspired nonwoven fiber array. In addition to
discussing the advantages of the composites, | provide a broad overview of the design process
where | introduce 3D zinc oxide nanomaterials and the electrospinning processing required for the
fiber development. I discuss the rose-inspired fiber’s ability to generate hydrogen peroxide off the
surface of the nanomaterial’s catalytic surface, which has beneficial consequences in treating
herpes and in mitigating the spread of COVID-19.°

In Chapter 4, we use the multimineral composition found in teeth as inspiration for artificial
enamel. Realizing the strength that different minerals impart to teeth, we designed our enamel with
both hydroxyapatite and whitlockite. | describe how I designed an osteogenic niche comprised of
a commercially modified alginate hydrogel and whitlockite microparticles with properties that can
direct osteogenesis of human gingival mesenchymal stem cells.®” We conducted in vivo studies on
these mesenchymal stem cells, which promoted bone repair in calvarial defects in murine models.
Our results confirmed the development of a promising treatment modality for craniofacial bone
regeneration based on an injectable growth factor-free hydrogel delivery system.

Finally, in my conclusions in Chapter 5, | highlight current challenges and future
opportunities for using the bioinspired material as a life science tool to be provided by Entropic

Biosciences, Inc.®
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Cholesteryl Ester Liquid Crystal Nanofibers for
Tissue Engineering Applications
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2.1 Abstract

Liquid-crystal-based biomaterials provide promising platforms for the development of dynamic
and responsive interfaces for tissue engineering. Cholesteryl ester liquid crystals (CLCs) are
particularly well suited for these applications, due to their roles in cellular homeostasis and their
intrinsic ability to organize into supramolecular helical structures that reflect light in a reversible
manner at a critical phase transition temperature. Here, we develop a nonwoven CLC electrospun
scaffold by dispersing three cholesteryl ester-based mesogens within polycaprolactone (PCL). We
tuned the ratio of our CLC mesogens to achieve a phase transition at the cell culture incubator
temperature of 37 °C. In these scaffolds, the PCL provides structural integrity while the
homogenously dispersed CLCs adopts a helical structure with its axis parallel to the surface,
causing the mesogens to alternate between homeotropic and planar alignments. This alternating
orientation can give rise to fingerprint-like striations that establish a dynamic interface, which
mimic the hierarchical and dynamic structures found within the native extracellular matrix in
skeletal muscle tissue. Using atomic force microscopy, as well immunochemistry, we found that
these fingerprint-like striations led to greater myoblast adhesion strength, shortened differentiation
times, and overall enhanced myofibril formation in vitro compared to the tested control

counterparts.

2.2 Introduction

The liquid crystalline (LC) phase shares properties seen in both liquids and solids.
Historically, LC-based materials have been applied in commercial applications with great success,
such as in the development of Kevlar® body armor and the fabrication of modern liquid crystal
displays.* More recently, LCs have been used to mimic various biological processes, ranging from

epithelial tissue organization, bacterial biofilm formation, and the assembly of many biologically



derived materials.?® The engineering of LC biomaterials is poised to overcome challenges that
have thus far precluded the ability to recreate the hierarchical as well viscoelastic behavior of
native extracellular matrix (ECM)."*

A key challenge to the incorporation of LCs into tissue engineering substrates is the
cytotoxicity associated with most commercially available LC mesogens. To date, cholesteryl ester
liquid crystals (CLCs) have been a largely overlooked class of mesogens, even though they play
key roles in modulating/stabilizing cell membranes, maintaining cellular homeostasis, and
regulating signaling processes. These properties make CLCs attractive candidates for tissue
engineering applications.*® Stupp and co-workers showed that poly(lactic acid) scaffolds with
covalently bound cholesterol moieties promote the adhesion, migration, and proliferation of 3T3
fibroblasts.!* Films of LC-based elastomers and networks have also been used to create three-
dimensional (3D) porous scaffolds that promote the proliferation and function of muscle and
cardiac cells.**** In a notable study, mouse myoblast cells (C2C12s) encapsulated within
injectable peptide amphiphile liquid crystal scaffolds maintained their proliferation,
differentiation, and maturation potentials in both in vitro and in vivo (murine) models.'® However,
these LC-based scaffolds were not load-bearing nor free standing. In addition, the peptides used

required complex syntheses, which could limit the use of the materials by other groups.

2.3 Methods and Discussion

CIn this study, we electrospun a nonwoven cholesteryl ester liquid crystal scaffold
(CLC-S) by dispersing cholesteryl oleyl carbonate, cholesteryl pelargonate, and cholesteryl
benzoate within polycaprolactone (PCL). By using a known ratio of the cis-unsaturated fatty acids
cholesteryl oleyl carbonate to the cholesteryl pelargonate found in Table 2.1 and Figure S2.1, we

assemble a mesophase phase in the range to 36-40 °C, which coincides with the temperature of the



cell culture incubator; the melting temperature of the liquid crystal mixture increases with the
percent composition of cholesteryl pelargonate due to the more efficient packing of saturated fatty
acids.'® Others have shown cholesteric liquid crystals can control the patterning and assembly of
nanoparticles at fluid interfaces due to surface patterns created from the alternating anchoring
conditions of the CLC.1"8 We speculate that these topographical and frustrated states can be used
to stimulate the culture cells using the pitch of the CLC. This stimulation could shorten the time

needed for differentiation.

Table 2.1 Cholesteryl ester liquid crystal scaffold (CLC-S) composition used in this study. To
generate the cholesteryl ester liquid crystal (CLC) mixtures for our electrospun scaffolds, we
dispersed reported CLC compositions for the varying tested CLC-S conditions in a 4 mL
azeotropic solvent mixture of chloroform:dimethylformamide (3:1).

Composition PCL Cholesteryl oleyl | Cholesteryl | Cholesteryl
carbonate pelargonate benzoate
15% (w/v) PCL 600 mg
25% (w/v) CLC-S 600 mg 320 mg 580 mg 100 mg
37% (w/v) CLC-S 600 mg 480 mg 870 mg 150 mg
50% (w/v) CLC-S 600 mg 640 mg 1160 mg 200 mg
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Figure 2.1. Microscopic investigation of cholesteryl ester liquid crystal scaffolds (CLC-S).
(A) Fabrication scheme for the electrospun CLC-S: A 15% weight per volume (w/v)
polycaprolactone (PCL) solution with cholesteryl ester liquid crystal mesogens of varying
concentrations were electrospun. (B) Scanning electron microscopy images of the PCL-only
scaffold, 25% (w/v) CLC-S, 37% (w/v) CLC-S, 50% (w/v) CLC-S. (C) Polarized optical
micrograph (POM) imaging of the CLC-S condition and accompanying frequency-intensity plots.
To test this hypothesis, after physicochemical characterization of the scaffolds, we cultured
C2C12s on our CLC-S and characterized their growth and development via immunohistochemistry
and atomic force microscopy (AFM). Our CLC-S was fabricated via conventional electrospinning
and was designed to dynamically stimulate cultured cells, providing a biomimetic native skeletal

muscle ECM (Figure 2.1A). The CLC-S was electrospun with a 15% (w/v) solution of PCL and
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varying weight per volume fractions of CLC (Table 2.1). The electrospinning flow rate and
electrical field were adjusted to ensure the formation of a fibrous scaffold.'®?! The CLC-S with
the highest CLC concentration (50% w/v) reflected light off the scaffold when heated to 37 °C as
opposed to a typical opaque nanofiber (i.e., PCL control) (Figures 2.1A and S2.2). UV-Vis
spectroscopy demonstrated that the pristine PCL controls had an opaque spectrum. Samples with
CLC (i.e., pristine CLC and 50% (w/v) CLC-S) had similar overall optical reflection profiles.
However, the 50% (w/v) CLC-S was slightly blueshifted compared with the pristine CLC.

To investigate the microscopic features of the CLC-S further, we imaged them using
scanning electron microscopy (SEM) (Figure 2.1B). The control PCL-only scaffolds appeared as
a typical fibrous electrospun scaffold. However, the CLC-S with varying concentrations of CLC
demonstrated different structural characteristics than their PCL-only counterparts. For example,
the 25% (w/v) CLC-S formed distinct web-like features. Similarly, when increasing the CLC
concentration to 50% (w/v), the generated CLC-S exhibited large regions of aggregation that
formed bead-on-string like morphologies within the PCL polymer network (Figure 2.1B).

To test the encapsulation and functionality of the CLC within PCL network, polarized
optical microscopy (POM) was used to measure the light polarizing properties of the CLC-S that
are characteristic of CLCs. The CLC-S were first heated to the thermotropic CLC phase transition
temperature of 36-40 °C using a custom-built microscope mount heater. While acquiring the 50%
(w/v) CLC-S POM micrograph, we observed large regions of birefringent texture polarization
across the scaffold (Figure 2.1C). These textures were likely due to the confinement of CLC within
the PCL polymeric web. These results were consistent with our previous findings shown in Figures

2.1B and S2.2.
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Figure 2.2. Wide angle X-ray diffraction (WAXD) patterns and hydrophilicity of the
cholesteryl ester liquid crystal scaffolds (CLC-S). (A) Fiber diffraction patterns obtained for the
scaffolds with varying cholesteryl ester liquid crystal concentrations. Broad reflection bands are
annotated with black arrows within the micrographs of the CLC-S, showing a gradual move to
higher 6 and reflection sharpening. (B) Two-dimensional scattering intensity versus 26 for each
scaffold. (C) Contact angle micrographs for each scaffold. (D) Plot of measured contact angle
values for each scaffold. The contact angles of the polycaprolactone (PCL)-only scaffold, 25%
(w/v) CLC-S, and 37% (w/v) CLC-S were found to be significantly different from the 50% (w/v)
CLC-S (n=6 for contact angle measurements, ***: P <0.001).

Wide-angle X-ray diffraction further illustrated the incorporation of the CLC within the
semi-crystalline PCL mesh (Figures 2.2A and 2.2B). In the CLC samples, diffuse reflection bands
were observed at 26 = 16.8-17.2°, which were similar to what others have reported.?> However,
these diffuse reflection bands were not present in the pristine PCL scaffolds. As shown in the

micrographs in Figures 2.2A and subsequent plots in 2.2B, gradually increasing the CLC

11



concentration (i.e., from 25-50% wi/v) shifts the reflection band from 26 = 16.8° to 26 = 17.2°.
This shift suggests that an increase in the CLC concentration leads to a decrease in the d-spacing
of the CLC (from 5.27 A to 5.15 A) in the prepared scaffolds. Moreover, increasing the CLC
concentration in the scaffold caused a substantial sharpening of the reflection from a full width at
half maximum of FWHM = 6.7° to FWHM = 4.6°. This sharpening suggests that increasing the
CLC concentration leads to weaker anchoring, allowing for greater overall molecular ordering.’
Contact angle measurements were performed to evaluate the overall hydrophilicity of the
CLC-S. Our results showed that increasing the concentration of the CLC renders the scaffold more
hydrophilic (Figure 2.2C, D), creating favorable interfaces for cellular attachment and

growth. %2
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Figure 2.3. Surface and mechanical characterization of the cholesteryl ester liquid crystal
scaffold (CLC-S). (A) Force-distance curves of the tested scaffolds with atomic force microscopy
(AFM). (B) Nanoindentation using AFM shows that the Young’s moduli of the scaffolds decreased
with increasing concentration of cholesteryl ester liquid crystal (CLC). The 50% (w/v) CLC-S
displayed Young’s moduli on the kPa scale, 3 orders of magnitude lower than that of the PCL-
only scaffold. (C) The 50% (w/v) CLC-S was heated to 37 °C then cooled to room temperature.
Temperature controlled AFM phase contrast imaging of depicts fingerprint-like striations under
homeotropic anchoring conditions at our engineered phase transition temperature.

We probed the CLC-S with AFM to understand the scaffold’s mechanical properties at the
bio-interface (Figure 2.3A, B) as well its thermoresponsive topographical behavior (Figures 2.3C,
S2.5, and S2.6). Based on our force-distance curves obtained by AFM, we predominantly found
elastic deformation profiles for all the tested scaffolds except those for 50% (w/v) CLC-S, which
showed a viscoelastic deformation profile (Figure 2.3A). The PCL-only scaffold, 25% (w/v)
CLC-S, and 37% (w/v) CLC-S were relatively elastic and were found to be less stiff with

increasing CLC concentration (Figure 2.3B). Interestingly, the 50% (w/v) CLC-S had Young’s
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moduli ranging from 3-16 kPa, mimicking the native skeletal muscle cell ECM (Figure 2.3C). The
bulk tensile mechanical properties of the generated scaffolds were also tested with Instron
measurements. There was no compromise in bulk properties upon increasing CLC concentration,
making it suitable for possible surgical grafting applications not possible in the pristine CLCs
(Figure S2.4).26 Upon scanning the PCL-only scaffold, we found a lamellar morphology expected
of pure PCL. The 50% (w/v) CLC-S had a non-confined layer of phase-separated CLC that gave
rise to fingerprint-like striations upon heating to 37 °C (Figures 2.3C, S2.5, and S2.6).2” These
CLC-S mechanical properties can mimic the viscoelastic behavior seen in the ECM as well

hierarchical organization found in skeletal muscle tissue.?
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Figure 2.4. In vitro biocompatibility of muscle cells with cholesteryl ester liquid crystal
scaffolds (CLC-S). (A) Presto Blue analysis (metabolic analysis) of the skeletal muscle cells
(C2C12) cultured over 7 days. (B) Atomic force microscopy measurements of cellular stiffness on
tested scaffolds. (C) Immunohistochemistry  with  myosin  heavy chain and
4’ 6-diamidino-2-phenylindole (DAPI) of C2C12s cultured on scaffolds with various
concentrations of cholesteryl ester liquid crystal (CLC) at days 7 and 14. (D) Scanning electron
microscopy images showing the morphology of the cultured C2C12s on scaffolds with various
concentrations of CLC at 14 days post differentiation. (n=6 for C2C12 metabolic activity assays,
n=4 for elastic modulus measurements, **: P < 0.01, ***: P < 0.001
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Dynamic materials have recently attracted significant attention for engineering advanced,
smart biomedical systems.?®3° To evaluate the suitability of the engineered CLC-S as tissue
engineering scaffolds, we cultured C2C12s on them. The biocompatibility of the CLC-S was
analyzed using a cell viability assay kit on days 1 and 3 of cell culture (Figure 2.4A). The number
of cells adhered to the CLC-S increased with CLC concentration and remained viable (Figure
S2.7). The 50% (w/v) CLC-S resulted in the formation of confluent cellular layers, while the PCL-
only scaffold poorly supported cellular adhesion (Figure S2.7). The trend was expected due to the
hydrophobicity of the scaffolds with lower CLC weight per volume fraction (Figures 2.2C, D).
We measured the elastic moduli of the muscle cells adhered to the scaffolds. We found the elastic
modulus of the cells on the 50% (w/v) CLC-S were significantly higher than those of the pure PCL
scaffolds (Figure 2.4C). These elasticity measurements indicated that the presence of CLC
significantly influenced cellular adhesion and mechano-signal transduction. We speculate that this
mechanical interaction could lead to higher integrin binding activity, remodeling of the actin
cytoskeleton, and therefore modulation of cell stiffness. It has been demonstrated that changes in
actin filaments due to the application of dynamic loads can affect cellular organization and
growth.%

Cellular organization and cytoskeletal arrangement of the cultured cells were then
examined by F-actin staining on both day 7 and day 14 post-differentiation. Figure S2.9 shows a
homogeneous cell distribution over all scaffolds and deeper cellular infiltration with increasing
CLC concentration. The F-actin staining data suggest that the addition of CLC not only created a
suitable environment for cellular attachment but also stimulated cellular infiltration, enabling the
formation of 3D-like cellular networks. Myoblast differentiation to myotubes were confirmed by

immunostaining against myosin heavy chains. Immunohistochemical analysis showed that
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myoblasts seeded on the 50% and 37% (w/v) CLC-S on day 14 exhibited formation of
multinucleated elongated myotubes with positive myosin heavy chain expression (Figure 2.4C).
The myotubes’ formation on the PCL-only scaffold and the 25% (w/v) CLC-S was considerably
lower than the two other scaffolds, indicating that many myoblasts (stained nuclei) failed to
differentiate, resulting in incomplete myotube formation. Figure 2.4D shows SEM images of the
scaffolds cultured with C2C12 at 7 days post differentiation. At 50% (w/v) CLC-S, elongated
myotubes were formed, indicative of cellular organization, despite the random alignment of the
scaffold. The thickness of these myotubes had a direct relationship with the CLC concentration
(Figures 2.4D and S2.10). Overall, it appears that the combination of better mechanical properties,
the biomimetic chemical composition, and the dynamic interface of the CLC-S facilitated the
cellular adhesion, proliferation, differentiation, and eventually organization. However, to draw
definite conclusions, more in-depth multiscale analyses and studies with experimental animal

models should be carried out.

2.4 Conclusions and Prospects

In summary, we developed a dynamic thermotropic cholesteryl ester liquid crystal scaffold
with hierarchical architecture, mechanical properties, and great potential for growing skeletal
muscle tissues. The advantages of our scaffold are its simplicity, biocompatibility, and robust
mechanical properties, which can promote C2C12 cellular proliferation and differentiation. While
being strong enough to withstand surgical procedures, the scaffolds offer local and interfacial
Young’s moduli like those of native muscle ECM. Collectively, this work demonstrates a
promising and useful synthetically engineered active biomaterial, which enables the growth of
myoblasts and their differentiation to myotubes. These active materials can self-assemble and

promote cellular adhesion, proliferation, and differentiation offering new opportunities to advance
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muscle tissue engineering. We anticipate that the use of fully synthetic scaffolds can open the door

to medical applications beyond tissue engineering.
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Supplementary Figures

1. Cholesteryl oleyl carbonate 2. Cholesteryl pelargonate
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3. Cholesteryl benzoate

4. polycaprolactone

Figure S2.1. Chemical structures of compounds used in fabrication of the cholesteryl
ester liquid crystal scaffolds.
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Figure S2.2. Photograph of the engineered cholesteryl ester liquid crystal scaffolds
(CLC-S). (A) Representative polycaprolactone (PCL) sample A" and 50% (w/v) CLC-S
sample B' were heated to 37 °C before the image was taken. It is evident from the
photograph that the CLC-S sample was thermochromic while the control PCL sample
was opaque. (B) Ultraviolet—visible spectroscopy of generated PCL, cholesteryl ester
liquid crystal, and CLC-S at 37 °C. (C) Schematic of how upon heating the CLC-S to 37
°C, the fingerprint-like striations can reflect light as seen in photograph (A).
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Figure S2.3. Scanning electron micrograph of the cholesteryl ester liquid crystal
scaffolds (CLC-S). Varying magnification of the generated weight per volumes of 0%,
25%, 37%, and 50% CLC-S. PCL.: polycaprolactone.
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Figure S2.4. (A) Atomic force microscopy (AFM) temperature ramp experiments with
50% (w/v) cholesteric liquid crystal substrates (CLC-S). Upper panels are topographic
images; lower panels are simultaneously acquired phase contrast images of the same
area. (B) Samples were heated to 37 °C and were monitored over 1 hour. This
measurement indicates that the CLC domains were dynamic and moving within the
webbing of the nanofibers.
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Figure S2.5. (A) Atomic force microscopy assessment of temperature ramp experiments
with 50% (w/v) cholesteric liquid crystal scaffolds (CLC-S). Upper panels are
topographic images; lower panels are simultaneously acquired phase contrast images of
the same area. (B) Samples were heated to 37 °C then cooled to room temperature. The
appearance of CLC domains within the webbing of the scaffolds was found to be
reversible.
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Figure S2.6. Bulk mechanical testing of cholesteryl ester liquid crystal scaffolds (CLC-
S). (A) Representative stress-strain curve for generated hybrid CLC-S (B) Tensile
strength; (C) Ultimate strain; and (D) Young’s modulus (n = 4, statistical analysis by

one-way ANOVA). PCL: polycaprolactone.

27



(+) Control PCL 25% (wiv) CLC-S

e 4 : - v b . ' ."./i‘ o
': \ 4 4 A v _' a p 4 - .>‘.A.‘
v s ’ $
AR 7 . —]. —
y .--.

Figure S2.7. Live/dead staining of the cholesteryl ester liquid crystal scaffold (CLC-S).
Samples were incubated with calcein acetoxymethyl ester and ethidium homodimer in
phosphate-buffered saline and imaged under fluorescence microscope. All scale bars are
200 pum. Control: Cell Culture Well plate PCL: polycaprolactone.
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Figure S2.8. Phase contrast images of mouse myoblast (C2C12) cells cultured on the
substrates tested under controlled cell culture conditions, resulting in the atomic force
microscopy cellular adhesion Young’s modulus testing results the images depict the
morphology of a single cell with cellular proper dimensions further validating the fidelity
of the experiments.
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Figure S2.9. F-actin/DAPI staining of cells cultured on the cholesteryl ester liquid crystal
scaffolds (CLC-S) on Day 7 (before differentiation) and Day 14 (after differentiation).

All scale bars are 50 um. DAPI: 4’ ,6-diamidino-2-phenylindole, PCL: polycaprolactone,
CLC-S: cholesteryl ester liquid crystal scaffold.
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DAPI/MHC

Figure S2.10. Immunohistochemistry staining of myosin heavy chain (MHC) and
4’ 6-diamidino- 2-phenylindole (DAPI) of C2C12 mouse myoblasts cultured on
various tested cholesteryl ester liquid crystal scaffolds (CLC-S), Day 14, after
differentiation. All scale bars are 100 um. PCL.: polycaprolactone.
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Figure S2.11. Scanning electron micrographs of the cholesteryl ester liquid crystal
scaffolds (CLC-S) day 14 differentiation of mouse myoblast cells (C2C12). Scale bars:
top panels 100 pum, middle panels 50 pm, bottom panels 30 um. PCL.: polycaprolactone.
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Chapter 3

Nanoengineered Antiviral Fibrous Arrays with
Rose-Thorn-Inspired Architectures

The information in this chapter was published in ACS Materials Letters, 2021, 3, 1566-1571 and
has been reproduced with permission from the authors.

“A Nanoengineered Antiviral Fibrous Array with Rose-Inspired Architecture”, Nasajpour, A.,
Samandari, M., Chandrashekhar, P., Abolhassani, R., Suryawanshi, R., Adelung, R., Rubahn, H.,
Mishra, Y, Khademhosseini, A., Shukla, D., Tamayol, A., and Weiss, P., S., ACS Materials
Letters, 2021, 3, 1566-1571
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3.1 Abstract

Herpes simplex virus (HSV) plagues billions of humans with infections globally. We have
developed and demonstrated rose-thorn-inspired antiviral fibrous arrays by electrospinning a
composite of polycaprolactone (PCL) polymer with a dispersion of anisotropic zinc oxide tetrapod
nanoparticles (ZOTeN). This rose-thorn-mimicking material enables physical and chemical
protection. Under blue light stimulation, ZOTeN photocatalyze the production of hydrogen
peroxide for an accessible disinfection and sterilizing mechanism to prolong material usage. Using
scanning electron microscopy and X-ray photoelectron spectroscopy, we confirm the rose-thorn-
inspired morphology and the chemical composition, respectively. The fibrous material has dose-
dependent antiviral properties against both HSV-1 and HSV-2. The engineered mats can

potentially be used for manufacturing antiviral garments, face coverings, and bandages.

3.2 Introduction

Herpes simplex virus (HSV) is a double-stranded DNA virus with an icosahedral protein
cage enveloped by a lipid bilayer.! This virus is responsible for billions of human infections
globally. Symptoms range from asymptomatic to life-threatening complications, depending on the
host’s health and age. There are two major strains of HSV — HSV-1, which is associated with oral
and ocular infections, and HSV-2, which is associated with genital diseases.?3 Current standards
of care for HSV treatments rely on the oral delivery or intravenous injection of nucleoside analogs
such as acyclovir, famciclovir, or valacyclovir. Topical treatments use 5% valacyclovir as well as
10% docosanol ointments.® HSV treatments include immune response modifiers, vaccines, and
nanomaterials.* Interestingly, zinc oxide tetrapod nanoparticles (ZOTeN) have been shown to bind
HSV viral particles electrostatically via oxygen vacancies and overall greater biocompatibility

compared to varying zinc oxide nanoparticle morphology.>’ The bound viral particles “train” the
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host immune cells in vivo, providing a synergistic microbicidal effect and vaccine treatment

against primary and secondary female genital herpes infections.®*

3.3 Methods and Discussion

In this study, we build on previous work demonstrating that ZOTeN rose-thorn-inspired
materials enhance antimicrobial behavior compared to scaffolds containing commercially
available spherical ZnO nanoparticles, due to the rose-thorn-like spikes morphology developed
with the anisotropic ZOTeN provide the catalytic surfaces needed for antimicrobial and antiviral
properties.'® We hypothesized that these ZOTeN rose-thorn-like protrusions will generate antiviral
properties when incorporated into nonwoven fibrous mats that could provide topical treatment for
herpes simplex virus and could be deployed as antiviral garments, or face coverings in viral
outbreaks. These thorns create interfaces in which the ZOTeN catalytic surfaces protrude from the
scaffold. The scaffolds in this study were engineered by electrospinning ZOTeN with an ester-
terminated polycaprolactone polymer solution (Scheme 3.1). Not demonstrated in our initial rose-
thorn nanofiber study, visible light (405 nm) source can excite the ZOTeN rose-thorn protrusions
above the nanomaterial’s bandgap to photocatalyze a sterilizing-effect.!%12 This sterilizing

mechanism enhances the ZOTeN-laden fibers’ intrinsic antimicrobial and antiviral properties.
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Scheme
Zn0 Tetrapods Nanoparticles (ZOTeN) : 3 |

Electrospinning
Plaque Assay Micrograph HSV-1

PCL PCL-ZOTeN-H

Rose-Thorn-Inspired Antiviral Fibrous Arrays
Scheme Scheme 3.1. Method to generate the rose-thorn-inspired antiviral dressing topical
treatment for herpes simplex virus (HSV-1) and (HSV-2). The fabrication scheme for the
electrospun zinc oxide tetrapod nanoparticles (ZOTeN) ZnO-laden nanofibers is developed with a
2% ZOTeN weight per volume (w/v), 4% (w/v) ZOTeN solution, a 12% (w/v) polycaprolactone
(PCL)-ester-terminated hexafluoroisopropanol solution spun using a conventional electrospinning
setup. Scale bars are 3 um for the ZOTeN particles, 100 um for the electrospun structure, 20 um
for rose-thorn-shaped material scanning electron micrograph, and 2 mm for the actual rose digital
photograph.

We imaged the electrospun scaffolds using scanning electron microscopy (SEM) to test
their morphologies and to determine the interface architectures of the bioinspired engineered mats.
The polycaprolactone (PCL) polymer control without the ZOTeN had typical nanofiber
morphologies. However, upon the addition of the ZOTeN, a rose-thorn-like morphology, derived
from the ZOTeN arms, protrudes from the surface of the nanofiber. This morphology provides an
interface favorable for viral particle interactions (Figures 3.1a and S3.2). At higher concentrations
of ZOTeN, denser networks of the rose-thorn-mimicking morphology were produced. To measure
the fibers' surface properties, X-ray photoelectron spectroscopy (XPS) is deployed to identify the
oxidation states of three elements — zinc, oxygen, and carbon. The zinc region (Zn 2p) was of

particular interest, as it probes the interface for antiviral as well photoactive properties. The Zn 2p
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peaks were symmetric, indicating only one valence state in ZOTeN. The peak positions of Zn 2paz.
in both samples were at 1026 eV, corresponding to the Zn?* valence state.'® Both conditions had a
Zn 2py, peak at 1049 eV (Figure 3.1b). The Zn 2p intensities signals were greater in the electrospun
material with higher concentrations of ZOTeN compared to the scaffolds with lower particle
content. We anticipate that the higher levels of the Zn?* valence state in PCL-ZOTeN-HIGH will
have greater overall antiviral and photoactive activity upon blue light stimulation. The oxygen
region (O 1s) was asymmetric, suggesting more than one oxygen state on the surface of ZOTeN.
From the PCL-ZOTEN-HIGH spectra obtained, the lower binding energy, 529 eV, was assigned
to the lattice O% ions (OL) bonding to Zn?* ions forming ZOTeN wurtzite crystal structure (Figure
3.1b).13!* The higher binding energy oxygen peak, found at 530 eV, correlated to the oxygen of

the hydroxyl-terminated (On) found on the surface of the ZOTeN.1314
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Figure 3.1. Scanning electron microscope (SEM) micrographs and X-ray photoelectron
spectroscopy (XPS) of the rose-thorn-inspired antiviral zinc oxide tetrapod nanoparticles
(ZOTeN) dressing material. (a) Scanning electron microscopy images of the polycaprolactone
(PCL) -only scaffold, PCL-ZOTeN-LOW, and PCL-ZOTeN-HIGH. The ZOTeN nanomaterial
generates a rose-thorn-inspired dressing material with varying nanomaterial prickle density,
mimicking thorn-like protrusions. (b) X-ray photoelectron spectra regions the zinc 2p regions, and
oxygen 1s regions in the electrospun ZOTeN nanofibers.

A narrow scan of the carbon region (C1s spectrum) of the PCL polymer indicated a binding
energy at 281 eV for the methylene carbons and a binding energy of 285 eV for the carbonyl
carbons. These values correlate with published work.!* The carbonyl carbon binding energy was
shifted to 286 eV for 4% (w/v) ZOTeN (PCL-ZOTeN-HIGH) and 287 eV binding energy for 2%
(w/iv) ZOTeN (PCL-ZOTeN-LOW). The XPS results for the PCL carbonyl indicate charged
interactions between the ZOTeN nanomaterial and PCL polymer relative to the unmodified

pristine polymer.
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To enhance the materials’ lifetime and durability, we engineered a sterilizing mechanism
via blue light (405 nm) excitation; under illumination, this process excites electrons to the
conduction band, producing electron-hole pairs on the ZOTeN surface. This excitation leads to
photoelectrochemical reactions that sterilize the viruses off the scaffolds’ surfaces. By submerging
the scaffolds in an aerated aqueous media and illuminating with blue light, the nanomaterial
surface converts molecular oxygen and water to hydrogen peroxide (H20z), superoxide anion (O’
), and hydroxyl radicals (OH). The latter two short-lived species are reactive and can also produce
hydrogen peroxide.**'"'® Here, we placed the composite dressing material in an aqueous
environment and excited them with blue light to produce H2.0O> from water photochemically (see

Supplementary Information for detailed conditions).
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Figure 3.2. Rose-thorn-inspired zinc oxide tetrapod nanoparticles (ZOTeN) dressing light-
harvesting properties and the dressing materials’ overall biocompatible safety. (a) Catalytic
production of hydrogen peroxide under blue light stimulation as a function of time. (b) Live-dead
cytotoxicity assay of a co-culture of NIH (3T3) murine fibroblast and dressing materials tested in
the study monitor the cellular membrane integrity at days 1 and 3. (c) Metabolic analysis of the
biomaterials tested within this study on days 1 and 3 (n=4, *: P <0.05). Scale bars are 200 pm.

To test the photocatalyzed H20, generation, we incubated the samples with 0.1% (w/v)
bovine liver catalase, an enzyme that reacts with H.O, and decomposes it into O, and water. We
monitored this enzyme-mediated decomposition reaction using a commercial Oz optical sensor.
Upon illumination, the control PCL nanofiber scaffolds do not generate any H20O> and the enzyme
produced no measurable O in our in-situ measurements (Figure 3.2a). The PCL-ZOTeN-LOW
scaffolds did generate O (via H20>), as measured with the optical probe. The PCL-ZOTeN-HIGH
had similar behavior upon illumination, but produced higher levels of H.O2, which we attribute to
the higher density of ZOTeN nanomaterial in the nanofiber network (Figures 3.2a and S3.2). In
addition, the XPS results demonstrate that there is a higher concentration of ZOTeN at the interface

from the signal intensity (Figure 3.1b). ZOTeN created a favorable interface to oxidize water to
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create ROS species. To validate the ability to generate hydrogen peroxide further, a colorimetric
assay was performed comparing a solution of H2O> as a positive control, a phosphate buffer
solution as a negative control, PCL, and the PCL-ZOTeN scaffold. Samples were measured before
and after blue light exposure (Figure S3.4b). The colorimetric assay demonstrated detectable H20:
generation by ambient non blue stimulated PCL-ZOTeN scaffolds in an aqueous media, upon blue
light exposure an increase in the level of detectable H.O> generation is noted. These results further
demonstrate the capability of the rose-thorn-inspired scaffolds to produce H.O; in a self-
sterilization mechanism.

We tested the dressing material’s biocompatibility using NIH 3T3 fibroblasts. The viability
of the cells was assessed with a Live/Dead Cell Viability Assay Kit (Figure 3.1b). All the tested
conditions had comparable results between days 1 and 3 of culture. To investigate these dressing
materials' biocompatibility further, we monitored the fibroblast cells’ metabolic activity using the
PrestoBlue assay. On day 1, we did not see any statistically significant differences between the
tested dressing materials PCL, PCL-ZOTeN-LOW, and PCL-ZOTeN-HIGH groups compared to
cells cultured on the well plate in the absence of the dressing materials. However, PrestoBlue assay
results indicated decreases in cellular viability, compared to the control group with increasing
ZOTeN concentration (P-value=0.041 for PCL-ZOTeN-LOW vs P-value=0.014 for PCL-ZOTeN-
HIGH). This result suggests potential toxicity due to increased levels of free radical species and/or

H20: in PCL-ZOTeN-HIGH.
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Figure 3.3. Antiviral properties of the tested zinc oxide tetrapod nanoparticles (ZOTeN)
dressing material against simplex herpes virus (HSV-1) and (HSV-2) (a) HSV-1 plaque assay
micrograph of the tested dressing composites demonstrating concentration-dependent inhibition
of plaque formation. (b) Quantitative measurement of plaque formation between tested dressing
conditions a statistical difference was found between tested groups. (¢) Quantitative HSV-2 plaque
assay results. (d) Quantitative polymerase chain reaction (QPCR) measures the gB spike protein
essential for host infection and dissemination. (e) Immunoblot measurements to measure gB
proteins in cultured human corneal epithelial cells (HCE) with the generated dressing materials.
(F) Mean fluorescence intensity measurements of HCE cells co-culture experiments with HSV-1
virions expressing red fluorescent protein (RFP) demonstrates ZOTeN concentration dependence
inhibition of virus replication. (g) Micrograph images from red fluorescent protein expression from
HSV-1 infection with HCE. (n=3 for plaque assay results HSV-1 and HSV-2, mean fluorescence
intensity, ***: P <0.001). Scale bar: 200 pm.
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To test the fibers’ herpes virus neutralization capacity, experiments were first performed
against HSV-1 and HSV-2 without visible light stimulation. We performed a plaque assay against
both HSV subtypes to measure the dressing's efficacy in trapping and neutralizing the viral
particles. Briefly, a plague assay is a quantitative method to measure infectious virus (here, HSV-
1 and HSV-2) particles. This method is the standard for quantifying the concentration of
replication-competent lytic virions (Figures 3.3a,b and S3.4). In our study, statistically significant
differences were found in the plaque assay for HSV-1 between PCL, PCL-ZOTeN-LOW, and
PCL-ZOTeN-HIGH. The micrograph images provided depict plaque formation in PCL, while the
addition of the ZOTeN reduces associated plaque formation in a concentration-dependent manner
(Figure 3.3a,b). Chemical surface analyses and SEM micrographs confirmed that this
concentration dependence was related to the amount of exposed ZOTeN surface available to bind
the virus (Figure 3.1b). In the HSV-2 plaque assay experiment, we tested the efficacy of
neutralization as before, and found a statistically significant antiviral properties in the PCL-
ZOTeN-HIGH composite to the HSV-2 strain (Figures 3.3c and S3.4). Our findings from the
plague assay report a statistically significant effect on the antiviral properties with dressing
materials dispersed with ZOTeN, especially the PCL-ZOTeN-HIGH dressing. To understand the
dressing's antiviral capabilities, we now further monitored the amount of envelope glycoprotein B
(gB) mRNA transcripts synthesized by HSV-1 when cultured with human corneal epithelial cells
(HCE) using quantitative polymerase chain reaction (qPCR). The HSV-1 gB transcripts were
significantly higher in the PCL condition. Western blot data further confirmed the trend of gB
expression at the translational level (Figure 3.3d,e). We used the housekeeping protein
glyceraldehyde 3-phosphate dehydrogenase (GAPDH) needed for glycolysis, to ensure the validity

of the experimental data. These results indicate that the addition of the ZOTeN had a concentration-
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dependent inhibitory effect on virus replication. We infer that ZOTeN thorn architecture within
the polymer nanofiber enhances virus trapping and neutralization (Figure 3.3a-f).

Western blot experiments further demonstrated the antiviral properties improved by adding
the ZOTeN nanomaterial to the nanofiber dressing materials (Figure 3.3e). Reduced gB protein
expression was concentration dependent, as above. For a positive control, we used the
housekeeping protein glyceraldehyde 3-phosphate dehydrogenase (GAPDH) needed for
glycolysis, to validate the experimental data. Lastly, we monitored the mean fluorescence intensity
of a modified HSV-1 viral particle (KOS K26 RFP) that expressed a red fluorescent protein, which
corresponds to virus replication. We found the ZOTeN scaffolds show less RFP expression in a
concentration-dependent manner. This result further confirmed the dressing's ability to reduce viral
particle dissemination (Figure 3.3f,g). The positive control PCL condition had a large percentage
of cells expressing the RFP molecular marker. While treatment of the rose-thorn-inspired dressing
material reduced virus infection and replication in a concentration-dependent manner with

ZOTeN-containing nanomaterials.

3.4 Conclusions and Prospects

In summary, we developed a rose-thorn-inspired antiviral dressing material with visible
light activated sterilizing properties. We synthesized this antiviral fibrous topical treatment that
displays potent efficacy against HSV-1 and HSV-2 virus in vitro with cultured human corneal
epithelial cells. We will further develop and test this promising antiviral dressing biomaterial for
the topical treatment of HSV-1 and HSV-2 and possibly for other similarly enveloped viral

particles, including with in vivo animal models and if warranted, in clinical studies.
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Figure S3.1. Nanomaterial scanning electron micrographs of the micro- and nanoscale zinc oxide
tetrapod nanostructures (ZOTeN) used for the synthesis of the rose-thorn-inspired antiviral
dressing.
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Figure S3.2. Scanning electron micrographs of the engineered rose-thorn-inspired antiviral
dressing. Representative polycaprolactone (PCL) with varying concentration of micro- and
nanoscale zinc oxide tetrapod nanostructures (ZOTeN).
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Figure S3.3. X-ray photoelectron spectroscopy (XPS) spectra of the zinc element for the rose-
thorn- inspired nanofibers. Varying spectra of the generated weight per volume (w/v)% of micro-
and nanoscale zinc oxide tetrapod nanostructures (ZOTeN), 2% (w/v) ZOTeN-LOW, and 4%
(w/v) ZOTeN-HIGH to PCL.: polycaprolactone.
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Figure S3.4. X-ray photoelectron spectroscopy (XPS) spectra of the oxygen element for the rose-
thorn-inspired nanofibers. Varying spectra of the generated weight per volume (w/v)% of micro-
and nanoscale zinc oxide tetrapod nanostructures (ZOTeN), 2% (w/v) ZOTeN-LOW, and 4%
(w/v) ZOTeN-HIGH to PCL.: polycaprolactone.
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Figure S3.5. X-ray photoelectron spectroscopy (XPS) spectra of the carbon element for the rose-
thorn-inspired nanofibers. Varying spectra of the generated weight per volume (w/v)% of micro-
and nanoscale zinc oxide tetrapod nanostructures (ZOTeN), 2% (w/v) ZOTeN-LOW, and 4%

(w/v) ZOTeN-HIGH to PCL.: polycaprolactone.
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Figure S3.6. (a) Hydrogen peroxide generation detected by catalyze enzyme and optical probe of
the generated weight per volume (w/v) %, 2% (w/v), and 4% (w/v) micro- and nanoscale zinc
oxide tetrapod nanostructures (ZOTeN) with 12% (w/v) polycaprolactone. (b) H.O- colorimetric
assay. (c) ZnO catalytic mechanism proposed.
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Figure S3.7. Fluorescence red protein measurements of HSV-1 KOS K26 cultured with human
corneal epithelial cell lines (HCE) varying magnification of the generated weight per volume of
0%, 2%, and 4% ZOTeN. PCL.: polycaprolactone, ZOTeN: zinc oxide tetrapod nanomaterials.
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Figure S3.8. Plaque assay micrograph of HSV-2 well plate for tested weight per volumes of 0%,
2%, and 4% (w/v)% micro- and nanoscale zinc oxide tetrapod nanostructures (ZOTeN) with
12%(w/v) PCL.: polycaprolactone.
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Chapter 4

A Whitlockite-Enabled Hydrogel for Craniofacial Bone

Regeneration

The information in this chapter was published in ACS Applied Materials & Interfaces 2021, 13,
35342-35355 and has been reproduced with permission from the authors.

“Whitlockite-Enabled Hydrogel for Craniofacial Bone Regeneration.” Pouraghaei Sevari,
S.; Kim, J. K.; Chen, C.; Nasajpour, A.; Wang, C.-Y.; Krebsbach, P. H.; Khademhosseini,
A.; Ansari, S.; Weiss, P. S.; Moshaverinia, A. ACS Applied Materials & Interfaces
2021, 13 (30), 35342— 35355
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4.1 Abstract

Growth factor-free bone regeneration remains a challenge in craniofacial engineering. Here, we
engineered an osteogenic niche comprised of a commercially modified alginate hydrogel and
whitlockite microparticles (WHMPSs), which impart tunable physicochemical properties that can
direct osteogenesis of human gingival mesenchymal stem cells (GMSCs). Our in vitro studies
demonstrate that WHMPs induce osteogenesis of GMSCs more effectively than previously
demonstrated hydroxyapatite microparticles (HApMPs). Alginate-WHMP hydrogels showed
higher elasticity without any adverse effects on the viability of the encapsulated GMSCs.
Moreover, the alginate-WHMP hydrogels upregulate the mitogen-activated protein kinase
(MAPK) pathway, which in turn orchestrates several osteogenic markers, such as Runx2 and OCN,
in the encapsulated GMSCs. Concurrent co-culture studies with human osteoclasts demonstrate
that GMSCs encapsulated in alginate-WHMP hydrogels downregulate osteoclastic activity,
potentially due to release of Mg?* ions from the WHMPs along with secretion of osteoprotegerin
from the GMSCs. In vivo studies demonstrated that the GMSCs encapsulated in our osteogenic
niche were able to promote bone repair in calvarial defects in murine models. Altogether, our
results confirmed the development of a promising treatment modality for craniofacial bone

regeneration based on an injectable growth factor-free hydrogel delivery system.

4.2 Introduction

Regenerative medicine shows great promise for tissue engineering to treat bone defects,
but new functional materials are required for this strategy.* The most commonly used technique
for repairing bone defects, autologous grafts, has a number of significant disadvantages, such as

high cost, complications associated with surgery, pain, bone morbidity, the limited amount of
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endogenous bone available, and the concern of persistent inflammation. Although the development
of novel biomaterials has revolutionized tissue engineering to avoid some of these drawbacks, a
significant gap remains between the demand for advanced clinical therapies and the degree of
achieved clinical translation.?® Injectable, cell-laden osteogenic hydrogels with the ability to
downregulate osteoclasts may therefore be of particular interest in regenerating maxillofacial bone.

Mesenchymal stem cells (MSCs) are a source of self-renewing cells residing in various
adult tissue with the potential to give rise to numerous types of specialized cells for restoring
damaged tissue and organs.? Orofacial tissue, harbors mesenchymal stem cells that can be easily
harvested for regenerating damaged tissue and have higher bone regenerative potential than bone
marrow mesenchymal stem cells (BMMSCs).>® Gingival mesenchymal stem cells (GMSCs) are
abundant and easily accessed from the gingiva or from remnant tissue found in the clinic.
Furthermore, recent studies have revealed that GMSCs have an innate ability to downregulate
osteoclastogenesis by secreting key anti-osteoclastogenic soluble factors, such as osteoprotegerin
(OPG).%8

Ex vivo expanded MSCs have been combined with scaffolds for use in a wide spectrum of
bone regeneration applications.>** An ideal biomaterial for bone regeneration should promote
osteogenesis, be biocompatible with no risk of disease transmission, and biodegrade over an
appropriate timescale to enable ingrowth of newly formed tissue. Previously, we have shown that
alginate is a suitable candidate for the encapsulation of dental-derived MSCs.'>!2 Osteoconductive
hydrogels have been produced by embedding different growth factors (e.g., BMP-2) and bioactive
particles (e.g., hydroxyapatite), or simply by harnessing the ability of the hydrogel to induce
osteogenic differentiation.!*” Whitlockite (WH: CaisMg2(HPO4)2(PO4)12) is a magnesium

calcium phosphate ceramic that is an important inorganic phase found in bone, comprising up to
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20% of bone mineral weight.'® Studies have confirmed that WH particles are more effective than
hydroxyapatite (HAp: Cai0(PO4)s(OH)2) in encouraging cellular proliferation and osteogenic
differentiation and are able to hinder the activity of osteoclasts.'*?° In addition, WH is more stable
in acidic environments than HAp.?!

These bioactive WH particles can be incorporated directly within 3D stem cell cultures,
enabling control over their amount and spatial presentation. The presence of WH within the stem
cell culture differentially modulates expression patterns of numerous differentiation markers at the
gene and protein levels without having severe cellular toxicity. Therefore, WH microparticles
(MPs) could be embedded within a three-dimensional (3D) hydrogel along with MSCs to control
the spatial presentation of the extracellular matrix while directing the differentiation and fate of
the MSCs.

To orchestrate osteogenic differentiation the activation of the mitogen-activated protein
kinase (MAPK) pathway is critical and controlled by physicochemical properties, like the elasticity
of the hydrogel matrix.?>?* Other research groups have demonstrated that osteogenic
differentiation is regulated by key members of the MAPK signaling pathway, particularly Jun
amino-terminal kinases (JNK), P38, and extracellular signal-related kinases (ERK).?* Therefore,
studying the precise role of WHMPs in triggering MAPKSs and their upstream cascades involved
in the osteodifferentiation of encapsulated GMSCs is of great importance.

To respond to the growing demand for alternative therapeutic solutions for bone
regeneration, we fabricated a hydrogel based on arginine-glycine-aspartic acid (RGD)-coupled
alginate and WH microparticles (WHMPS) that is able to induce osteogenesis of human gingival
mesenchymal stem cells (GMSCs). The osteogenic differentiation of the encapsulated GMSCs

within the WHMP-loaded hydrogel was studied both in vitro and in vivo. We analyzed the
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molecular mechanism of the osteogenesis of encapsulated GMSCs and assessed the osteoclast

downregulatory capacity of the engineered hydrogel.

4.3 Methods and Discussion

We incorporated WHMPs and HApMPs into RGD-coupled alginate (Alg-RGD) and
assessed their effect on the osteodifferentiation of encapsulated GMSCs. Scanning electron
microscopy (SEM) images confirm the semi-spherical and spherical morphologies for the
micrometer-sized aggregates of WHMPs and HApMPs, respectively, with an average size of 5 um
(Figure 4.1a). The energy dispersive X-ray spectroscopy (EDS) data confirm the presence of
calcium, magnesium, and phosphate in the WHMPs and the presence of calcium and phosphate in
the HApMP, as shown in the inserts in Figure 1a.

X-ray diffraction (XRD) and Raman spectroscopy were used to compare the physical
properties of WHMPs and HApMPs. The XRD patterns of the WHMPs and HApMPs
corresponded well with previously reported results (Figure 4.1b).2%?% The Raman spectrum of the
WHMPs shows the v2 PO4% bending vibration at 407 cm™ and the vi PO4>* symmetric stretching
mode at ~970 cm™!, which are characteristic marker bands in WH.?"?8 The Raman spectrum of

the HApMPs shows a band at ~960 cm™!, which is characteristic of HAp (Figure 4.1c).2"?°
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Figure 4.1. Hydrogel Characterizations (a) Scanning electron microscopy (SEM) images of
whitlockite microparticles (WHMPs) and hydroxyapatite microparticles (HApMPs). Inserts are
the energy dispersive X-ray spectroscopy (EDS) results corresponding to each microparticle type.
Scale bars are 10 um. Bulk compositional analyses of WHMPs and HApMPs acquired using (b)
X-ray diffraction (XRD) and (c) Raman spectroscopy. (d) The elastic moduli of the fabricated
hydrogels containing 1 mg/mL WHMPs or HApMPs, measured on the day of fabrication (D0O) and
1 month (D30) after fabrication. Alginate hydrogel without further modification was used as the
control group. (e) The swelling ratio of the fabricated hydrogels was measured by incubating the
dry hydrogels in phosphate-buffered saline (PBS) buffer at 37 °C at several time points.

Mechanical analyses of the prepared hydrogels showed that the elastic modulus of the
WHMP-loaded hydrogel was not significantly higher than the HApMP-loaded hydrogel on day 0
(p > 0.5). However, the WHMP-loaded hydrogel showed significantly higher elastic modulus than
the HApMP-loaded hydrogel on day 30 (Figure 4.1d). Hydrogels are known for their ability to
swell in agueous environments, with swelling ratios that depend on their composition. After a few
hours, the hydrogels reach equilibrium, after which there is no further swelling. We observed lower
swelling ratios in the hydrogels containing WHMPs compared to those containing HApMPs,

which is consistent with their higher elastic moduli (Figure 4.1e).
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It is important to determine the protein permeability of the fabricated hydrogels, because
any cells encapsulated in the hydrogels can be affected by soluble cues in the surrounding medium
or body fluid, including cytokines and growth factors released by the cells themselves. The
secretome of MSCs, in particular, is known to affect the local microenvironment and provide
immunosuppression.? Alginate hydrogels are often used as delivery vehicles to release therapeutic
proteins.3®3! Bovine serum albumin (BSA) was encapsulated within our hydrogls as a model
protein to evaluate the hydrogel microstructure and its permeability to release soluble biological
factors secreted from the encapsulated GMSCs. After incorporating BSA into both the WHMP-
loaded and HApMP-loaded hydrogels, we observed slower release of BSA in the WHMP-loaded
hydrogels (Figure 4.2a). The slower release kinetics of the WHMP-loaded hydrogels is consistent
with their higher elastic moduli and lower swelling ratios, which suggest higher cross-linking
densities and therefore lower permeabilities.

Understanding protein adsorption on the surfaces of biomaterials is of great importance,
since it is the first phenomenon that occurs upon the introduction of a foreign object into the body
and is also required for optimal cell adhesion.3*3* Inorganic particles with negative surface charge
can induce protonation of ionizable functional groups in adjacent proteins, leading to increased
protein adsorption on the surface and enhanced osteoconduction.®® There has been relatively little
investigation into the effects of the WH particles’ surface charge on their high protein adsorption
potential and the subsequent cell responses.®® Here, we confirmed that the WHMP-loaded
hydrogels showed higher adsorption of BSA compared to HApMP-loaded hydrogels and alginate

controls, which may be another factor contributing to their slower release rates (Figure 4.2b).
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Figure 4.2 Physiochemical Analyses of Hydrogels (a) In vitro cumulative bovine serum albumin
(BSA) release profile of the hydrogels showing decreased release amounts from the whitlockite
microparticles (WHMPs) containing alginate hydrogel with greater stiffness. (b) Protein
adsorption study by incubating the alginate hydrogels containing 1 mg/mL WHMPs or
hydroxyapatite microparticles (HApMPSs) in a 1 mg/mL solution of BSA under constant rotation
at 4 °C for 24 h. (c-e) Inductively coupled plasma mass spectrometry (ICP-MS) curves showing
phosphorus, calcium, and magnesium release profiles during a period of 1 month in phosphate
buffer solution, respectively. Triplicate measurements were performed for each sample, with
background correction. (f) Light microscope images of the 2D plated gingival mesenchymal stem
cells (GMSCs) co-cultured with alginate hydrogels (left), the hydrogel containing 1 mg/mL of
WHMPs (middle) or HApMPs (right) for three weeks in regular media showing that the ions
released from WHMPs have the potential to derive the co-cultured MSCs towards osteogenesis,
in vitro. (g) Quantitative polymerase chain reaction (QPCR) analysis confirms the expression of
the osteogenic markers, OCN and RUNX2, in the 2D-plated GMSCs co-cultured with the
hydrogels containing WHMPs, HApMPs, or particle-free hydrogel for three weeks in regular
media. (*p < 0.05, **p < 0.01, and ***p < 0.001).

Inductively coupled plasma mass spectrometry (ICP-MS) was utilized to evaluate the
amounts of specific ions released from WHMPs and HApMPs. As discussed in the materials
preparation section, the alginate is physically cross-linked through ionic interactions with divalent
cations (i.e., Ca?*, Mg?*). Our data indicate that WHMPs continuously supply divalent cations
(Ca?*, Mg?*), which can act as in situ crosslinking agents that further reinforce the structure of the

hydrogel over time in significantly greater amounts than HApMPs (Figure 4.2c). Moreover, the
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pronounced release of Mg?* and PO+ from WHMPs aided in the highly osteogenic nature of these
hydrogels (Figure 4.2d,e). Although the Ca:Mg ratio is not 1:1, we see a similar pattern of Ca?*
and Mg?* release from the WHMPs. As previous studies reported, synthesizing pure WHMP under
laboratory conditions is difficult and it usually does not precipitate according to its theoretical
compositional molar ratio (Mg:P:Ca = 2:14:18).26 However, a recent study reported that the
successful precipitation of pure WHMPs requires excess Mg?* ions and acidic conditions, which
in turn result in higher concentrations of released Mg?* ions from the WHMPs.*® Thus, the WHMPs
utilized in this study have been synthesized under acidic conditions using excess Mg?* ions.®
Synthetic hydroxyapatite is known as one of the most stable bioceramics under physiological
conditions, with limited release of ions such as calcium and phosphate.®”*® Recently, we have
shown the potential use of HAp in alginate hydrogel for craniofacial tissue engineering in the
presence of GMSCs.* Interestingly, the higher concentrations of released ions from WH particles
resulted in morphological changes to the 2D cultured GMSCs after co-culturing with hydrogels
containing 1 mg/mL WHMPs compared to the HApMPs containing hydrogel for 3 weeks (Figure
4.2f), and their osteogenic differentiation was confirmed by gene expression studies using gPCR
analysis (Figure 4.29).

We tested GMSCs that were harvested from healthy human gingival tissue. Following in
vitro expansion, the GMSCs were encapsulated in Alg-RGD hydrogels containing WHMPSs or
HApMPs and were used in the in vitro osteogenic assays. Cell-free samples served as negative
controls. Live/dead assays confirmed the high viability of the GMSCs in all of the experimental
groups (Figure 4.3a). The quantitative measurements confirmed over 80% viability in all studied

groups (Figure 4.3b). The calcein-AM staining images show the morphology of the encapsulated
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GMSC after 4 weeks of incubation (Figure S4.1a). The identity of the encapsulated cells was
determined by measuring the expression of surface markers with flow cytometry (Figure S4.1b).
Secretion of paracrine signaling factors such as growth factors, cytokines, and chemokines
within the microenvironment niche of osteogenic cells helps maintain the homeostasis and
architecture of bone.*® Osteoprotegerin (OPG) is a soluble factor belonging to the tumor necrosis
factor family and a decoy receptor of receptor activator of NF-kB ligand (RANKL), also known
as osteoclast inhibitory factor (OCIF).** Moreover, OPG is one of the main regulators of bone
metabolism and is known to have a suppressing effect on the osteoclast activity and
differentiation.*> Osteopontin (OPN), also known as the bone bridge, is an abundant non-
collagenous protein in the bone matrix that bridges cells to the mineralized matrix with its RGD
motif, which can bind to integrins and enables adhesion to calcium phosphate of the bone.*3%
Parathyroid hormone (PTH) is known to have a regulatory role on calcium homeostasis and bone
turnover regulation and to enhance differentiation of osteoblastic precursors and to prevent their
apoptosis.® Leptin is a product of adipocytes that regulates the appetite by acting on the
hypothalamus. However, leptin is also secreted by various cells, such as bone marrow and primary
cultures of human osteoblasts regulating bone metabolism.*® In addition, leptin can induce
osteoblast differentiation, promote mineralization, and inhibit the generation of osteoclasts.*’
Here, we used four different concentrations of WHMPs and HApMPs to assess the effects
of the microparticle concentration on the osteogenic potential of the hydrogels as shown
schematically in Figure 4.3c. The heatmaps in Figure 4.3d show that secretion of all five bone
metabolism-related factors was higher in the hydrogels containing WHMPs in comparison to the

HApPMP group in a concentration-dependent manner. The higher concentrations of secreted OPG
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prompted us to study the effects of WHMPs in combination with GMSCs on the down-regulation
of osteoclasts.

The results of the secretome assay revealed that hydrogels containing 1 mg/mL of the
microparticles had the highest osteogenic potential; therefore, we selected 1 mg/mL as the
optimum concentration to study the osteogenic properties of the hydrogels. To test this hypothesis,
we encapsulated GMSCs in Alg-RGD containing 1 mg/mL of WHMPs or HApMPs and incubated
them for 4 weeks under regular or osteogenic culture conditions. After 4 weeks of incubating in
the osteogenic media, the GMSCs encapsulated in the WHMPs embedded hydrogels showed
significantly higher mineralization in comparison to HApMP-containing hydrogels, as determined

by XO staining (Figure 4.3¢,f).
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Figure 4.3. In vitro 3D encapsulation analysis of human gingival mesenchymal stem cells
(GMSC:s). (a) Fluorescence images visualizing viability of the encapsulated GMSCs after seven
days. Scale bar 250 um. (b) Quantitative viability analyses did not show any significant difference
between the cell-laden hydrogels with different compositions (p > 0.05). (c) Schematic
representation showing the capability of whitlockite-laden hydrogels in osteodifferentiation of
encapsulated GMSCs while down-regulating the osteoclastic activity through soluble factors. (d)
Bone metabolism assay heat maps showing secretion of parathyroid hormone (PTH), leptin,
osteopontin (OPN), osteoprotegrin (OPG), and osteocalcin (OC) from the hGMSCs encapsulated
in hydrogels containing different concentrations of whitlockite microparticles (WHMPS) or
hydroxyapatite microparticles (HApMPs) (0.25, 0.5, 0.75, and 1 mg/mL) after culturing in regular
culture medium (RM) or osteogenic culture medium (OM) for four weeks, respectively. (e)
Xylenol orange (XO) straining was used for histochemical analyses done on the in vitro
mineralization of the cell-laden hydrogels for four weeks in the osteogenic culture medium. (f)
Quantitative measurement of the mineralization based on XO staining. (NS: not significant. *p <
0.05, and ***p < 0.001).

Higher solubility of WH and faster release of Mg ions from the WH composites account
for the enhanced osteogenesis compared to HAp-based hydrogels.?® Higher intracellular alkaline
phosphatase (ALP) activity has also been observed in the presence of higher Mg concentrations.*®

We used gene expression analyses of osteogenic markers such as ALP, osteocalcin (OCN), and
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Runt-related transcription factor 2 (RUNX2) to study the roles of the composition and
characteristics of the hydrogel on the osteogenic properties of the GMSCs. Reverse transcription
polymerase chain reaction results demonstrated that the cells encapsulated in the hydrogels
containing WHMPs had significantly higher expression of the osteogenic markers in comparison
to the hydrogels containing HApMPs or particle-free Alg-RGD hydrogels in both regular and
osteogenic culture media (Figure 4.4a,b). Altogether, these results revealed that under
physiological conditions, WHMPs will support osteogenic differentiation of encapsulated
GMSCs, at least in part, by continuously supplying PO4> and Mg?*, as confirmed by ICP-MS
assays.

The mitogen-activated kinases (MAPKS) are important mediators of cellular response to a
wide variety of stimuli and are known to be central signal transducers in regulating bone
homeostasis and skeleton formation that specifically influence osteoblast commitment and
differentiation.*® Three important members of the MAPK family, namely ERK, JNK, and P38, can
become activated at early or late phases of osteo-differentiation of stem cells, which can result in
modulation of various osteogenic transcription factors including RUNX2, OCN, DLX5, and
Osterix.>®5! Biochemical analyses determined that ERK actively contributes to regulating the
transcriptional activity of RUNX2 through phosphorylation of its S301 and S319 sites.>
Moreover, active ERK can utilize the association between ERK and RUNX2 for binding to the
promoters of OCN in osteoblasts.>® Similar to what has been reported for ERK, P38 enhances
osteoblast differentiation in part by phosphorylation of RUNX2.>* In addition to its role in
regulating cell death and apoptosis, JINK is known as a major osteoblast differentiation regulator.®
Furthermore, mechanical stimuli can direct osteogenesis by activation of P38, ERK, and JNK.5¢57

The ERK and JNK are known to be critical regulators of the transcription factor activator protein-
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1 (AP-1), an important mediator of osteogenic differentiation, which can bind to the promoter
regions of mechanosensitive genes.*®

The results of ICP-MS studies along with our mechanical characterization of the hydrogels
containing WHMPs or HApMPs suggest that the Ca?* released from WHMPs can act as an in situ
cross-linking agent that further reinforces the hydrogel structure and increases its elasticity. The
protein expression studies demonstrated that bands of P38MAPK and p-P38MAPK, ERK and
p-ERK, JNK and p-JNK, OCN, and RUNX2 were detected in both groups, including Alg-
RGD/WHMPs and Alg-RGD/HApMPS hydrogels (Figure 4.4c,d); however, the intensities of the
acquired bands were significantly different, consistent the higher osteogenic potential of the
WHMPs in comparison to the HApMPs (Figure 4.4e). The higher elasticity of the hydrogels
containing WHMPs can activate ERK, JNK, and P38 MAPK pathways in the encapsulated
GMSCs, as confirmed by the western blot results, suggesting that the hydrogel itself might be
actively contributing to osteogenesis through its mechanical properties in addition to the
osteogenic nature of the embedded inorganic microparticles.

The pyridinyl imidazole molecule (SB203580) has been considered as a specific p38a/f
inhibitor.® Earlier studies reported that treating cells with SB203580 can abolish osteoblast
differentiation.®® Here, we aimed to test the effect of P38 MAPK inhibitor in differentiation of the
encapsulated GMSCs in the inductive media. Gingival mesenchymal stem cells were pretreated
with a p38a/p inhibitor (SB203580) before starting the osteogenic differentiation, then
encapsulated in alginate hydrogel containing WHMPs or HApMPs at concentrations of 108
cells/mL. Interestingly, inhibiting the P38 MAPK did not result in amplification of Runx2 or ALP
gene expressions, but the OCN was slightly amplified, which can be considered as negligible due

to the high (over 33) cycle threshold values (CT) (Figure 4.4b).
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Moreover, the results of Western blot analysis confirmed that after inhibition of P38
MAPK in the encapsulated cells, significant downregulation was observed in all the tested
osteogenic markers (Figure 4.4c-e). The schematic image in Figure 4.4f summarizes the molecular

mechanism underlying the osteoconduction by whitlockite-laden alginate hydrogel.
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Figure 4.4. Genetic analyses of 3D encapsulated human gingival mesenchymal stem cells
(GMSCs). (a,b) Quantitative polymerase chain reaction (QPCR) reaction analyses exhibiting
expressions of the osteogenic markers, Runx2, OCN, and ALP four weeks post incubation in
regular and osteogenic media, respectively. The gPCR results for the SB203580-treated
encapsulated GMSCs demonstrate that only OCN was slightly amplified, but it can be considered
as negligible since the cycle threshold values (CT) are over 33; the difference between groups was
not statistically significant (p>0.05). (c) With higher elastic moduli, the WHMPs incorporated
hydrogel shows higher phosphorylation levels of P38, extracellular signal-regulated kinase (ERK),
and Jun N-terminal kinase (JNK) mitogen-activated protein kinases (MAPKS) in the encapsulated
GMSCs. (d) Western blot studies revealed differences in the expression of osteogenesis regulators
with higher expression of Runx2 and OCN in the encapsulated GMSCs in WHMPs-loaded alginate
hydrogels. Inhibition of P38 MAPK with SB203580 resulted in diminishing expression of Runx2
and OCN in the encapsulated GMSCs, while non-treated GMSCs expressed them after incubation
in osteogenic culture medium for four weeks. (e) Quantification of relative levels of the acquired
western blot band intensities. (f) Summary of the molecular mechanism underlying the
osteoconduction by whitlockite-laden alginate hydrogel. (NS: not significant. *p < 0.05, **p <
0.01, and ***p < 0.001).

Immunofluorescence (IF) analyses revealed that the percentages of encapsulated GMSCs

expressing OCN and RUNX2 were significantly higher in the hydrogels containing WHMPs

69



compared to the ones containing HApMPs or the particle-free hydrogels (Figure 4.5a-d). Also, the
intensities of the expressed markers were higher in the presence of WHMPs. Additionally, results
of the IF staining with antibodies against P38 MAPK were in good agreement with the results

obtained by Western blot analyses (Figure 4.5e,f).
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Figure 4.5. Osteoconductive analysis of tested hydrogels. Incorporation of whitlockite
microparticles (WHMPS) in the alginate hydrogel improves the osteoconductive potential of the
mesenchymal stem cell encapsulating hydrogel. Immunofluorescent microscopy images showing
positive staining (indicated by small white arrows) of OCN (green) and Runx2 (red) in the
hydrogels encapsulating human gingival mesenchymal stem cells (hGMSCs) after four weeks of
incubating in (a,c) osteogenic medium or regular medium, respectively. Cellular nuclei were
counterstained with 4',6-diamidino-2-phenylindole (DAPI) (blue). Scale bar is 100 um. (b,d)
Quantitative analyses of positive cells under osteogenic and regular culture medium conditions,
respectively. (e) Incorporation of WHMPs in the alginate hydrogel triggers activation of p38
mitogen-activated protein kinase (MAPK) pathway in the encapsulated GMSCs.
Immunofluorescent microscopy images show positive staining of P38 MAPK (green) and DAPI
(blue). Scale bar is 50 pum. (f) Quantitative analysis of P38 positive cells under osteogenic culture
medium condition. OM: : osteogenic medium, RM: : rregular medium. (g) Schematic image
showing osteoconduction by whitlockite-laden hydrogel (*p < 0.05, **p < 0.01, and ***p<0.001).
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Osteoclasts are specialized multinucleated giant cells that are formed by the fusion of the
monocyte-macrophage precursors. They can be characterized by F-actin ring formation and high
tartrate-resistant acidic phosphatase (TRAP) enzyme activity.®® Intriguingly, MSCs have been
proposed to play profound roles in down-regulating osteoclastic activity.®? Additionally, previous
studies demonstrated that osteoblasts have higher proliferation potential in comparison to
osteoclasts in the presence of Mg?* ions and alkaline environments because osteoblasts can better
tolerate the high alkalinity of the environment and further proliferate while osteoclasts cannot.?3
One proposed mechanism related to this restriction of osteoclast proliferation and activity is that
TRAP, a gene associated with osteoclast differentiation and function, has lower activity levels in
the presence of Mg?* ions; thus, osteoclasts need more time to develop their activities fully.

Moreover, the secretome of osteogenic cells has important paracrine functions in balancing
bone formation with bone resorption. Receptor activator of NF-kB (RANK)/receptor activator of
NF-kB ligand (RANK/RANKL) is one of the main osteoclastogenesis pathways but OPG is
believed to act as a decoy receptor for RANKL that supports the anti-osteoclastogenic potential of
MSCs.% Additionally, it has been reported that leptin can significantly reduce the number of
TRAP-positive osteoclasts through the RANKL/RANK/OPG system since it increases
transcription of osteoprotegerin (OPG) messenger RNA and expression of the protein in the
peripheral blood mononuclear cells (PBMCs).*"%° Another study showed that leptin promotes the
osteogenic activity of human dental stem cells.%® As the heatmaps in Figure 3c show, secretion of
OPG and leptin, which are potent osteoclast suppressive factors, from the encapsulated GMSCs
increases with increasing concentration of WHMPs.

The light microscope images indicate that macrophages successfully developed into

multinucleated osteoclasts with high TRAP activity in the absence of GMSCs, but their
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differentiation was restricted when osteoclast precursors were co-cultured with hydrogels
encapsulating GMSCs (Figure 4.6a,bi,ii). The colorimetric demonstration of TRAP activity in
culture supernatants is shown in Figure S1c. We observed even more restrictions when we included
HApMPs or WHMPs along with GMSCs in the hydrogel. Interestingly, not only was
differentiation of osteoclasts suppressed in the presence of WHMPs, but also the number of
attached macrophages that we used to study osteoclastogenesis was significantly reduced,
suggesting that the presence of WHMPs disfavored the viability and differentiation of
macrophages (Figure 4.6a,biii,iv). Actin staining also confirmed the formation of giant,
multinucleated osteoclasts in the absence of GMSCs (Figure 4.6c¢i). The graph in Figure 6d
demonstrates quantitative quantification of the TRAP activity in culture media. The schematic
image in Figure 6e shows the downregulation of osteoclastic activity in the co-cultured BMMs.
Additionally, the encapsulated GMSCs were highly viable after 4 days of co-culture with

macrophages in osteoclastogenic culture media (Figure S4.2a,b).
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Figure 4.6 Osteoclast activity of human gingival mesenchymal stem cells (GMSCs). (a) Light
microscope images, (b) tartrate-resistant acidic phosphatase (TRAP) staining, and (c) F-actin
fluorescent imaging of the bone marrow macrophages (BMMs) (i) cultured alone, or co-cultured
with (ii) GMSCs encapsulated in Alg-hydrogel, (iii) GMSCs encapsulated in Alg-HApMP
(hydroxyapatite microparticle) hydrogel, or (iv) GMSCs encapsulated in Alg-WHMP (whitlockite
microparticles) hydrogel. The dashed lines outline the border of giant multinucleated osteoclasts.
Scale bars are 200 um in panels (a) and (b), and 100 um in panel (c). Inserts demonstrate higher
magnification of the images, scale bars are 100 pum (panel b) and 50 um (panel c). (d)
Quantification of the TRAP activity in culture media. (e) Schematic image showing
downregulation of the osteoclastic activity in the co-cultured BMMs. (p<0.001).

The in vivo functionality of the WHMP-loaded alginate hydrogels with encapsulated MSCs
were tested in a 7 mm critical-sized calvarial defect in rats. Autologous rat GMSCs (rGMSCs)
harvested from rat gingival tissue were utilized in the in vivo studies. Our micro-CT (Figure 4.7a,b)
and histological (Figure 4.7¢,d) analyses showed substantial amounts of bone repair/fill in WHMP-
loaded hydrogel group compared to HApMP-loaded hydrogel (p < 0.05) or sham group (P < 0.01).
Histological analysis correlated well with our micro-CT findings showing significantly greater
amounts of bone regeneration in the WHMP-loaded hydrogel group. Additionally, Masson’s
trichrome staining demonstrated significantly better bone regeneration in the whitlockite

incorporated hydrogel as indicated by the dark blue color (Figure 4.7f,9).
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Figure 4.7. In vivo delivery of Human gingival mesenchymal stem cells (GMSCs) in a
calvarial defect model. (a) Schematic representation depicting isolation of MSCs from gingival
tissue, encapsulation of the obtained MSCs in the WHMP-embedded alginate hydrogel and
transplanting the cell-laden hydrogel microspheres in the calvarial defect of the rat. (b)
Microcomputed tomography (CT) 3D reconstruction of bone repair in calvarial defects (c)
Semiquantitative analysis of bone formation via micro-CT images. (d) Histomicrographs (H & E)
of calvarial bone defects after eight weeks of transplantation, scale bar 100 um (e) Quantification
of the histomorphometry studies demonstrates the relative amount of the regenerated bone. (f)
Masson’s trichrome staining indicating new bone formation in the calvarial defects after eight
weeks of transplantation, scale bar 100 pum (g) Quantification of new bone formation indicated by
Masson’s trichrome staining. *p < 0.05, **p<0.01, n =5 for each group.

Since in vivo osteogenesis is dependent also on environmental signals, the hydrogel
sections that are in direct contact with the host tissue (borders) are receiving these cues to form

new bone-like tissues. Therefore, new bone formation can be seen near host bone edges in control
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hydrogels without any osteogenic particles. However, the presence of potent osteogenic agents,

here WH particles, can boost osteogenesis throughout the entire implanted area.

4.4 Conclusions and Prospects

The presence of WHMPs enhances the elasticity of a growth factor-free hydrogel, favoring
osteogenic differentiation of encapsulated GMSCs through upregulation of the MAPK pathway.
Moreover, this growth factor-free hydrogel delivery system exerts osteoclast suppressive
properties due to the presence of WHMPs, making it an ideal regenerative treatment modality for
craniofacial bone tissue engineering. Our in vivo calvarial defect model demonstrated the in vivo
functionality and bone regenerative potential of the developed Alg-WHMP/GMSC constructs. The
main limitations of the current cell delivery systems for bone regeneration include poor adhesion
to the surrounding tissue, uncontrolled biodegradation rates and dynamics, and lack of regenerative
potential. These results will guide future studies to address the growing demand for smart
osteogenic adhesive hydrogels. Upcoming studies will detail the clinical applicability, safety, and

efficacy of this approach for bone tissue engineering.
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Figure S4.1. (a) Fluorescence images of calcein-AM staining demonstrate morphology and high
viability of the encapsulated gingival mesenchymal stem cells (GMSCs) after four weeks of
incubation, scale bar 250 um. Insets are magnified images for better demonstration, scale bar
100 pm. (b) Viability vs osteogenesis of the GMSCs encapsulated in alginate hydrogel
containing varying concentration of whitlockite microparticles (0.2-2 mg/ml). (c) Expression of
stemness surface markers on GMSCs evaluated using flow cytometric analysis.
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Figure S4.2. (a) Colorimetric demonstration of tartrate-resistant acidic phosphatase (TRAP)
activity in culture supernatants. (b) Fluorescence images of live/dead staining demonstrate high
viability of the encapsulated gingival mesenchymal stem cells (GMSCs) after four days of co-
culturing with bone marrow macrophages (BMMSs) under osteoclastogenic culture media. Scale bar
250 pum. (c) Quantitative live/dead results show not significant difference between the viability of
GMSCs encapsulated in the different alginate hydrogels (Alg) (p > 0.05). (d) Quantification of
stemness markers expression on human GMSCs (hGMSCs) and rat GMSCs (rGMSCs) after
passages two and six determined by flow cytometry analysis. The results are representative of at
least five independent experiments from passages 2—6.
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Chapter 5

Conclusions and Prospects
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We have shown that our liquid crystal technology catalyzes the assembly of cells into

freestanding tissue. By inducing a phase transition in the liquid crystal, we are able to transform
the attached cells into a variety of complex 3D cell structures, from standard tissue samples to
marbled constructs containing multiple cell types. We have also demonstrated the creation of 3D

cellular organoids from our technology, in some cases in unprecedented times of less than six
hours from cell seeding.

We are developing a startup buisness that utilizes this liquid crystal technology. Current

scaffolding organizations like CASS, Micromeat, and MatrixFood provide vegan polymer entities
such as bacteria cellulose, zein, and alginate/pectin combinations, but these materials lack the cell-

directing motifs critical to promoting cellular attachment. This process is essential for promoting
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cell proliferation, preventing apoptotic cellular programed death and differentiation of satellite
muscle cells. Unlike the technology of current scaffold suppliers, our materials not only facilitate
cellular attachment, but also demonstrate more endogenous viscoelastic, fluidlike behavior,
closely mimicking the native properties of whole cut meat. Tantti Laboratory, Inc., a company
based in Taiwan, uses a traditional method in the field of tissue engineering to generate porous 3D
scaffolds by dissolving microsphere particles embedded within an elastic, crosslinked resin system
under selective solvent. We have demonstrated generation of such porous biomaterials using our
liquid crystal material instead, microcarriers, and non-organic solvents, avoiding any toxicity
issues that may arise with the methods developed by Tantti. We have also demonstrated coating
decellularized plant tissues with our liquid crystal technology on the millimeter scale.

Our liquid crystal technology possesses further advantages. First, our plant-derived liquid
crystal results in rapid cellular attachment, avoiding a common bottleneck in the field where
incompatible scaffolds must be coated with some animal-derived serum or polymer, such as
gelatin, in order to provide fibronectin and induce attachment. Because that method relies on
animal-derived biomaterials, it is less viable for commercial applications. Additionally, another
incumbent, Geleax, has implemented a gelatin-based technology in this area. They use a
proprietary scaffold method of stacking alternating, 45° angled bilayers of cotton gauze and
electrospun gelatin nanofibers crosslinked with reactive species. However, scaffolds generated
with this method also use animal-based materials and only create stacked cell sheets, lacking the
desired marbling effect and elastic-like properties that mimic the nonendogenous extracellular
matrix.

In our startup company, we will provide a cell culture technology that enables the growth

of complex multi-cellular organoids. We will be a biotools-producing company providing liquid
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crystal-based technology, structuring ourselves as a business-to-business organization providing
disposable cell culture reagents and contract service projects to those looking to use our materials

to make advanced 3D tissue.
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