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ABSTRACT

Two-dimensional (2D) nanomaterials are an emerging class of biomaterials that have garnered
unprecedented attention due to their unique atomically thin, layered, and well-defined structure.
These nanomaterials, however, have limited investigations into their cytocompatibility and
potential use in regenerative medicine particularly from the perspective of 3D scaffolds. Here we
report two chemically unique 2D nanomaterials and their biophysical and biochemical interactions
with stem cells. The first is a naturally occurring nanosilicate which is made up of a unique
combination of minerals (Na*, Li*, Mg?*, Si(OH)4) within an octahedral sheet sandwiched between
two tetrahedral lattices (Laponite XLG®). The second is a transition metal dichalcogenide (TMD)
of molybdenum disulfide (MoS.) which forms 2D sheets nanometers in thickness. Using molecular
biology techniques that capture a holistic snapshot of cell signaling, like RNA-sequencing (RNA-
seq), we can begin to examine mechanisms behind changes in behavior. With this information, we
can then interrogate specific pathways of interest to generate a desired cell response. Furthermore,
we can incorporate these nanomaterials into polymeric scaffolds to localize both cells and
bioactive materials for delivery in vivo. Specifically, we utilized formulations of the
polysaccharide kappa-Carrageenan with the nanosilicates and a thiol-modified 4-arm polyethylene
glycol (PEG) with 2D MoS>. Using these studies as a framework, researchers can begin to tailor
new polymeric scaffolds around emergent 2D nanomaterials for a variety of regenerative

applications including bioprinting.
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Figure 1-1.

Figure 1-2.

Figure 1-3.

LIST OF FIGURES

Illustrated are the various dimensions (0D, 1D, 2D, 3D) and corresponding
materials available for implementation within polymeric nanocomposite
designs. Each dimension targets explicit cellular pathways through
mimicking physical or chemical cellular environments and consequently
offers a multitude of tools for investigators to better control material-cell
interactions. Reprinted with permission from Carrow et al., 2014. ..............

Nanoparticle interactions with stem cells comprise interplay of multiple
mechanisms, including physical, chemical, or surface interactions.
Physical interactions are dependent on size, shape, and stiffness of the
nanoparticles, whereas chemical interactions include the presence of ions,
growth factors or hydrophilic moieties. Surface interactions revolve
around surface patterning, like nanopillar spacing or size and surface
roughness. Similarly, chemical modification to the nanomaterial surface
via introduction of cell binding sites. The combined effects of these various
interactions contribute to the differentiation capabilities of the
nanomaterial and can lead to a variety of tissues including but not limited
to cardiac, bone, hepatic, muscle, cartilage, and nerve tissues. Some of the
emerging applications of nanomaterials include immune modulation and
smart drug delivery devices. Reprinted with permission from Carrow et al.,

Various nanotopographical modifications alter cell behavior and therefore
stem cell outcomes. a) Random nanofibers promote embryoid body, bone,
and cartilage formation, while aligned nanofibers show enhanced neuronal
induction with directed neurite extension as well as cardiac and myogenic
induction. b) Surfaces with increasing nano-complexity and roughness via
nanopillars, nanodots, or nanogrooves induce differentiation while
smoother surfaces are preferential for potency maintenance. Nanopillars
augmented cell adhesion and growth versus micropillars while also
forming large cell aggregates, while micropillars induced greater cell

Page

3

spreading. Reprinted with permission from Carrow et al., 2014. .................... 8

Figure 1-4. To improve scaffold outcomes, bioinspired composite materials can

provide additional benefits toward cellular proliferation and induction
through a variety of materials and can take multiple forms upon
fabrication. Basic materials include multipolymer systems or the
introduction of nano/microparticles into a polymeric network. Two main
components from this inspiration are physical and chemical modifications
of the base polymers present within the scaffold. The integration of various
materials can result in enhanced mechanical stability through additional

X



Figure 2-1

Figure 2-2.

crosslinking sites, ECM mimesis, or interactions between the cell
membrane and material surface. Additionally, these same materials enable
spatially controlled protein binding for cellular adhesion, nucleation of
mineralized matrix, or provide vital factors for the motivation of stem cells
toward specific lineages. Reprinted with permission from Carrow et al.,

. Material characterization of nanosilicates. Physical characterization of

nanosilicates was completed to evaluate particles prior to introducing to
hMSCs. (a) TEM of nanosilicates demonstrated disc morphology and
nanoscale size. (b) XPS analysis revealed an elemental composition similar
to that of the idealized stoichiometric ratio found within a unit cell of the
nanosilicates. (¢) AFM corroborated the nanoscale diameter (25-50 nm)
and thickness (1-1.5 nm) of the nanosilicates. (d) XRD of both bulk and
exfoliated (flash frozen with subsequent lyophilization) nanosilicates
generated peaks at diffraction planes (001), (100), and (005) for both, with
(110) and (300) present in the bulk sample. (¢) DLS measurements
quantified variability of nanosilicate hydrodynamic size in particles and
displayed a narrow range of diameters (PDI — 0.22) around 45 nm.
Reprinted with permission from Carrow, Cross et al., 2018. ..........c..ccoeeeee.

Biophysical interaction of nanosilicates and hMSCs. (a) Two-dimensional
nanosilicates electrostatically bind to proteins from biological fluids and
are subsequently internalized by cells via surface-mediated endocytosis.
(b) Hyperspectral imaging indicating distribution of nanosilicates
throughout the cell body following endocytosis. The image was captured
from transverse section of cell body. (c) Flow cytometry analysis of
rhodamine-tagged nanosilicates demonstrate dose-dependent cellular
uptake. The nanosilicates were primarily internalized via clathrin-mediated
process (chlorpromazine) as opposed to macropinocytosis (wortmannin) or
caveolar mediated (nystatin). **P < 0.01; ***P < 0.001. (d) Significant GO
terms of associated biological processes, cellular components, and
molecular functions from differentially regulated genes (P < 0.05). Terms
related to biological process and cellular components indicate strong
biophysical interactions between cells and nanosilicates. (e) Clustering of
significant 244 cellular component gene ontology (GO) terms into broader
cellular component categories. Reprinted with permission from Carrow,
CrosS et al., 20L8.......ooiiieee e e

Figure 2-2 Continued. Biophysical interactions of nanosilicates and hMSCs. (f)

LAMP1 staining (green) for lysosomal membranes further tracks
nanosilicates (red) following endocytosis. (g) Row-scaled z-scores of
guantile normalized gene expression [in log2(RPKM)] of >4,000 genes
following treatment with nanosilicates (padjust < 0.05, red, up-regulated:
1,897 genes; blue, down-regulated: 2,171 genes). (h) Gene network
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displaying interconnected genetic targets after nanosilicate treatment with
high degrees of expression and statistical significance (red, up-regulated,;
blue, down-regulated; size increases with significance). Reprinted with
permission from Carrow, Cross et al., 2018. .........ccccccevvevevieveeie e 34

Figure 2-3. Silicate interactions with hMSCs were monitored using flow cytometry
and ICP-MS. (a) Uptake of fluorescently-tagged nanosilicates displayed
concentration dependent internalization. (b) Endocytosis of particles
occurred rapidly with chemical inhibition of a clathrin-mediated process
reducing uptake. (c) Following internalization, tagged-particles were
trafficked to lysosomal bodies with an increase in these vesicles observed
after 24 hours and returning to basal levels over the course of a week. (d)
Introduction of nanosilicates to low pH environments of late
endosome/lysosome vesicles initiated dissolution of the particles over a
week. lon products was greatest at 24 hours and decreased over time as
nanosilicates continued to be trafficked in and out of the cell in addition to
particle dissociation. Reprinted with permission from Carrow, Cross et al.,

Figure 2-4. Nanosilicates lead to stress-induced MAPK signaling. (a) Nanosilicate
treatment results in activation of stress-related response. A list of GO terms
related to stress after nanosilicate treatment indicate signal propagation via
MAPK/ERK signaling pathways. (b) The volcano plots evaluating DGE
were generated for GO:0031098 and (c) gene expression profile of
MAP4K4 and TAOK1 demonstrating stimulation of nanosilicate-induced
MAPK/ERK signaling pathways. (d) Comparison of TAOK1 gene
expression obtained from RNA-Seq was validated using qRT-PCR.
Reprinted with permission from Carrow, Cross et al., 2018. .............c.......... 38

Figure 2-4 Continued. Stress induction of nanosilicate treated hMSCs. (e)
Nanosilicates trigger a stress-responsive kinase cascade (Ras-Raf-MEK-
ERK pathways), leading to changes in reactive oxygen species (ROS)
production and subsequent RNA transcription and protein synthesis. (f)
Flow cytometric analysis was performed to measure the stress-responsive
kinase cascade, by measuring ROS production with a ROS-sensitive
fluorescent reporter dye. Experiments were performed in the presence or
absence of a MAPK inhibitor. A significant increase in ROS-mediated
fluorescent signal is observed upon exposure to nanosilicate, and this is
abrogated after treatment with the MAPK inhibitor. (g) Production of p-
MEK1/2 was determined using western blot in presence of nanosilicates
and MEK inhibitor, establish the role of nanosilicate in MAPK/ERK
signaling. Reprinted with permission from Carrow, Cross et al., 2018......... 39

Figure 2-5. Transcriptomic analysis elucidate nanosilicate-induced bioactivity. (a) GO
related to osteogenesis and chondrogenesis indicates nanosilicate-induced
hMSCs differentiation. (b) Volcano plots from bone development

Xii



(GO:0060348) and cartilage development (GO:0060351) highlight key
differentially regulated genes due to nanosilicate treatment. (c) Gene
expression of COMP, COL11A1, ACAN, and COL1A1l demonstrating
significant upregulation due to nanosilicate treatment. (d) Differential gene
expression from RNA-Seq was validated using gRT-PCR, indicate similar
trend. Reprinted with permission from Carrow, Cross et al., 2018. .............. 46

Figure 2-6. Nanosilicate-induced hMSCs differentiation. (a) Western blot data
showing production of collagen type | and COMP after exposure to
nanosilicates for 7 days in normal media. (b) The effect of nanosilicates on
production of GAGs was determined by staining safranin O and aggrecan
staining after culturing hMSCs in chondro-conductive media for 21 days.

(c) The effect of nanosilicates on osteogenic differentiation was
determined by ALP activity and formation of mineralized matrix after
culturing hMSCs in osteo-conductive media for 21 days. Reprinted with
permission from Carrow, Cross et al., 2018. ........ccccoocvviievvnienieene e 48

Figure 3-1. Schematic outlining the design strategy to synthesize multifunctional
nanocomposite hydrogels. kCA is predominantly crosslinked in the
presence of potassium ions (sulfate groups interact with K* ions to drive a
helical polymer conformation), which loses its mechanical stability under
physiological conditions. Methacrylation of kCA results in a covalently
crosslinkable polymer. The addition of nanosilicates provides shear
thinning and bioactive properties to the polymer that can be used in various
tissue engineering applications. Reprinted with permission from Thakur et
AL, 2006, ... et 59

Figure 3-2. Synthesis of photocrosslinkable MkCA. (a) The hydroxyl groups (-OH) in
the polymer backbone were modified with photocrosslinkable
methacrylates. (b) Full x-ray photoelectron spectroscopy (XPS) of MKCA.
(c) FTIR reveals vibrational absorption peaks correlating with the
formation of carbonyl and methyl functional groups. Sulfate groups
responsible for ionic crosslinking remain intact. NMR corroborates the
XPS and FTIR findings which indicated successful chemical modification
of MxCA. Reprinted with permission from Thakur et al., 2016. .................. 61

Figure 3-3. Nanosilicates effects on nanocomposite. (a) The addition of nanosilicates
(nSi) decreases viscosity of prepolymer solution. (b) The cyclic
stress/strain curves for kCA, MkCA and MkCA-nSi shows the elastomeric
characteristics of hydrogel network. Both MxCA and MkCA-nSi
hydrogels recovery after cyclic deformation. (c) Mechanical properties of
each composition are dependent on crosslinking mechanism with ionic
crosslinking generating a strong/brittle gel and UV imparting elasticity
onto the network. (d) Creep response on UV crosslinked compositions
further indicates the elastic response to dynamic stresses. The addition of
nSi’s decreases resulting strain across the gel for both low and high
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polymer compositions. Modified with permission from Thakur et al., 2016.

Figure 3-4. Evaluation of bioprinting capabilities. (a) Compositions were extruded

over multiple flow rates through two sets of needle sizes to evaluate
extrudate swelling upon exiting the nozzle. Greater control over fiber size
was maintained at lower flow rates. (b) Rheology mimicking the printing
process evaluated the ability of the material to regain mechanical stability
after experiencing high shear through the nozzle (purple region indicates
UV exposure). (c) A temperature sweep evaluated the stability of two
bioink compositions with increasing temperature. (Low nSi — 2%; High
R ) ST PSOR SRR

Figure 3-5. Nanocomposite response to aqueous environments. (a) Swelling of

Figure 3-6.

Figure 3-7.

Figure 4-1.

extruded and UV crosslinked fibers evaluated degree of physical swelling
following placement into two biologically relevant aqueous environments
for 24 hours. (b) Bulk gels were placed within media following either UV
or UV/KCI crosslinking to evaluating degrees of mass swelling for
multiple compositions over 30 days. (¢) SEM images of both UV and
UV/KCI crosslinked hydrogels indicate the presence of a secondary
network formation following the presentation of K* ions. ..........ccccccevvvnee..

Lattices printed with and without cells were attainable. Control over fiber
diameter could also be achieved. Fibers crossing struts of previous layers
displayed minimal overhang, which facilitates printing of more layers
above. UV crosslinked lattices were extremely durable and could be
handled easily following printing. .........cccccocviveiieii i

Biological evaluation of MkCA compositions. (a) MkCA and MxCA-nSi
show higher viability of encapsulated hMSCs compared to kCA hydrogels.
(b) Alamar blue assay showed no significant change in metabolic activity
of encapsulated cells in MxkCA and MkCA-nSi. (c) Encapsulated cells
remained round after a week of culture, which provides 3D stimulation
towards a chondrogenic phenotype. (d) hMSCs cultured on the surface of
either MkCA or MkCA-nSi gels demonstrate little proliferation due to a
lack of cell binding sites. (e) Cells printed within a 5%/8% MxCA-nSi ink
maintain even distribution throughout the printing process. These cells also
proliferate over the course of 4 weeks. Modified with permission from

67

71

ThaKur €t al., 2016, ....ccooveieeeieeiee e e s st e e s s ebaee e e 73

Phyicochemical characterization of chemically exfoliate MoS: nanosheets.
(@) Atomic force microscopy measure micron-sized nanosheets with
nanometer thickness, confirming 2D shape. (b) TEM images of ultrathin
MoS; sheets displayed overlapping layers; each individual layer is
numbered. Further, XRD corroborated the formation of the 1T phase
following lithium intercalation. (c) Crystallographic transformations from
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bulk to exfoliated MoS, were monitored with XPS analysis with shifts
from 2H to 1T phases observed. (d) Raman spectroscopy and
photoluminescent  measurements  likewise indicated  structural
modifications had occurred seen through changes in vibrational energy
bands and luminescent INTENSILY. ........cceviieiiiinieeee e, 82

Figure 4-2. Evaluation of ceMoS:; in relevant biological aqueous environments. (a)
Dispersions of ceMoS; sheets were stable prior to the addition of protein
(albumin) with a subsequent decrease in zeta potential magnitude,
indicating a reduction of electrostatic stability of the particles. (b)
Sonication utilized to improve dispersion of the MoS; resulted in a
decrease in hydrodynamic diameter, with probe sonication imparting
greater disruptive force than bath sonication over both time points. (c) ANS
assay was completed over a range of ceMoS> concentrations to evaluate
effects on protein structure following binding to the nanosheet surface.
Compared to the positive control (SDS), the sheets imparted little effect on
protein structure and would enable functional binding between coated
proteins within the corona and cell membrane. ..., 84

Figure 4-3. In vitro effects of ceMoS,. Nanosheets displayed cytocompatibility up to
100 pg/mL, as seen with alamarBlue (a) and morphological analysis (b,c).
As concentrations increased, cell morphology was likewise affected as
cells limited their cytoskeletal expansion, with a significant decrease
occurring upon reaching a concentration of 50-100 pg/mL. (Scale bar 300

Figure 4-4. Images of cells with ceMoS treatment. (a) Bright field microscopy images
displayed coating on cell membranes of cells to varying degrees, with
clusters of nanosheets occurring if not fully dispersed due to protein and
ion interactions. (b, c) SEM of control cells show no effects on cell surface
while MoS,-treated cells have a robust coating of sub-micron materials.
(Insert scale bar 100 M), ...oooiiiiiieieeee e 89

Figure 4-5. Low intensity NIR exposure of ceMoS; treated cells to modulate behavior.
(a) Schematic of setup with multiple LED arrays placed within the lid of a
plastic enclosure to explore varying degrees of LED intensity to impact
cell phenotype. Each LED intensity region was separated with light
impenetrable dividers to minimize scattering effects. (b) The combination
of NIR and ceMoS; can modulate media temperature over time.
Decreasing light intensity to that found within the highest power LED array
used for all in vitro experiments correlated with a reduction in temperature
increases. (c) Western blot analysis indicated an increase in protein
synthesis for samples receiving NIR exposure, with the greatest correlating
to those with both ceMoSz and NIR light. ... 91
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Figure 4-6. High intensity NIR exposure for local ablation of cells. (a) Schematic of
2D monolayer ablation of cultured cells through selective exposure of high
intensity NIR light on ceMoS; treated cells. (b) Untreated cells remain
viable even after exposure to NIR light, while cells pretreated with
nanosheets were photothermally ablated with a high degree of spatial
control over the zone of apoptosis. (Scale bar 300 M) ........ccccvvevvevieireennnnn,

Figure 5-1. Defect-rich MoS; nanoassemblies. (a) The atomic lattice of MoS, with
different Mo:S ratio, where each molybdenum atom is coordinated by six
sulfur atoms at 120° each, giving it hexagonal arrangement. Atomic
vacancies can be created by confined growth of the lattice. Defect-rich 2D
MoS;, assembles form spherical nanoassemblies. (b) SEM image of
nanoassemblies shows rippled flakes arranged spherically. (c) The 2H
phase of MoS; lattice was confirmed by X-ray diffraction pattern obtained
for different feed precursor ratios (molybdenum:sulfur). (d) TEM of the
nanoassemblies along with selected area electron diffraction (SAED)
confirmed hierarchy of assembled nanostructure. (e) X-ray photoelectron
spectroscopy of MoS> samples analyzed for Mo and S binding energies
confirm the hexagonal arrangement. (f) Raman spectra confirmed the
presence of two prominent peaks (Elzg and Aig) corresponding to 2H
phase, while their intensity ratio supported the consistent increment in
intensity related to out-of-plane vibration of S atoms with increase in sulfur
feed precursor ratio. (g) Photoluminescence (PL) spectra of MoS;
nanoassemblies depicting the evolution of signals due to defect sites and
was directly proportional to the number of active-centers. Reprinted with

permission from Jaiswal et al., 2017..........cccevviiiiiieieie e 103

Figure 5-2. Vacancy-driven gelation of MoS, and PEG-SH. (a) The presence of
vacancies in MoS: provide “active centers” for chemisorption (Mo-S and
S-S interactions) of thiolated polymer chains (4-arm PEG-SH) leading to
formation of crosslinked hydrogels. (b) Shear-thinning characteristic of
prepolymer solutions. 10% PEG-SH show Newtonian behavior. The
viscosity of prepolymer solutions increases with the addition of MoSz and
display shear-thinning characteristics. Power Law model was fitted to
determine power law index and consistency co-efficient. (c) Photographs
showing formation of crosslinked hydrogels from PEG-SH/2%MoS;.
While PEG-SH remain sol after 3h. (d) Gelation kinetics of PEG-SH and
PEG-SH/2%MoS; confirm vacancy-driven gelation of defect-rich MoS>
nanoassemblies and PEG-SH. (e) Stress relaxation behavior of crosslinked
hydrogels revealed higher network stability with 2% MoS, compared to
0.25% MoS; under 5% strain. (f) Stress sweep indicate stability of
crosslinked gel under shear stress. Reprinted with permission from Jaiswal
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Figure 5-3. (a) Gelation of PEG-SH in presence of defect-rich MoS, nanoassembly
synthesized in precursor ratios 1:1, 1:2 and 1:6 in cell-culture media. The
presence of increased number of atomic vacancies on the MoS: lattice
facilitates the rapid gelation and forms stiff network. (b) Osscilatory stress
sweep of hydrogels prepared in cell culture media. The effect of cell culture
media is substantial on crossover point of hydrogels and mechanical
properties when compared gels prepared in DI water (Figure 5-2f). (c)
Rheological frequency sweep for gel made with 2% MoS, depicts the
stability of the gel up to 10 Hz of oscillation. Reprinted with permission
from Jaiswal et al., 2017, .....ocoviiiieee e 109

Figure 5-4. Mechanically stiff and elastomeric hydrogel from defect-rich MoS>
nanoassemblies and PEG-SH. (a) Photographs of crosslinked hydrogels
(PEG-SH/2% MoS2) show high mechanical flexibility. Crosslinked
hydrogels can sustain stretching, bending and twisting without plastic
deformation and can recover back to original shape. (b) Uniaxial
compression demonstrate formation of mechanically stiff hydrogel
network. The compressive modulus increases from 8 kPa to 25 kPa with
an increase in MoSz concentration from 0.25 to 2%. (c) SEM images of a
transverse section of hydrogel (PEG-SH/2% MoS2) show porous and
interconnect network. Energy-dispersive X-ray spectroscopy (EDS)
spectra and mapping confirmed the presence of Mo and S in the
crosslinked network. Reprinted with permission from Jaiswal et al., 2017.110

Figure 5-5. Chemical confirmation of vacancy-driven gelation. (a) Raman spectra of
PEG-SH along with gels made with 0.25% and 2% MoS,. The thiol
vibrations at 670 cm™* and 2570 from PEG disappeared in the crosslinked
hydrogels due to formation of new bond with MoS;. (b) XPS of hydrogel
shows the change in binding energy of carbon (C 1s) peak due to C-S-Mo
formation while two additional peaks appeared in Mo 3d spectrum
belonging to PEG-Mo0S,. Raman and XPS together suggest the new bond
formation at the site of vacancy via chemisorption. Reprinted with
permission from Jaiswal et al., 2017........cccccevviiiiiieieie e 112

Figure 5-6. In vitro cytocompatibility of MoS> nanoassemblies and PEG-SH/MoS>
hydrogels. (a) MoS2 nanoassemblies readily adhere to cell membrane (dark
area) and does not alter cellular morphology. (b) The viability of cells in
presence of different concentrations of MoS; nanoassemblies was
determined using MTT cytotoxicity assay. (c) The effect of MoS:
nanoassemblies on cell-cycle was evaluated using flow cytometry. The
results show that high cell population in G2/M phase at lower MoS;
concentration shifts to apoptosis phase at higher MoS; concentrations. (d)
Gelation kinetics of PEG-SH and 2% MoS: nanoassemblies (1:4) in culture
media exhibited accelerated gelation and stiffer network due to the
presence of mineral ions in the media. (e) The physical stability of gel in
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culture media as well as in excess thiol was determined. While gel
maintains its structural integrity in culture media, it gets dissolve in DTT
due to presence of excess thiol. (f) The facile vacancy-driven gelation
between PEG-SH and MoS2 nanoassemblies allows easy cell
encapsulation without adversely affecting cell viability (> 85%) after 48h
as observed in confocal microscopy image (Green=live cell, Red=dead
cell). Reprinted with permission from Jaiswal et al., 2017............cccccveneenne. 115
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1. INTRODUCTION"

1.1 Introduction to Nanomaterial-Cell Interactions within Biomedical Engineering
Nanotechnology is advancing at a lightning pace, resulting in the emergence of novel
nanomaterials with custom properties. Undoubtedly, tissue engineering can greatly benefit from
this advancement. Throughout this compilation of work, I will focus on nanomaterials that possess
at least one physical dimension in 1-100nm range. This feature allows more functionality and
manipulation at a small scale. Nanomaterials are not a simple miniaturization of macroscopic
counterparts; instead, they exhibit distinctive physical, chemical, optical, and mechanical
properties, with an incredibly high specific surface area.® Their unique properties offer great
application opportunities as well as challenges in scientific disciplines, ranging from
nanoelectronic devices to advanced therapeutic modalities for presently incurable diseases.> "1
The applications of nanomaterials in biomedical research emanate from their scale: they operate
on the same size scale as the majority of intimate biological moieties. Owing to their small size,
nanomaterials can widely interact with the physiological environment and enable the development
of systems that mimic complex hierarchical structures of extracellular matrices (ECM) and native
tissues. In particular, the ECM is a dynamic structure of different nanofibers (such as collagen,
actin filaments, etc.), nanocrystals, nanopores, and signaling molecules. & 113 Also, a cell itself

is essentially a multifunctional particle comprised of nano-compartments such cell membrane,

*Reprinted with permission from “Carrow, J.K.; Gaharwar, A.K. Bioinspired Polymeric Nanocomposites for
Regenerative Medicine. Macromolecular Chemistry and Physics 2014.” Copyright 2014 John Wiley & Sons, Inc.
Reprinted with permission from “Kerativitayanan, P.; Carrow, J.K.; Gaharwar, A. K. Nanomaterials-Stem Cell
Interactions: Emerging Trends and Potential Applications in Regenerative Medicine. Advanced Healthcare
Materials 2015.” Copyright 2015 John Wiley & Sons, Inc.



surface proteins, cytoskeletons, and nuclear membrane containing DNA.2 It is recognized that
cells in nature are surrounded by nanostructures, either when they interact with ECM, neighboring
cells, or soluble factors.1?1* Thus, as nanomaterials are small enough to interact and alter cellular
level functions, they are expected to provide a new framework for medical intervention to

diagnose.

Over the past few years, several nanomaterials have been developed and showed potential in
biomedical applications including biosensors, imaging, drug delivery system, cellular therapies,
stem cell modulation, and scaffolds for tissue regeneration.”® ! 317 For example, ceramic
nanoparticles such as synthetic silicates induce osteogenic differentiation of adult stem cells
without using any growth factors.*® In another study, a nanobioconjugate particle of Polycefin™,
an anticancer drug with polymalic acid (PMLA), is shown to specifically bind and attack breast
cancer cells while stimulating an immune response against the tumor. Unlike other conventional
anti-cancer drug delivery systems, the nanoconjugate was uptaken by cancer cells and thus have

higher efficacy. These novel properties were due to the unique nanostructure of the conjugate.*®

While in vitro success can be achieved, directing cell behavior with engineered nanomaterials in a
clinical setting is a complicated task. Part of the challenge stems from a high degree of variability
between cell donors and cell types. This plays directly into the clinical translatability of these

materials as patients will experience various degrees of therapeutic success. Another issue is that



of dosage and duration of exposure. Persistence of nanomaterials increases accumulation of

potentially cytotoxic degradative products within the cell; therefore, clearance from the local cell
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Figure 1-1. lllustrated are the various dimensions (0D, 1D, 2D, 3D) and corresponding materials available for
implementation within polymeric nanocomposite designs. Each dimension targets explicit cellular pathways through
mimicking physical or chemical cellular environments and consequently offers a multitude of tools for investigators
to better control material-cell interactions. Reprinted with permission from Carrow et al., 2014.

environment is necessary to ensure cell viability. This directly contradicts with the ability of
nanomaterials to persist in the local environment to induce changes in cell phenotype. Therefore,
researchers must find a balance regarding the timing of interactions to maximize bioactivity while

avoiding cytotoxicity.



From the perspective of the material itself, physical and chemical properties play a vital role in
dictating interactions with cells. Uptake into the cell can be limited by size of nanoparticles while
shape can improve uptake Kinetics through improved membrane energy conformations.?22 Along
this line, most of the nanomaterials can be divided into four different categories: zero, one, two,
and three-dimensional nanomaterials (Figure 1-1). Zero-dimensional (0D) nanomaterials are
atomic clusters mostly composed of metallic elements. One-dimensional (1D) nanomaterials
include use of metal nanorods, nanotubes, ceramic crystals, polymer nanofibers, and self-
assembled structures. Most of the two-dimensional nanomaterials have included layered structures
such as graphene, synthetic clays, and double layered hydroxides (LDH). Three-dimensional (3D)
nanomaterials include polycrystals and spherical particles. Structural anisotropy, or higher aspect
ratios of applied particles, increases binding to the cellular membrane, thereby increasing the
likelihood of uptake by the cell.?* These improved binding characteristics with cells, as well as
polymer chains, provides an additional benefit from using 2D materials. Beyond nanomaterials,

however, choice of stem cell source and type are additional parameters for researchers.

Stem cells can be classified into two types: embryonic stem cells (ESCs), obtained from inner cell
mass of the blastocyst, and adult stem cells (ASCs), found in postnatal tissues such as umbilical
cord, bone marrow, and adipose and neuron tissues.* 2" Embryonic stem cells (ESCs) are an
ideal cell source for regenerative medicine due to their indefinite self-renewal and pluripotency.
However, there are some ethical controversies concerning the destruction of embryos to obtain
ESCs. Multipotent adult stem cells (ASCs) are the alternative with fewer ethical issues, but they
have limited differentiation and self-renewal capacity.?> 2 Thus, researchers have attempted to

reprogram somatic cells into pluripotent stem cells by somatic cell nuclear transfer (SCNT), and



inducing the expression of embryonic transcription factors to generate induced pluripotent stem
cells (iPSCs). Still, the reprogramming efficiency and the epigenetic abnormalities of the cells
differentiated from SCNT and iPSCs are debating.?*-! With the convergence of nanomaterials and
stem cells, the restoration and regeneration of diseased cells and tissues are becoming a clinical

possibility.

However, before the therapeutic applications of stem cells can be introduced to clinics, several
challenges need to be resolved, specifically controlling the self-renewal processes, proliferation,
and regulating the differentiation.* 22" As discussed, nanomaterials have the ability to control
stem cell behavior due to their small-size and biomimetic characteristics. It has been shown that
chemical composition, surface topography, mechanical properties, electrical, and morphological
properties of nanomaterials significantly affect stem cell responses.* 14 16.26-28, 3234 For example,
Sjostrom et al. reported that the height of pillar-like nanostructures on a titanium scaffold greatly
influenced mesenchymal stem cells behaviors. Specifically, the stem cells on the 15 nm high pillars
well spread with large focal adhesion whereas those on the 100 nm high pillars formed small focal
adhesion with poorly defined cytoskeletons.® In addition, silver nanoparticles were found to be
cytotoxic to stem cells and could cause mitochondria and DNA damages in a dose-dependent
manner.3" Furthermore, while a range of multifunctional nanomaterials for tissue engineering
applications have been developed and investigated over the past few years, the interactions
between nanomaterials and stem cells are not quite understood (Figure 1-2). Because of the current
deficiencies from the perspective of holistic cell behavior, there is a need to design studies that

will more completely uncover these interactions.
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from Carrow et al., 2014.



1.2 Nanomaterials-Stem Cells in Regenerative Engineering

Engineering implantable alternatives for auto- or allografts to replace or restore tissue or organ
functions requires that cells organize into tissues with physiological and morphological features
resembling those in the body.* 32 Several tissue engineering techniques involving nanomaterials
have been developed and shown to have tremendous potential (Figure 1-3). Nanomaterials have
been subsequently designed to provide inductive cues within the microenvironment that mimic the
stem cell niche, aiming to direct stem cell differentiation in a controllable manner. Along these
lines, research literature has reported success in using nanomaterial-based scaffolds to regulate
stem cell differentiation into various types of tissue, including bone, cartilage, and neurons, for
instance. 1% 17:32.38 Sjnce extracellular matrices (ECM) provide crucial information regulate cell
behavior and tissue formation, one approach is to develop scaffolds with nanoscale features
mimicking ECM of the engineered tissues.> 1’ For example, cardiac ECM is composed of a
nanoscale interweaving pattern of elastin and collagen fibrils that form a dense network with ECM
molecules. This structure forces cardiomyocytes to couple mechanically to one another, forming
elongated bundles of anisotropic syncytium.®® Mimicking the nature, nanogrooved surfaces were
found to promote cardiomyocyte differentiation and alignment.*° In addition, nanomaterials can
be designed to mimic structures of natural tissues. For example, bone is a nanocomposite of
collagen fibrils and hydroxyapatite nanocrystals. Many studies have shown that nanocomposites
of biodegradable polymers and hydroxyapatite could induce differentiation of stem cells to

osteoblasts. 32

Besides a biomimetic microenvironment, controlled release of biomolecules/morphogens, such as

growth factors and cytokines, is another key factor for stem cell differentiation and tissue growth.



Incorporation of nanoparticulate delivery systems with high specific surface area into scaffolds

was proved to effectively support tissue morphogenesis, viability, and functionality.® 174
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Figure 1-3. Various nanotopographical modifications alter cell behavior and therefore stem cell outcomes. a) Random
nanofibers promote embryoid body, bone, and cartilage formation, while aligned nanofibers show enhanced neuronal
induction with directed neurite extension as well as cardiac and myogenic induction. b) Surfaces with increasing nano-
complexity and roughness via nanopillars, nanodots, or nanogrooves induce differentiation while smoother surfaces
are preferential for potency maintenance. Nanopillars augmented cell adhesion and growth versus micropillars while
also forming large cell aggregates, while micropillars induced greater cell spreading. Reprinted with permission from
Carrow et al., 2014.



Examples of these nanoscale systems include polymeric nanospheres, nanotubes, nanowires,
liposomes, and dendrimers.*> With different nanomaterial designs, we are able to control release
of each agent either temporally or by changing the spatial environment through temperature, pH,

mechanical stress, and light.t’

Applications of nanomaterials in regenerative medicine have made drastic progress in the last
decade. The advancements in nanotechnology and stem cell research have offered new solutions
to many challenging problems of traditional medicine as well as stem cell-based therapy.* & ® 14
16, 28,43 Quantum dots, fluorescent carbon nanotubes, and magnetic nanoparticles, for instance,
have been used for labeling stem cells, permitting a noninvasive monitoring after transplantation,
and for drug and gene delivery into stem cells.* % 164351 Amongst these applications, engineered
nanomaterials have been extensively investigated to regulate the differentiation of stem cells for
tissue engineering. One such two-dimensional (2D) nanomaterial that has shown great promise in
the field of stem cell induction using synthetic materials is that of nanoclays/nanosilicates, like
Laponite XLG. This material has a unique charge distribution with a negative surface charge over
both faces and a positive charge around the edge. This enables enhanced interactions with a variety

of biomolecules that can dictate future cell behavior.

Specifically, 2D nanoclays have been recently demonstrated to be osteoinductive. Previous studies
by Gaharwar et al. showed that Laponite nanosilicates (nSi) (Na*o.7[(Mgs sLio.3)SisO20(OH)4] 0.7)
nanoclay could induce osteogenic differentiation of MSCs in an absence of osteoinductive factors
such as dexamethasone and BMP-2. This was mainly attributed to their dissolution products: Na™,
Mg?*, Si(OH)* , and Li*. In particular, Mg?" is known to play an important role in integrin-

dependent cell adhesion. Orthosilicic acid (Si(OH)4) upregulates bone-related gene expressions
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and promotes collagen | synthesis, and Li* activates Wnt-responsive genes via regulating Runx-2
transcription factor. Furthermore, the addition of nSi had negligible effects on metabolic activity
of MSCs up to a concentration of 1mg/ml. Half maximum inhibitory concentration (ICsp), the
concentration of nSi at which metabolic activity of MSCs was reduced to 50%, was found to be 4
mg/ml. Compared to nanohydroxyapatite (nHA) and silica nanoparticles with similar size, nSi
show cytotoxicity at ten-fold higher concentration, indicating relatively high cytocompatibility.8
The success demonstrated in these studies push future investigations to uncover methods to
localize these bioactive synthetic materials within a 3D cell-laden construct, like those found

within the field of tissue or regenerative engineering.

1.3 Polymeric Nanocomposites for Functional Regeneration

The traditional paradigm of tissue engineering includes three integral components: cells, growth
factors, and scaffolds, which produce a favorable regenerative response. With the increase in our
understanding of the extracellular microenvironment (ECM) and its role in developmental biology,
our approaches to material synthesis and scaffold design are continuously evolving. Success of
many constructs is often limited by the lack of biological complexity generated, leading to
researchers investigating new methods to emulate native tissue environments. Oftentimes,
inspirations for scaffold architecture or utilized biomaterials stem from structures preexisting in
nature, considering millions of years have resulted in the emergence of highly sophisticated and
efficient materials.>?>* For example, shark skin and lotus leaves have been investigated for inspired

surface design due to the anisotropic flow characteristics and superhydrophobic properties of each
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respectively.®® Both of these naturally occurring “engineered” arrangements illustrate the nano-

and microscale components, leading to macroscale function.

Biology offers the best models for strategies to rationally design high-performance biomaterials
with similar properties of natural materials, such as bone, cartilage, nacre, or silk.>®>° To translate
our fundamental understanding of nature into products that are useful in a clinical setting, the
chemical, physical, and biological properties of newly developed bio-nanomaterials need to be
optimized to support, regulate, and influence long-term cellular activities. Both bottom-up and top-
down approaches are considered by materials scientists to design biomimetic components for
tissue engineering.>°> %061 At each level (i.e. nano, micro, macro), mechanisms underlying
cellular interactions will vary, leading to a variety of requirements for consideration that will be
implemented cohesively during material design. Akin to nature, biomaterial design processes
strike a balance between complexity and unification of the individual components. The design and
fabrication of bioinspired nanomaterials for tissue engineering applications requires a fundamental
understanding of the interactions between polymers, nanostructures, and cells. Most of the
biomimetic polymeric nanocomposites consist of two or more types of polymers or polymers
combined with different nanomaterials to obtain composite structures with desired properties
(Figure 1-4). A range of structures including interpenetrating, fibrous scaffolds, and
nanocomposite biomaterials that mimics structural and physical properties of extracellular matrix
is engineered. The biomimetic materials are used for range of biomedical applications including

regenerative medicine, wound dressing, drug delivery, gene therapy, and immune engineering.
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Figure 1-4. To improve scaffold outcomes, bioinspired composite materials can provide additional benefits toward
cellular proliferation and induction through a variety of materials and can take multiple forms upon fabrication. Basic
materials include multipolymer systems or the introduction of nano/microparticles into a polymeric network. Two
main components from this inspiration are physical and chemical modifications of the base polymers present within
the scaffold. The integration of various materials can result in enhanced mechanical stability through additional
crosslinking sites, ECM mimesis, or interactions between the cell membrane and material surface. Additionally, these
same materials enable spatially controlled protein binding for cellular adhesion, nucleation of mineralized matrix, or
provide vital factors for the motivation of stem cells toward specific lineages. Reprinted with permission from Carrow
etal., 2014.
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1.3.1 Traditional Tissue Engineering Constructs

In order to design biomimetic nanomaterials for the repair of native tissues, we need to consider
and compare the structures and properties of the natural tissue, along with the biological influence
of cells on the synthetic biomaterial properties. For example, bone comprises a hierarchical
structure that provides the tissue with its advantageous mechanical and functional properties, yet
also significantly hampers replication in an in vitro setting.®? Therefore, to recapitulate native
complexity, bioactive materials can motivate specific cellular activity in a spatially confined
manner. Among popular fillers, nanoceramics, such as synthetic silicates, nHA, and bioactive
glass, instill tissue engineering scaffolds with a supplementary influence over stem cell behavior.
While the underlying mechanisms of their bioactivity are still under evaluation, evidence points to
the combination of degradation products, surface interactions with cellular membranes, and
charge. Novel microscale technologies have emerged in order to fabricate polymeric-based
structures with additional nanofillers, thus providing investigators with an architecture or material

inspired from nature.®®

Integrated composites not only establish additional sources of bioactive factors, they can also
fortify the polymer network via physical or chemical interactions.>? ¢3¢ While many naturally-
based polymers demonstrate useful cytocompatibility or synthetics enabling extensive tailorability
to the polymer chain, often a purely polymeric system lacks the necessary mechanical strength or
degradation characteristic in vivo, particularly for load-bearing regenerative applications. Most
extensively investigated natural polymers for biomedical applications include collagen, gelatin,
starch, cellulose, alginate, chitosan, and fibrin, while synthetic polymers include use of

poly(ethylene glycol) (PEG), polyvinyl alcohol (PVA), poly(caprolactone) (PCL), poly(lactic-co-
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glycolic acid) (PLGA), and poly(glycerol sebacate) (PGS). To overcome the limitations of a basic
polymeric scaffold, additional nanomaterials are integrated into the architecture to form a
nanocomposite with combinatorial benefits of each biomaterial, including bioactivity,
adhesiveness, environmental-sensitivity, and mechanical improvements.®” These modifications
can employ bioinspiration via mimesis of naturally occurring molecular processes or
microenvironment induction of cellular behavior (Figure 1-4). Through reversible physical
interactions (e.g. electrostatic, dipole, hydrogen-bonding) or chemical crosslinks (e.g. thiol-based,
radical polymerization), superior distribution of stresses imparted onto a polymeric composite
scaffold can be achieved. Similarly, degradation profiles of networked polymer composites can be

extended to allow sufficient cell migration and tissue formation in vivo.

Similar to considerations for direct exposure between nanomaterials and stem cells, physical
attributes play a role in nanocomposite outcomes. Due to differences in surface to volume ratio,
these nanomaterials interact with polymers via substantially different mechanisms and result in
unique property combinations compared to their micro- and nano- counter parts. Dimensionality
of incorporated nanomaterials will stimulate specific cellular pathways via multiple channels,
providing investigators with a host of tools for controlling cell behavior. Thus the type of
biomaterials used to make a composite structure play a major role in determining the end

application of these structures.

Polymeric nanocomposites take a variety of forms for regenerative medicine applications, each
with associated tradeoffs resulting from varying fabrication methods and materials. Persistent
efforts to improve cellular and subsequently tissue outcomes have encouraged creative approaches

toward material design. The methods by which nanomaterials are introduced to polymeric matrices
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are not only dependent on these fabrication strategies but also desired biological response. For
example, internalization of many inorganic nanomaterials can alter differentiation status of
encapsulated stem cells; however, these same materials present in the extracellular environment
can act as nucleation sites for deposition of mineralized matrix, effectively mimicking those found
on collagen fibrils in bone tissue.®® While multiple groups have integrated both polymer and
additive prior to scaffold polymerization, some have investigated the effects of creating nucleation
sites after polymer network formation through incubation with simulated body fluid (SBF) in the

presence of carboxyl-groups on the polymer chain.”®"

Another promising application is the integration of nanostructures into microfabricated 3D
scaffolds to compensate for matrix limitations.> 1" For example, one of the main challenges in
neural tissue engineering is the loss of conduction within cell-seeded constructs. Incorporation of
carbon nanotubes into the scaffolds resulted in increased signal transmission of neurons.® ™ Also,
growing nanotitanate wires perpendicular to the pore walls of 3D microstructures was shown to
increase cell viability by enhancing hydrophilicity and cell-matrix interactions.” Souza et al.
(2010) reported another approach to guide cell assembly into a 3D structure with desired geometry
using magnetic nanoparticles. In this study, hydrogels composed of bacteriophage, iron oxide, and
gold nanoparticles, were uptaken by stem cells. Subsequent magnetic levitation and spatial control
of magnetic field during cell proliferation allowed the engineering of complex tissues composed
of several cell types in specific locations.’® Notwithstanding the achievements, understanding stem
cell-nanomaterial interactions behind these phenomena will create a plenty of room for

improvement.
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Due to preliminary studies previously described indicating bioactivity of 2D nanosilicates,
multiple studies have incorporated these materials into polymer matrices to improve regeneration
of localized cells. Gaharwar et al. fabricated cross-linked silicate-PEO nanocomposites and
showed high silicate concentration (60% and 70%) significantly enhanced attachment,
proliferation, and osteogenic differentiation of hMSCs. This was mainly attributed to high protein
adsorption on silicates. Also, silicate nanoparticles may serve as focal adhesion sites for the cells.
On the other hand, nanocomposites with low silicate concentration (40% and 50%), where non-

cell adhesive PEO chains dominated, cells growth was limited.”’

In addition, Wang et al. incorporated nSi to electrospun PLGA nanofibers. It was found that more
serum proteins were adsorbed on PLGA/nSi than on pure PLGA nanofibers. This could be a
consequence of a slight increase in hydrophilicity and an expansion of nanofibers upon nSi
addition, making them more favorable for protein adsorption. As a result, cell adhesion and
proliferation were enhanced.”® Agreeing with the studies by Gaharwar et al.'®, PLGA/nSi
nanofibers induced osteogenic differentiation of MSCs in growth medium without any inductive
factors. Similarly, Gaharwar et al. reported that an addition of nanoclays to electrospun poly(€-
caprolactone) (PCL) induced osteogenic differentiation. They support adhesion and proliferation
of hMSCs. Also, osteogenic differentiation increased with increasing nanoclay content from 0.1%
to 10%, as evidenced by enhanced ALP activity and matrix mineralization. Since protein
adsorption was comparable amongst samples, it was postulated that enhanced differentiation was
mainly attributed to increased surface roughness with increasing nanoclay content. It has been
shown that cells preferably anchor and stretch their filopodia on micro-scale rough surface, leading

to enhanced metabolic activity. "® While these studies begin to highlight the push towards
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nanomaterial integration within 3D polymeric structures, particularly for nanosilicates, there are

application-specific compositions that have yet to be developed.

1.3.2 Bioprinting Within Tissue Engineering

Engineering artificial tissues offers great promise for treating patients with organ failures that are
associated with disease, injury and degeneration. Current approaches to engineer 3D tissue
structures are based on encapsulating cells within a porous scaffold and providing structural and
molecular clues to facilitate formation of tissue structure.®® These scaffolds serve as synthetic ECM
that assist in cellular organization into a 3D architecture by providing appropriate chemical and
physical stimuli for facilitate their growth and maturation.8! The tissue engineering techniques
have been applied to generate a range of tissues including cartilage and skin, as these tissues can
survive without presence of extensive vascularization. However, engineering tissues with complex
structure such as heart, and liver, is not possible until numerous challenges regarding their
development are addressed. These challenges include our inability to generate a functional
vasculature that can supply the tissue with nutrients and oxygen and the inability to mimic the
complex cell-microenvironment interactions that regulate the formation of functional tissue. The
ability to recapitulate the structural and architectural complexity of many of these tissues and
interfaces (e.g. between bone and cartilage) necessitate the development of a capable fabrication

technique at the macro and micro scale.

Bioprinting is a process of precisely designed scaffolds using 3D printing technologies for
functional organ engineering. Due to the pressing need for functional organ engineering, precisely
designed scaffolds for tissue repair and organ replacement are needed. The emergence of nano-
and microscale printing technologies, resulted in development of 3D printed scaffolds consist of
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spatially-controlled cell patterns that may be loaded with appropriate biological moieties to control
or direct cell fate.82% The rationale for such significant control over spatially-driven design is to
better coordinate cellular arrangements into tissues and organs of interest and therefore lead to the
successful production of functional and implantable constructs. While challenges exist to maintain
the intended shape and cell distribution of the construct over time, researchers have employed a
variety of novel methods and technologies, such as modified 3D printing techniques, multi-nozzle
printers, and chemical modifications to bioinks for printability and biological stimulation, to

improve upon the bioprinting process.2%-8°

Recently, bioprinting technique has shown promising in mimicking tissue complexity by
controlling cell-matrix, cell-cell interactions.®® %% This bottom-up approach uses layer-by-layer
printing of cell-laden polymeric bioinks. The very essence of bioprinting emanates from
bioinspiration as materials are meticulously printed to mimic cellular arrangement in the body.
The merging of synthetic and natural polymer bioprinting systems can more aptly control material
properties, and these hybrid polymer designs strive to incorporate the benefits of both types of
polymers, for example, the tunability of synthetic materials with the biomimetic characteristics of
natural polymers. Due to the inherent complexity of native tissues, both types may be justified for
functional regeneration. Tissue engineers utilize copolymeric systems to avoid the shortcomings
of single polymer type systems. While synthetics demonstrate acceptable mechanical strength and
fair biocompatibility, they lack cell-recognizable binding sites to improve adhesion or migration;
however, hybridization with natural polymers can better mimic the ECM, leading to superior
cellular outcomes.® Development of hybrid systems that apply synthetic polymers as scaffolding

for structure and shape with the cell-laden naturally-based bioink as filler closely follows the work
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of those group integrating electrospun mats into hydrogel networks. This method benefits from
including synthetic thermoplastic polymers due to improved mechanical strength that typical
hydrogel materials cannot provide,®®" and this system permits numerous bioinks laden with
multiple cell types, either differentiated or potent cells, for printing in a single construct. It was
possible to print lower viscosity hydrogels due to the mechanical strength provided by the
thermoplastic materials, typically PCL or PLA, enabling researchers to print with a greater amount
of bioink materials. Another benefit arises from XYZ-controlled nozzles printing these
thermoplastic polymers, with similar spatial resolution as applied hydrogels, enabling additional
control over the final structure or through electrospinning, layers of randomly aligned PCL fibers
can separate sections of hydrogels, which could allow variation of printed cell type and hydrogel

material at different layers.

While bioprinting has only recently demonstrated its true impact as an exciting field of
regenerative medicine research, recent trends attempting to propel these technologies into areas of
even greater clinical relevance have surfaced. To overcome the shortcomings of a purely polymeric
system (e.g. insufficient mechanical strength, inefficient cellular stimulation, etc.),
nanocomposites have been introduced to improve upon these lacking characteristics for those same
factors expressed for 2D and 3D scaffolds.>> ®-° Through force distribution and greater variation
of chemical groups among multiple materials, multi-nozzle printing systems can also enhance
mechanical integrity as well as inductivity. These two aspects are crucial for bioprinting design
to more suitably mimic the native ECM. One group chemically functionalized 3D printed PLA
with multi-walled carbon nanotubes (MWCNTS), induces stem cell differentiation into both

osteogenic and chondrogenic lineages.'® Polymer-nanocomposite interfaces boosted mechanical
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strength of the modified scaffold, with a Young’s Modulus similar to that of subchondral bone
(30-50 MPa), therefore providing stem cells with a desirable substrate as well as limiting possible
stress shielding effects.!® By subjecting MWCNTSs with poly-L-lysine after H, treatment,
hydrophilicity of the MWCNTSs increased and consequently biocompatibility of the construct.
From successful biomimesis, the scaffold increased stem cell proliferation. One could imagine in
future work if cells were encapsulated in a hydrogel bioink and printed layer-by-layer
simultaneously with the functionalized PLA-MWCNT scaffold, tissue formation could be further
improved. Similarly, dispersal of nano-titania in a printed poly(lactic-co-glycolic acid) (PLGA)
scaffold established surface roughness comparable to native bone, comparable to nHAp
electrospun scaffolds.”® Osteoblast adhesion and tensile modulus increased in well-dispersed
scaffolds resulting from topographical modifications to PLGA fibers as well as physical
crosslinking between the polymer and nanofiller. Lastly, these nanoparticles shield the scaffold
from the acidic degradation products of PLGA during hydrolysis, reducing autocatalysis effects
and thus extending mechanical stability for longer periods of time. Again, printing a polymer
hydrogel bioink concurrently with the nanocomposite 3D scaffold could provide the correct

microenvironment for tissue formation in vivo.

In this dissertation, the interactions between stem cells and two different bioactive nanomaterials
in tissue engineering will be examined. From a material property perspective, varied chemical and
physical characteristics will play a prominent role in dictating cell behavior. Specifically, we will
evaluate two different types of two-dimensional nanomaterials including ceramic nanosilicates and

transition metal dichalcogenides and their interactions with stem cells, focusing exclusively on
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tissue engineering applications. Lastly, the formation of 3D nanocomposite hydrogels with each

of these materials will be explored as potential scaffolds to achieve regeneration.
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2. WHOLE-TRANSCRIPTOME ANALYSIS OF 2D NANOSILICATE TREATED STEM

CELLS"

2.1 Introduction

2D nanomaterials have gained unprecedented attention due to their unique atomically thin, layered,
and well-defined structure that provides distinctive physical and chemical properties compared to
bulk 3D counterparts.’91% As the dimensions of 2D nanomaterials are only a few nanometers
thick, they interact with biological moieties in a unique way and have raised exciting questions
about their interactions with cellular components. In addition, different physical (e.g. size, shape,
and charge) and chemical characteristics of 2D nanoparticles have a multitude of effects on cells

including toxicity, bioactivity, or therapeutic capabilities, which are not well understood.%6-107

Understanding cellular responses following treatment with 2D nanomaterials will aid in evaluating
their application for biomedical and biotechnology applications.'® Some of these 2D
nanomaterials are investigated for tissue engineering and therapeutic delivery.%41% Currently, the
impact of nanoparticles on cellular machinery are evaluated by quantifying targeted gene families
involved in signaling pathways, while neglecting those outside the scope of the study.08112
Uncovering molecular targets and affected signaling pathways at the whole transcriptome level
provides a holistic view of nanomaterial interactions with the cellular machinery. High throughput

sequencing of transcripts (RNA-seq) is a powerful tool for an accurate quantification of expressed

* Reprinted with permission from “Carrow, J.K.; Cross, L.M.; Reese, R.W.; Jaiswal, M.K.; Gregory, G.A.; Kaunas,
R.; Singh, I.; Gaharwar, A. K. Widespread changes in transcriptome profile of human mesenchymal stem cells
induced by two-dimensional nanosilicates. PNAS 04/24/2018.” Copyright 2018 National Academy of Sciences.
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transcripts that largely overcomes limitations and biases of microarrays.!*31® This high
throughput technique will not only give an unbiased global view of the cellular activity but will

also provide pivotal insights about the affected cellular pathways.

Synthetic 2D nanoclays have been recently investigated for regenerative medicine, due to their
biocompatible characteristics, high surface-to-volume ratio, and uniform shape compared to other
types of 2D nanomaterials. 1% 117-119 Synthetic clays such as nanosilicates
(Na*o.7[(Mgs 5Li0.3SisO20(0H)4] 0.7, Laponite XLG®) have a disc-shaped morphology and exhibit
a dual charged surface.?22 Nanosilicates dissociate into nontoxic products (Na*, Mg?*, Si(OH)a,
Li*) in physiological conditions and show cytotoxicity only at ten-fold higher concentrations
(LDso~4 mg/mL)'%12% compared to other 2D nanomaterials such as graphene (LDso~100
ug/mL)%. These 2D nanosilicates are investigated for a range of biomedical applications
including, tissue engineering, drug and therapeutic delivery, and bioprinting.*26-13% While these
studies have generated encouraging results for 2D nanosilicates, their interactions affecting the

transcriptome profiles remain unknown.

Here, we investigate the interactions of 2D nanosilicates with hMSCs to uncover key triggered
biophysical and biochemical cellular pathways by examining transcriptome dynamics. We
observed widespread changes in gene expression profile (> 4,000 genes) following nanosilicate
exposure, which has not been reported previously. Our study further probes surface-mediated
kinase signaling triggered by 2D nanosilicates. In addition, transcriptomic dynamics of
nanosilicate treated-hMSCs identifies key genes and enriched gene ontology (GO) pathways and
categories related to stem cell differentiation, specifically towards osteochondral lineages, which

has not been previously reported. We validated the RNA-seq findings using in vitro studies which
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support the ability of nanosilicates to direct hMSC differentiation towards bone and cartilage
lineages. This enables further development of nanomaterials-based therapeutics for regenerative
medicine. More generally, transcriptomic analysis by next-generation sequencing provides a
comprehensive and objective snapshot of cellular behavior following nanomaterial
exposure/attachment. Furthermore, this study demonstrates the utility of next generation
sequencing for the study of cellular interactions on nanoengineered substrates, and the key role of

this approach is likely to play in this rapidly expanding field of regenerative medicine.

2.2 Materials and Methods

2.2.1 Nanosilicate Characterization: Synthetic clay nanosilicates (Laponite XLG®,
Na*o.7[(Mgs.5Li0.3SisO20(0H)4]0.7), were obtained from BYK Additives (Gonzales, TX).
Authentication was performed by determining chemical composites, crystal structure, size and
shape of nanosilicates. Specifically, inductively coupled plasma mass spectrometry (ICP-MS,
Elemental Analysis (PerkinEImer NexION 300D) and X-ray photoelectron spectroscopy (XPS,
Omicron XPS system with Argus detector) were used to determine chemical composition of
nanosilicates. For ICP-MS, nanosilicates was dissolved in 0.5% hydrogen peroxide solution for 24
hours. ICP-MS analysis was performed to determine the concentrations of Si, Li, and Mg. Dried
nanosilicates were used for XPS analysis, where binding energies for magnesium (Mg 2s, 2p),
sodium (Na 1s), oxygen (O 1s), lithium (Li 1s), and silicon (Si 2p) were determined. The raw
values were deconvoluted via Lorentzian function using GraphPad Prism. X-ray diffraction (XRD,

Bruker D8 Advanced) was used to determine crystalline structure of nanosilicates. XRD was
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performed with a copper source on both powdered nanosilicates and exfoliated nanosilicates (in
water) that were then flash-frozen in liquid nitrogen and lyophilized. Atomic force microscopy
(AFM, Bruker Dimension Icon Nanoscope) and transmission electron microscopy (TEM) were
performed to determine the size and shape of the nanosilicates. For both AFM and TEM, a dilute
solution of exfoliated nanosilicates was placed on silicon substrate or carbon grid. For AFM,
nanosilicate thickness was observed via tapping mode and the data was analysis using Nanoscope
Analysis software. For TEM, an accelerating voltage of 200 kV using a JEOL-JEM 2010 (Japan)
was used to determine the morphology of nanosilicates. The zeta potential and hydrodynamic size
of nanosilicate-FBS solutions were measured with a Zetasizer Nano ZS (Malvern Instrument,
U.K.) furnished with a He—Ne laser at 25°C. Filtered particles were achieved through utilization

of a 0.2 um filter.

2.2.2 In vitro Studies — Cytocompatibility, Cell uptake, and Retention: Human mesenchymal stem
cells (hMSCs) were acquired from the Texas A&M Institute for Regenerative Medicine (College
Station, TX, USA) previously isolated and subsequently expanded from voluntary donors under
an institutionally approved tissue recovery protocol. hMSCs were cultured under normal media
conditions consisting of a-minimal essential media (alpha-MEM, Hyclone, GE Sciences) with
16.5% fetal bovine serum (Atlanta Biologicals, USA) and 1% penicillin/streptomycin (100 U/100
pg/mL, Gibco). After every 2-3 days, half of culture media was exchanged for fresh media. Cells
were passaged with 0.5% trypsin-EDTA upon reaching confluency of ~70% and seeded at ~2500
cells/cm?. All experiments were completed with cell populations under P5. Metabolic activity was
monitored via MTT (ATCC) and Alamar Blue (Thermo Scientific) assays, per manufacture

protocols. The BD Accuri C6 Flow Cytometer and a propidium iodide (PI, 40 pg/mL) stain with
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RNase (100 pg/mL) were used to perform cell cycle analysis following eatlier protocol.'3* Prior
to seeding, hMSCs were serum starved (only 1% FBS in media) for 24 hours to synchronize cell
populations and then treated with nanosilicates. After 48 hours of exposure, cells treated with
various concentrations of nanosilicates were trypsinized and fixed in ice cold 70% ethanol. Formed
cell pellets were washed in PBS, followed by incubation in a PI staining solution at 37 °C for 30
minutes. Cells were stored at 4°C until flow cytometer analysis. For endocytosis inhibition analysis
by flow cytometry, cells were cultured under normal conditions in 6-well plates. Cells were
washed three times with PBS and then treated with inhibitors of clathrin-mediated, calveolar-
mediated, or macropinocytosis (35 uM chlorpromazine hydrochloride, 10 pM nystatin or 400 nM
wortmannin, respectively) (Sigma—Aldrich) at 37 °C for 30 minutes. After this pretreatment,
silicate nanoparticles fluorescently tagged with Rhodamine B were added to the culture (final
concentration 100 pg/ml) and incubated for a further 60 minutes. Subsequently, the cells were
washed with PBS, trypsinized, and then suspended in cell culture medium. Particle uptake was
then analyzed via flow cytometry. Hyperspectral images and data were captured using an Olympus
research grade optical microscope equipped with CytoViva (Auburn, AL) patented enhanced
darkfield illumination optics and full spectrum aluminum halogen source illumination. The system
was also equipped with the CytoViva hyperspectral imaging system, producing spectral image
files from 400nm-1,000nm at 2nm spectral resolution. CytoViva’s customized version of ENVI
hyperspectral image analysis software was used to quantify the sample’s spectral response and

conduct any spectral mapping of the sample elements.

For evaluation of reactive oxygen species (ROS) production, the BD Accuri C6 Flow Cytometer

was used. hMSCs were cultured in a 12 well-plate to ~70% confluency then treated with an ERK
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inhibitor (PD184352, 5 uM) for 2 hours at 37 °C. Cells were then incubated with dihydroethidium
(DHE, 25 uM) for 10 minutes 37 °C. Then, cells were washed with PBS and treated with 50 pug/mL
nanosilicates in phenol-red free and serum free media for 2 hours at 37 °C. After 2 hours, cells
were washed with PBS, trypsinized, spun down, and then re-suspended in PBS for flow cytometer

analysis.

For lysosomal staining and actin staining, hMSCs were cultured in a 12-well plate to ~70%
confluency. hMSCs were treated with 1 pL of CellLight® Lysosomes-GFP and incubated
overnight at 37 °C for lysosomal staining. Then, hMSCs were treated with rhodamine-labelled
nanosilicates for 3 hours at 37 °C and later fixed with 2.5% glutaraldehyde. Similarly, for actin
staining, hMSCs were treated with nanosilicates for 24 hours, then fixed with 2.5% glutaraldehyde
and permeabilized with 0.1% TritonX-100. Phalloidin stain was then added and samples were
incubated for 1 hour at 37 °C. The stain was removed, washed with 1X PBS, and then samples
were treated with propidium iodide/RNAase for 30 minutes at 37 °C. Both lysosomal stained and
actin stained samples were imaged via a confocal microscope (Nikon). Further tracking of
nanosilicates and lysosomal activity was done using the BD Accuri C6 Flow Cytometer. hMSCs
were treated with rhodamine-labelled nanosilicates for 1, 3, and 7 days and then treated with
CellLight® Lysosome-GFP overnight. Cells were then washed with PBS, trypsinized, spun down,

and resuspended in PBS for analysis.

For investigating nanosilicate dissociation within hMSC culture, inductively coupled plasma mass
spectrometry (ICP-MS, Elemental Analysis (PerkinEImer NexION 300D)) was performed.
hMSCs were cultured with nanosilicates for 1, 3, and 7 days and then cells were washed with PBS,

trypsinized, spun down and then resuspended in deionized water. After re-centrifugation, the pellet
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was digested in a 1% nitric acid, 0.5% hydrogen peroxide solution for ICP-MS analysis in which
the concentrations of Si, Li, and Mg were determined. This digestion protocol was modified from

earlier study.!®

2.2.3 Whole-transcriptome sequencing and analysis: For RNA-seq analysis, cells were cultured
until 65% confluent and were subjected to two different media compositions for one week. One
subset of cells maintained normal media conditions as a negative control (2 replicates); another
group was treated with nanosilicates (50 pug/mL) for 48 hours (2 replicates), after which the media
was replaced with normal media for the remaining five days. Excess nanosilicates were removed
as they are expected to be cleared within 48 hours. Upon completion of the week, cells were
washed with PBS and pelleted. RNA was isolated and collected via a Roche, High Purity RNA
Isolation kit following the manufacturer’s protocol. Initial quality of nucleic material (~1.5-2.0 ug)
was evaluated using spectrometer absorbance ratios between 280/260 nm around 2.0. Samples
were analyzed via a high-output HiSeq platform with TruSegRNA sample preparation and single-
end read length of 125 bases (Genomics and Bioinformatics Service, Texas A&M AgriLife
Research, Dr. Charlie Johnson). The sequenced reads were trimmed and aligned to the human
genome (hg19) using a RNA-seq aligner, STAR.!3® For the control group, 21,563,695 (uniquely
mapped 20,153,164) and 24,531,989 (uniquely mapped 22,900,448) sequenced reads successfully
aligned to the genome for the two replicates. Similarly, 22,266,394 (uniquely mapped 20,623,575)
and 15,769,384 (uniquely mapped 14,633,793) reads aligned to the genome for the nanosilicate
treated group for both the replicates. For further analysis, only uniquely mapping reads were
utilized. Expression of a gene was determined by counting the number of uniquely mapped reads

overlapping the coding exons normalized by gene length. Genes >1 RPKM (reads per kilobase
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million) were considered to be expressed in any condition if they were expressed in both the
replicates. Genes expressed in at least one of the condition were then tested for differential
expression. Generalized linear models (GLM) were used to identify the differentially expressed
genes where the expression counts were modelled as negative binomial distribution.’¥” The
bioconductor DESeq package was used for this purpose. All other analyses were done in statistical
software R. The GO enrichment analysis was done using GOStats bioconductor package.
REVIGO™® was used to refine the extensive list of significant CC GO-terms. It reduces the
functional redundancies and clusters the terms based on semantic similarity measures.
Visualization of gene networks was accomplished through Cytoscape®® and GeneMANIA and
ClueGO™! by direct comparisons to a Homo sapiens reference genome. DAVID Bioinformatics
Resources were also utilized for genetic network analysis.**? Only genes with a p adjusted-value
(false discovery rate) less than 0.05 were included within the network and subsequent GO term

network formation.

2.2.4 RNA-seq Validation Using qRT-PCT and Western Blot: For quantitative Reverse
Transcription polymerase chain reaction (QRT-PCR), cells were cultured under similar conditions
as RNA-seq. Following RNA isolation, cDNA was synthesized from 1 pug of RNA for each sample
via SuperScript 1ll Reverse Transcriptase (Thermo Fisher, United States) following
manufacturer’s protocol. SYBR Green reagent was then used for amplification quantification.
Expression and fold change values were calculated from fluorescence using the program DART-
PCR.1*3 For Western Blot analysis, cells were cultured under similar conditions as gqRT-PCR and
RNA-seq. Protein samples were isolated via a Laemmli Buffer (4% SDS, 20% glycerol, 10% 2-

mercaptoethanol, 100 mM Tris HCI, and 0.2% bromophenol blue). Gel electrophoresis
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(Invitrogen, Mini Gel Tank) was performed on protein samples and subsequent gels were
transferred (Invitrogen, iBlot 2) to a nitrocellulose membrane according to manufacture protocol.
The membranes were blocked with 5% BSA in PBST (PBS + 0.1% Tween 20) for 30 minutes then
western processed (Invitrogen, iBind). B-actin, COMP, p-MEK1/2, and COL1A1l primary
antibodies and HRP conjugated secondary antibodies were purchased from Boster Bio and
incubation was performed per manufacture protocols. Blots were developed (SuperSignalTM
West Pico PLUS Chemiluminescent Substrate, ThermoFisher) and imaged via LI-COR® 3600 C-
Digit Blot Scanner. Protein bands were quantified with LI-COR software. The blots were then

restored and re-blocked with 5% BSA in PBST for further protein analysis.

2.2.5 In vitro Functional Study: For osteogenic differentiation samples were fixed with 2.5%
glutaraldehyde at 14 and 21 days and stained for alkaline phosphatase (1-Step NBT (nitro-blue
tetrazolium chloride)/BCIP (5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt) substrate
solution, ThermoFisher Scientific) and mineralization (Alizarin Red S stain, Electron Microscopy
Sciences), respectively. Alizarin Red was quantified via acetic acid extraction and subsequent
colorimetric detection.'** For chondrogenic differentiation, samples were fixed with 2.5%
glutaraldehyde at various time points, washed with PBS, 1% acetic acid, and then quickly stained
with 0.1% Safranin O for 5 minutes. Samples were washed again with PBS twice and then imaged.
For immunostaining, fixed cells were incubated with a 1% BSA in PBST (PBS + 0.1% Tween 20)
for 30 minutes to block nonspecific binding. Cells were then incubated with a mouse anti-human
aggrecan primary antibody (Abcam, MA, USA) within a 1% BSA solution overnight at 4°C. The
primary antibody was then removed and cells were washed with PBS multiple times.

Subsequently, cells were incubated for 1 hour at room temperature with a goat anti-mouse 1gG
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with conjugated Alexa Fluor® 647 (Abcam, MA, USA) in a 1% BSA solution. The secondary
antibody was then decanted and cells were washed multiple times with PBS. Samples were stored

in PBS in the dark at 4°C until imaging.

2.3 Results and Discussion

2.3.1 Biophysical and Biochemical Characterization of Nanosilicates.
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Figure 2-1. Material characterization of nanosilicates. Physical characterization of nanosilicates was completed to
evaluate particles prior to introducing to hMSCs. (a) TEM of nanosilicates demonstrated disc morphology and
nanoscale size. (b) XPS analysis revealed an elemental composition similar to that of the idealized stoichiometric ratio
found within a unit cell of the nanosilicates. (c) AFM corroborated the nanoscale diameter (25-50 nm) and thickness
(1-1.5 nm) of the nanosilicates. (d) XRD of both bulk and exfoliated (flash frozen with subsequent lyophilization)
nanosilicates generated peaks at diffraction planes (001), (100), and (005) for both, with (110) and (300) present in
the bulk sample. (¢) DLS measurements quantified variability of nanosilicate hydrodynamic size in particles and
displayed a narrow range of diameters (PDI — 0.22) around 45 nm. Reprinted with permission from Carrow, Cross et
al., 2018.
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Chemical and structural characteristics of 2D nanomaterials will dictate their interactions with
cells.’®” A range of material characterization techniques were used to establish the chemical
composition, crystalline nature, shape, and size of nanomaterials.}*> Transmission electron
microscopy (TEM) showed that nanosilicates were 20-50 nm in diameter (Figure 2-1a). X-ray
photoelectron spectroscopy (XPS) revealed the presence of oxygen (54.68%), silicon (28.99%),
magnesium (15.27%), sodium (0.84%), and lithium (trace), which is similar to expected
stoichiometry (Na*o.7[(Mgs.sLi0.3SigO20(0H)4]0.7). The thickness of nanosilicates was determined
to be around 1-2 nm using atomic force microscopy (AFM). The crystalline structure of
nanosilicates was corroborated by observing characteristics diffraction plan (001), (100), (005),
(110), (200), and (300) using x-ray diffraction (XRD). After exfoliation, a decrease in 20 (20.1° to
16.8°) for diffraction plane (100), indicates an increase in d-spacing between nanosilicates, which
is similar to previously reported studies.!?> ¢ In biological media, such as blood plasma,
cerebrospinal fluid or even culture media, the surface of nanoparticles become coated with various
biomolecules forming a protein this initiates cellular internalization of nanoparticles via receptor-
mediated endocytosis (Figure 2-2a). The binding of proteins from media to the nanosilicate
surface was evaluated by monitoring hydrodynamic diameter (Dn) and zeta potential (¢). After
mixing of nanosilicates with media (containing fetal bovine serum), zeta potential of the
nanoparticles shifted from -40 mV to -25 mV, indicating that the negatively charged surface of the

nanosilicates were coated with biomolecules. Similarly, an increase in hydrodynamic diameter was
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Figure 2-2. Biophysical interaction of nanosilicates and hMSCs. (a) Two-dimensional nanosilicates
electrostatically bind to proteins from biological fluids and are subsequently internalized by cells via
surface-mediated endocytosis. (b) Hyperspectral imaging indicating distribution of nanosilicates
throughout the cell body following endocytosis. The image was captured from transverse section of cell
body. (c) Flow cytometry analysis of rhodamine-tagged nanosilicates demonstrate dose-dependent cellular
uptake. The nanosilicates were primarily internalized via clathrin-mediated process (chlorpromazine) as
opposed to macropinocytosis (wortmannin) or caveolar mediated (nystatin). **P < 0.01; ***P < 0.001. (d)
Significant GO terms of associated biological processes, cellular components, and molecular functions from
differentially regulated genes (P < 0.05). Terms related to biological process and cellular components
indicate strong biophysical interactions between cells and nanosilicates. (e) Clustering of significant 244
cellular component gene ontology (GO) terms into broader cellular component categories. Reprinted with
permission from Carrow, Cross et al., 2018.
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Figure 2-2 Continued. Biophysical interactions of nanosilicates and hMSCs. (f) LAMPL1 staining (green)
for lysosomal membranes further tracks nanosilicates (red) following endocytosis. (g) Row-scaled z-scores
of quantile normalized gene expression [in log2(RPKM)] of >4,000 genes following treatment with
nanosilicates (padjust < 0.05, red, up-regulated: 1,897 genes; blue, down-regulated: 2,171 genes). (h) Gene
network displaying interconnected genetic targets after nanosilicate treatment with high degrees of
expression and statistical significance (red, up-regulated; blue, down-regulated; size increases with
significance). Reprinted with permission from Carrow, Cross et al., 2018.

observed from ~45 nm to ~90 nm after treatment with biological media. These results indicated
corona. Oftentimes, that nanosilicate surfaces strongly interacted with biomolecules via

electrostatic interactions to result in physical adsorption.

The effect of nanosilicates on cell health was evaluated by monitoring cytoskeletal organization,
metabolic activity and cell cycle. An investigation into cell health via metabolic and viability
assays (Alamar Blue and MTT) confirmed cytocompatibility of nanosilicates until the
concentration of nanosilicates reached 100 pg/mL. In addition, hMSCs treated with nanosilicates

showed similar cytoskeletal organization to untreated hMSCs. Cell cycle analysis also supported
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that the majority of cells were in G1 and G2 phases when treated with <100 pg/mL nanosilicates.

These studies highlight that nanosilicates are highly cytocompatible.

2.3.2 Receptor-mediated Endocytosis of Nanosilicates.

The adsorbed proteins on the nanomaterial surface are predicted to influence cell-surface receptor
mediated cellular uptake. We used hyperspectral imaging'*’ to visualize internalized nanosilicates
(Figure 2-2b), thereby allowing visualization of internalized nanosilicates without requiring
chemical modifications that could have impacted uptake dynamics. Flow cytometry also
demonstrated uptake of fluorescently-labeled nanosilicates in a concentration-dependent manner

(Figure 2-2¢ and 2-3a; R?=0.996).

The mechanism behind nanosilicate internalization was evaluated using chemical inhibitors to
block specific endocytic pathways with a nanosilicate concentration of 50 pg/mL. We observed a
significant decrease in cellular uptake of nanosilicates (79.5% reduction) when treated with a
clathrin-inhibitor (chlorpromazine hydrochloride) (Figure 2-2c). Alternatively, other endocytic
mechanisms such as caveolar-mediated (nystatin), and macropinocytosis (wortmannin) played a
less prominent role in nanosilicate uptake. Furthermore, nanosilicate binding to the cell membrane
and subsequent rapid internalization within 5 minutes (Figure 2-3b) is consistent with clathrin
vesicle dynamics!“8, Co-localization of nanosilicates near or within lysosomal vesicles further
confirmed nanosilicate localization (Figure 2-2d). These results indicated that nanosilicates are
readily internalized by cells via clathrin-mediated endocytosis and transported to degradative cell

machinery.
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to particle dissociation. Reprinted with permission from Carrow, Cross et al., 2018.
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Following uptake, nanosilicates remained within the cell for more than 7 days and were not
exocytosed or dissociated immediately. The retention of nanosilicates by cells was determined
using flow cytometry. A steady decrease was observed over a course of 7 days in cells staining
positive for nanosilicates i.e. day 1 (96.3 = 4.8%), day 3 (69.0% = 10.6%), and day 7 (32.8% =
19.5%) (Figure 2-3c). To further confirm this, we monitored nanosilicate retention by cells over
a week with ICP-MS (Figure 2-3d). The nanosilicate content was decreased by 31% on day 7,
compared to day 1. Over the course of 7 days, cells also maintained an enhanced lysosomal vesicle
response (Figure 2-3c). The stability of nanosilicates in physiological microenvironment was
evaluated at pH 7.4 (mimicking cell body) and pH 5.5 (mimicking an intracellular compartment
such as lysosome). A significantly higher release of minerals at pH 5.5 was observed compared to
7.4, indicating predicted in vitro dissociation of nanosilicates. After 7 days, release of silicon
(~10%), magnesium (~6%) and lithium (~16%) was observed at pH 5.5. These results indicate that
nanosilicates were retained by hMSCs and possibly dissociate within lysosomes over a course of

7 days.

Dissolution of nanosilicates inside cells can trigger biochemical signaling via release of minerals
in the cytosol. Earlier studies have shown that mineral ions can significantly influence cell
functions. For example, silicon ions have shown to direct stem cell differentiation by triggering
cWhnt signaling pathways!*® and are critical for cartilage development™®. Likewise, magnesium
ions have been shown to upregulate production of COL10A1 and VEGF in hMSCs*®L. Lithium,

an inhibitor of glycogen synthetase kinase-3 (GSK-3p), activates Wnt-responsive genes by
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elevating cytoplasmic B-catenin.®>15% These studies suggest that intracellular release of ionic

dissolution products of nanosilicates (Si(OH)*s, Mg™, Li*) could stimulate hMSC differentiation.
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Figure 2-4. Nanosilicates lead to stress-induced MAPK signaling. (a) Nanosilicate treatment results in activation of
stress-related response. A list of GO terms related to stress after nanosilicate treatment indicate signal propagation via
MAPK/ERK signaling pathways. (b) The volcano plots evaluating DGE were generated for GO:0031098 and (c) gene
expression profile of MAP4K4 and TAOK1 demonstrating stimulation of nanosilicate-induced MAPK/ERK signaling
pathways. (d) Comparison of TAOK1 gene expression obtained from RNA-Seq was validated using qRT-PCR.

Reprinted with permission from Carrow, Cross et al., 2018.
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Figure 2-4 Continued. Stress induction of nanosilicate treated hMSCs. (e) Nanosilicates trigger a stress-responsive
kinase cascade (Ras-Raf-MEK-ERK pathways), leading to changes in reactive oxygen species (ROS) production and
subsequent RNA transcription and protein synthesis. (f) Flow cytometric analysis was performed to measure the stress-
responsive kinase cascade, by measuring ROS production with a ROS-sensitive fluorescent reporter dye. Experiments
were performed in the presence or absence of a MAPK inhibitor. A significant increase in ROS-mediated fluorescent
signal is observed upon exposure to nanosilicate, and this is abrogated after treatment with the MAPK inhibitor. (g)
Production of p-MEK1/2 was determined using western blot in presence of nanosilicates and MEK inhibitor, establish
the role of nanosilicate in MAPK/ERK signaling. Reprinted with permission from Carrow, Cross et al., 2018.

2.3.3 Widespread Transcriptomic Changes Triggered by Nanosilicates.

Sequencing of expressed mMRNAs by RNA-seq can be used to determine genome-wide changes in
gene expression resulting from cellular response to external stimuli.*>* hMSCs (2500 cell/cm?)
were exposed to nanosilicates (50 pug/mL) and whole transcriptome sequencing (RNA-seq) was
performed after 7 days (see Methods). The 7-day time point was chosen to provide a broad
overview of cell processes, ranging from endocytosis and proliferation to early differentiation.
Two replicates of untreated and treated hMSCs were sequenced. The sequenced reads were aligned
to reference genome (hg19) using RNA-seq aligner. The replicates for both the conditions showed
high concordance (r=0.99). The normalized gene expression levels were determined by calculating

the reads per kilobase of transcript per million (RPKM). We used generalized linear models
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(GLMs) to identify differentially expressed genes (DGE) between nanosilicate treated hMSCs and
untreated hMSCs (see Methods). This comparison revealed significant changes in the expression
level of 4,068 genes (Figure 2-2e), 1,897 up-regulated genes, 2,171 down-regulated genes, FDR-
adjusted p < 0.05). Such wide-spread changes in gene expression profile have not been reported
earlier. For example, human dermal fibroblast cells treated with gold nanoparticles were shown to
differentially regulate 1439 genes®, while another study demonstrated that human immune cells
treated with graphene oxide experienced differential regulation of 1147 genes.™® It is important to
note that these previously reported studies were performed using microarrays'®®>** and the
widespread effect of nanoparticles on whole-transcriptome was not investigated. Thus, our result
strongly suggests that nanoparticle treatment leads to a widespread cellular response which is
reflected by the change in transcriptome profile of hMSCs treated with nanosilicates, requiring

further exploration into prominent cellular pathways.

The genes that change their expression due to nanosilicate treatment are part of various cellular
pathways and biological processes. Thus, to identify the key biological processes and pathways
that are affected when the cells interact with nanosilicates, we performed gene ontology (GO)
enrichment analysis for the three GO categories (biological processes-BP, cellular components-
CC, and molecular functions-MF). Nanosilicate treatment showed significant enrichment for 1,132
GO terms (p < 0.05), including 884 for BP, 134 for CC, and 114 for MF. We then narrowed down
key GO terms based on high significance (p-value) in each category to highlight the widespread
effect of nanosilicates on hMSCs (Figure 2-2f). The key GO terms significantly enriched in BP
are endocytosis [GO:0006897], and endochondral bone growth [GO:0003416]. The analysis also

indicated positive regulation of MAPK cascade [GO:0043410], transforming growth factor beta
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(TGF-B) receptor signaling pathway [GO:0007179], notch signaling pathway [GO:0007219],
canonical Wingless (cWnt) signaling pathway [GO:0060070], and bone morphogenic protein
(BMP) signaling [GO:0030509]. GO analysis also supported our observation that nanosilicates are
internalized via clathrin-mediated endocytosis [GO:0072583]. Overall, the GO enrichment
analysis indicated that the predominant downstream effect of nanosilicates was on kinase activity,

cell differentiation, and ECM reorganization.

Functional annotation clustering performed using DAVID!*?, highlights the role of cell-membrane
mediated signaling due to nanosilicate treatment. We then used REVIGO*?® to refine the extensive
list of significant CC GO-terms by reducing functional redundancies and clustering the terms based
on semantic similarity measures. GO for CC were enriched for cytosolic, ribosome, focal adhesion,
and endosomal processes (Figure 2-2g). These results further suggested a sequence of events
initiated at the cell membrane through protein localization to membrane [GO:0072657] and
endocytic vesicle formation [G0O:0006897, GO:0006898] accompanied by protein targeting to
membrane [GO:0006612], and trafficking by lysosome [GO:0043202, GO:0005764]. Specifically,
genes involved in clathrin-mediated endocytosis [GO:0072583] were significantly affected,
corroborating the endocytosis inhibition studies. To validate the clathrin-mediated endocytosis,
change in expression level of clathrin heavy chain like 1 (CLTCL1), an important gene that
encodes a major protein of the polyhedral coat of coated pits and vesicles, was confirmed using
quantitative reverse transcription polymerase chain reaction (QRT-PCR). We then clustered
differentially expressed genes (p<0.05) using Cytoscape 3 into different cellular processes such
as basic cell processes, kinase signaling, endocytosis and stemness/regenerative capacity (see

Methods). Networks between genes from same pathways were generated to illustrate connected
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and interdependent genes regulated by nanosilicate treatment (Figure 2-2h). Overall, these results
demonstrate that nanosilicates significantly affect the transcriptomic profile of hMSCs, which can

translate to measurable changes in behavior.

2.3.4 Nanosilicates Activate Surface-mediated Signaling.

The high surface-to-volume ratio and dual charged surface of nanosilicates are expected to
facilitate strong interactions with the cell membrane. The physical interactions between cells and
nanoparticles are expected to stimulate a variety of intracellular signaling events including
proliferation and differentiation.'?”-1% 157 Of which, many are coupled with GTPase activity.
Accordingly, a significant change in expression of upstream regulators of Ras (e.g. RalB, DDIT4,
and HRAS) and Rho (e.g. DMPK, PAK2, ECT2) subfamilies of GTPases was observed upon
nanosilicate treatment. These Ras and Rho genes are associated with peptidyl-serine
phosphorylation [GO:0033135] and protein serine/threonine kinase activity [GO:0071900]. Both
Ras and Rho GTPase subfamilies affect cell behaviors such as cytoskeletal arrangement, cell
migration, and stem cell fate.'>1%° From analyzing enriched GO pathways related to stress, two
prominent membrane-activated cascades emerged; the mitogen-activated protein kinase (MAPK)
cascade and Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathways
(Figure 2-4a). Genetic markers specific to extracellular signal-regulated kinases (ERKS)
ERK1/ERK2 regulation [GO:0070374, GO:0071363], stress-activated MAPK [GO:0032872,
G0:0031098] cascades, and JAK/STAT cascade [GO:0007259] were also significantly altered
following nanosilicate treatment. Among these enriched GO terms, multiple genes displayed

notable logfold changes in expression such as IGFBP2 (logzfold:1.358), IGFBP3 (1.149), TAOK1
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(-1.864), PDGFRA (-1.394), and HIPK2 (-1.237). A significant change in gene expression of key

MAPK signaling regulators was observed.

We also observed that a large number of genes (76 out of 170 genes) related to stress-activated
protein kinase signaling [GO:0031098] were differentially expressed due to nanosilicates
treatment (Figure 2-4b). Specifically, TAOK1, TXNIP and MAP4K4 exhibited a distinct
difference in expression between nanosilicate treated hMSCs compared to control hAMSCs (Figure
2-4¢). TAOK1 is an activator of the p38/MAPK14 stress-activated MAPK cascade.'®® The change
in MRNA expression levels of TAOKL via RNA-seq was further validated using gRT-PCR
(Figure 2-4d). These data strongly support the ability of nanosilicates to stimulate MAPK cascade,

specifically that of the ERK and p38 pathways (Figure 2-4e).

To experimentally validate the role of MAPK signaling pathways following nanosilicate treatment.
Reactive oxygen species (ROS) produced by cells treated with and without nanosilicates in
presence of ERK inhibitor (PD184352, mitogen activated protein kinase 1 (MEKZ1) inhibitor) were
then monitored using a ROS-sensitive reporter fluorophore (Figure 2-4f). ROS play a role in the
ERK cascade, in addition to a multitude of other cellular signaling pathways.*%! For nanosilicate-
treated hMSCs, a significant reduction in ROS production was observed due to the presence of
ERK inhibitor as seen by reduced fluorescence signal (~32% reduction, p < 0.05). This regulation
of ROS via the ERK inhibitor indicates the stimulation of MAPK signaling, specifically that of
ERK, by the nanosilicates. The mechanism of this activation may stem from the biophysical cell-
nanoparticle interaction, biochemical dissolution, or both in conjunction. This study validates that
hMSCs recognize and respond to nanosilicates by engaging intracellular programs such as MAPK

cascade (ERK1/2, and p38 kinases).
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While RNA-seq analysis provided insight about the role of nanosilicate in stimulating MAPK-
related pathways, including those typically stimulated by growth factors in addition to stress-
responsive kinases, monitoring protein levels can further provide functional evidence. Differential
expression was observed in both upstream (e.g. Ras, PRKCA, BRAF) and downstream (e.g. ELK1,
MKNK?2) genes of MEK1/2. In MAPK/ERK cascade, MEK1 and MEK2 are shown to control cell
growth and differentiation. 162163 Activation of MEK1 and MEK2 occurs through phosphorylation
by Raf. MEK1/2 inhibitors have been used extensively to implicate ERK1/2 in a wide array of
biological events. To validate MAPK/ERK pathways, we monitored synthesis and
phosphorylation of MEK1/2 (p-MEK1/2) with and without a MEK1/2 inhibitor (Figure 2-4g) via
western blot. h(MSCs had relatively low production of p-MEK1/2, while nanosilicate treatment
results in more than six-fold increase in p-MEK1/2. In the presence of MEKZ1/2 inhibitor,
production of p-MEK1/2 in the presence of nanosilicates was suppressed, demonstrating the role

of nanosilicates in activating the MAPK/ERK pathway.

Beyond intracellular phosphorylation events within MAPK cascades, we also investigated genes
that may play a role in controlling background processes of hMSCs, like multipotency and
motility, that have been identified in previous literature.'®* RNA-seq analysis revealed a significant
change in gene expression: AFAP1 (log-foldA: -1.152), SOCS5 (-1.192), WNT5A (-1.162),
INHBA (-1.179) from a variety of pathways including TGF-B, JAK/STAT, Wnt/B-catenin, and
phosphatidylinositol-3-kinase (PI3K) signaling. These pathways are involved in cell proliferation,
cell multipotency, and extracellular matrix production,'®>-167 indicating nanosilicate exposure can

affect these processes.
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2.3.5 Nanosilicates Direct Stem Cell Differentiation.

Following nanosilicates treatment, activation of the membrane can lead to differentiation and
extracellular matrix deposition, following either an ERK-based cascade or that of p38,108-110. 168
The kinase signaling follows similar progressions in hMSCs after growth factor stimulation to
promote osteochondral differentiation.'®¥-1”® GO enrichment analysis indicated that nanosilicate-
treated hMSCs have a strong ability to differentiate towards bone and cartilage lineages (Figure
2-5a). Enriched GO pathways and biological processes related to osteogenesis, such as bone
development (GO:0060348), endochondral bone growth (GO:0003416), biomineral tissue
development (GO:0031214), and canonical Wnt signaling pathway (GO:0060070) were favored
towards osteogenesis. For chondrogenesis, cellular response to transforming growth factor beta
stimulus [GO:0071560], cartilage development involved in endochondral bone morphogenesis
[GO:0060351], and hyaluronan metabolic process [GO:0030212] were significantly altered. We
observed that a large fraction of the genes defining the complete pathway changed their expression
due to nanosilicate treatment. For example, 49 genes out of 92 genes were differentially expressed

for bone development [GO:0060348], while 10 genes out of 14 genes were differentially expressed
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for cartilage development [GO:0060351] (Figure 2-5b). Genes from these GO categories

including cartilage oligomeric matrix protein (COMP), collagen type I alpha 1 chain (COL1A1),
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Figure 2-5. Transcriptomic analysis elucidate nanosilicate-induced bioactivity. (a) GO related to osteogenesis and

chondrogenesis indicates nanosilicate-induced hMSCs

differentiation. (b) Volcano plots from bone development

(GO:0060348) and cartilage development (GO:0060351) highlight key differentially regulated genes due to

nanosilicate treatment. (c) Gene expression of COMP,

COL11A1, ACAN, and COL1A1 demonstrating significant

upregulation due to nanosilicate treatment. (d) Differential gene expression from RNA-Seq was validated using gRT-
PCR, indicate similar trend. Reprinted with permission from Carrow, Cross et al., 2018.
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collagen type Xl alpha 1 chain (COL11A1), and aggrecan (ACAN), were significantly upregulated
due to nanosilicate treatment (Figure 2-5c). We further validated these genes using gqRT-PCR and

observed comparable gene expression to that of RNA-seq (Figure 2-5d).

To validate the translation of mMRNAs to protein, western blot of COMP and COL1Al was
performed on day 7. Both COMP and COL1A1 showed a significant increase in expression due to
nanosilicate treatment, indicating the role of nanosilicates in hMSCs differentiation (Figure 2-6a).
Based on the changes in transcriptomic profile and in vitro validation, we hypothesize that the
activation of MAPK/ERK pathways by nanosilicates may lead to differentiation of hMSCs into
osteochondral lineages. To confirm the role nanosilicate in stimulating MAPK/ERK signaling for
hMSC differentiation, a MEK1/2 inhibitor was utilized. The presence of MEKZ1/2 inhibitor
resulted in a significant decrease in COMP and COL1A1 synthesis in hMSCs treated with
nanosilicates. This confirmed the role of nanosilicates in the activation of MAPK/ERK signaling

to direct the differentiation of hMSCs.

Finally, to further substantiate the ability of nanosilicates to drive hMSC differentiation towards
bone and cartilage lineages, staining of lineage specific proteins and matrix mineralization was
performed. The effect of nanosilicates on chondrogenic and osteogenic differentiation was
monitored by subjecting nanosilicate-treated hMSCs to chondro-conductive (lacking TGF-) and
osteo-conductive (lacking bone morphogenetic protein 2 (BMP2) or dexamethasone) media. After
21 days, production of chondro- and osteo-related ECM was observed even in the absence of
inductive supplements. An increase in both glycosaminoglycan (GAGs) and aggrecan production

were observed in nanosilicate treated hMSCs indicating chondrogenic differentiation (Figure 2-
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6b), while for osteogenic differentiation, an increase in alkaline phosphatase production as well as
matrix mineralization were observed after nanosilicate treatment (Figure 2-6¢). These results
validate the ability of nanosilicates to induce hMSC differentiation into the bone and cartilage

lineages  without the use of inductive agents and  growth  factors.
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Figure 2-6. Nanosilicate-induced hMSCs differentiation. (a) Western blot data showing production of collagen type
I and COMP after exposure to nanosilicates for 7 days in normal media. (b) The effect of nanosilicates on production
of GAGs was determined by staining safranin O and aggrecan staining after culturing hMSCs in chondro-conductive
media for 21 days. (c) The effect of nanosilicates on osteogenic differentiation was determined by ALP activity and
formation of mineralized matrix after culturing hMSCs in osteo-conductive media for 21 days. Reprinted with
permission from Carrow, Cross et al., 2018.

The broader relevance of our study is that “omics” techniques can be used to determine the effect
of nanomaterials on cells in a non-targeted and non-biased approach. The physicochemical

properties of engineered nanomaterials such as size, shape, surface charge and chemical
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composition, will have profound effects on cellular behavior.” 7 Therefore, we absolutely do
not speculate that the transcriptomic changes observed in this study will be universal to all type of
nanomaterials. Recent studies have used “omics” approaches to understand the nanotoxicology
and mechanism-based risk assessment of nanomaterials.!’# The current study demonstrates the
capabilities of next generation sequencing to provide an unbiased mMRNA expression levels of all
the expressed genes in the cell due to nanomaterials treatment. Our approach of performing RNA-
seq overcomes the limitation of measuring expression levels of fewer pre-selected genes on the
microarrays, which will help in identifying the potential of nanomaterials for regenerative
medicine. Additionally, unlike microarrays technology, RNA-seq delivers low background signal
and sequenced reads that can be unambiguously mapped to unique regions of the genome, which
will help in precise identification of the expressed genes. For example, the transcriptomic insight
on the role of surface-mediated cellular signaling confirms the ability of nanosilicates to induce
hMSC differentiation into the bone and cartilage lineages in the absence of inductive agents. This
new insight can help in reducing or eliminating the use of supraphysiological doses of growth
factors that are currently used in clinical practice for regenerative therapies. These “omics”
techniques can be used to understand cell-materials interactions that are unique to different
nanoparticles and can contribute directly to the design of next-generation bioactive materials for

regenerative medicine.

2.4 Conclusion
Overall, we investigated the transcriptomic dynamics in hMSCs following exposure to 2D

nanosilicates. A widespread change in transcriptomic profile was observed in response to
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nanosilicate exposure and more than 4,000 genes were differentially regulated. Such widespread
effects due to nanosilicate treatment are probably attributed to both biophysical and biochemical
mechanisms. The interaction of nanosilicates with the cell membrane stimulated various surface
receptors, including the stress-responsive and surface receptor mediated mitogen activated protein
kinase (MAPK) pathways. Similarly, the data indicates that internalization of nanosilicates and
subsequent release of mineral ions in the cytosol trigger biochemical signaling, that could enhance
osteochondral differentiation of hMSCs. Accordingly, analysis of the transcriptomic snapshot of
hMSCs treated with nanosilicates uncovered families of genes with gene ontologies related to
osteochondral differentiation. In vitro studies validated the RNA-seq findings and further
supported the observation that nanosilicates have the capacity to direct hMSC differentiation
towards bone and cartilage lineages. Lastly, RNA-seq was demonstrated as a viable technique to

evaluate the regenerative potential of novel nanomaterials.
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3. NANOSILICATE-POLYSACCHARIDE COMPOSITES FOR CARTILAGE
BIOPRINTING®

3.1 Introduction

Tissue engineering aims to regenerate tissues and organs in three-dimensional (3D) space with
precisely controlled microenvironments for tissue repair following a variety of disease
pathologies.! 17" Recently, there has been tremendous progress in developing multifunctional
biomaterials for facile cellular encapsulation and delivery to shield cellular material from high
shear forces, thereby improving cell viability.1’818 Polymeric hydrogels are often used towards
this because they are highly hydrated network and can mimic some of the characteristics of native
microenvironment.%t 94 181182 However, inability to retain microstructural integrity of polymeric
hydrogels under dynamic stress limits their utility for various biomedical applications. Hence
designing hydrogels with high stiffness and toughness with physiological stability is
imperative.183-184 Therefore, despite recent progress, designing a multifunctional hydrogel scaffold
to accomplish the cellular encapsulation and delivery for tissue regeneration is challenging. Some
of the challenges that need to be addressed to obtain functional tissues include weak mechanical
properties, lack of control over the scaffold architecture, and limited ability of biomaterials to

interact with cellular components, 185-186

A range of nanomaterials such as polymeric, carbon-based, metallic oxide and inorganic

nanomaterials are incorporated within the polymeric network to obtain multifunctional

: Unpublished work J.K. Carrow, A. Bock, A.K. Gaharwar, “Dual-Crosslinked Polysaccharide Nanoclay Composite
for Cartilage Bioprinting” (in prep). Supplemented with permission from “Thakur, A.; Jaiswal, M.K.; Peak, C.W.;
Carrow, J.K.; Gentry, J.; Dolatshahi-Pirouz, A.; Gaharwar, A.K. Multifunctional Hydrogels Reinforced with Two-
dimensional (2D) Nanomaterials for Cell Delivery,” Nanoscale 2016. Copyright 2016 Royal Society of Chemistry
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hydrogels.! 18718 A new family of two-dimensional (2D) nanomaterials have been shown to have
exceptional mechanical strength, and electrical conductivity, due to their ultrathin 2D structure.*%-
193 These 2D nanomaterials have high structural anisotropy and surface-to-volume ratio. Although
these 2D nanomaterials are in early stage of development, they have shown potential in
engineering multifunctional biomaterials for various medical applications including photothermal

therapies, therapeutic delivery, tissue regeneration, bioimaging, and biosensors.%

Synthetic silicates, an ultrathin class of 2D nanomaterials, have been shown to strongly interact
with synthetic and natural polymers due to high surface-to-volume ratio, similar to other types of
2D nanomaterials.!'’ These nanosilicates results in the formation of shear-thinning hydrogels when
combined with long-chain polymers.’®1%" Our earlier work has shown high cyto- and bio-
compatibility of these 2D nanosilicates (nSi).1%* %1% Moreover, these 2D nanosilicates also
interact with growth factors and are explored for tissue engineering®® and therapeutic delivery?®.
Thus, by reinforcing polymeric hydrogels with these 2D nanosilicates, we can develop

multifunctional hydrogels for biomedical and biotechnological applications.

Here, we fabricate a dual-crosslinked, mechanically robust kappa-Carrageenan (kCA) hydrogels
reinforced with 2D nanosilicates (Figure 3-1). This hydrogel system will likewise be tailored
toward bioprinting applications with special consideration around printability of the bioink
compositions as well as viability of cells following extrusion. «CA is a natural polysaccharide that
resembles native glycosaminoglycans (GAGs) such as chondroitin-4-sulphate and dermatan
sulphate, which are major components of native extracellular matrices (ECM).2°%-2%% Previous
studies have shown that in the presence of potassium ions (K*), k<CA can form brittle hydrogels.?%*

Under physiological conditions, ionically crosslinked «CA loses its mechanical integrity, thereby
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limiting its biomedical application. To overcome these limitations, we propose to develop a
multifunctional dual-crosslinked kCA hydrogels. The chemical modification of the kKCA backbone
with photocrosslinkable methacrylate group can provide enhanced structural stability under
physiological conditions. Furthermore, by reinforcing the covalently crosslinked kCA network
with 2D nanosilicates, an increase in the mechanical stiffness, elastomeric characteristics, and
physiological stability is expected. The proposed multifunctional hydrogel networks have the
potential to be used for delivery of cells and therapeutics for soft tissue regeneration and 3D

bioprinting.

3.2 Materials and Methods

3.2.1 Synthesis of Methacrylated kappa Carrageenan (MkCA). Kappa-Carrageenan (kCA, Tokyo
Chemical Industries, Japan), Methacrylic anhydride (MA,> 94%, Sigma Aldrich, USA) and
nanosilicates (nSi, BYK Additives Pvt. Ltd, USA), potassium chloride (KCI, Alfa-Aesar, USA)
were used without further purification. For all experiments ultrapure water (resistivity > 18.2
MQ.cm) was used unless otherwise stated. Methacrylation of kCA was carried out by dissolving
2% kCA solution in 150 mL water and then vigorously mixed with 12 mL of MA at 50°C. To
maintain the pH (>7.4), 5M NaOH was added drop-wise. After 6h the resulting precipitate was
dialyzed using cellulose dialysis membrane (Mol. wt. cut-off ~ 12-14 kDa) at 4°C against ultrapure
water for a week to remove any unreacted reagent and by-products (e.g. methacrylic acid). The
dialyzed product was lyophilized and stored at -20°C for further use.

3.2.2 Fabrication of dual crosslinked hydrogels. Prepolymer solutions of various wt. %

concentrations of MxCA, up to 5%, were prepared in ultrapure water. Nanocomposites of MxCA
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with nanosilicates (MxCA-nSi) were fabricated by adding multiple wt. % of nSi, up to 8% and
vortexed vigorously for 2 min. nSi were allowed to mix and exfoliate within the solution overnight
to ensure particles were homogenously distributed. Samples were prepared by injecting the
prepolymer solution in disc-shaped polydimethylsiloxane molds (7mm diameter and 2mm height).
For «CA loaded solutions, 5% potassium chloride (KCI) was added to molds until they were fully
covered. Following 1 min incubation, the molds were gently agitated to remove hydrogels.
Preparation of MxcCA and MxCA-nSi dual crosslinked gels was achieved by 60 sec UV irradiation

(7 mW/cm?2) prior to 1 min KCI incubation.

3.2.3 Physiochemical and structural characterization. Attenuated total infra-red reflection (ATR)
was performed for nanocomposite hydrogels along with KCA using ATR spectrophotometer
(Bruker Vector 22, PIKE Technologies, USA). *H NMR (300 MHz, D20, §): 3.75 ppm (d, G6;
—CHCH20H), 5.5 ppm (s, vinyl; —C=CHz), 1.81 ppm (S, methyl; —CCHs) confirmed
methacrylation of kCA. Specifically, the ratio of integrated new peaks to that of G6 protons was
used to calculate degree of methacrylation (DM). Methacrylation of kCA was confirmed by X-ray
photoelectron spectroscopy (XPS, Omicron DAR 400) equipped with Mg (K,) X-ray sources. Casa

XPS software was then used for deconvolution of the peaks and further analysis.

3.2.4 Rheological and mechanical analyses. A Discovery Hybrid Rheometer 2 (DHR-2) (TA
Instruments) with attached 20 mm parallel plate was set to a gap height of 0.25 mm and 37 °C for
all experiments unless otherwise specified. Compositions were tested in uncrosslinked forms,
except during creep experiments where a crosslinked gel was used. For creep experiments, gap
height was set to 1 mm and a temperature of 25 °C. A constant stress of 2.0 Pa was applied for 4

minutes followed by 12 minutes of no stress applied. For printing mimic rheology studies,
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temperature was 25 °C three separate shear rates (0.023, 2000, 0.015 1/s) were applied to the ink
correlating with each region of the extruder (barrel, nozzle, and bed, respectively).?® Furthermore,
the duration spent at each of these shear rates differed to model time spent in each location during
the printing process. UV light (7 mW/cm?) was likewise applied within the final low shear region
to simulate on-demand crosslinking from the extruder. Rotational temperature sweeps were
executed at 1 Pa, 1 Hz over a temperature range of 20-50 °C to evaluate stability of bioinks upon
heating. An oscillatory stress sweep at 1 Hz was completed over a range of stresses spanning 0.1
to 1000 Pa, with 10 points measured per decade. An ADMET eXpert 7600 Single Column Testing
System was used for cyclic compression testing of mold casted hydrogels. Strain rate of 20%
strain/min was used to compress the samples to 50% of original height. The compressive modulus
and energy dissipated was calculated and plotted to compare gels versus native cartilage from an
equine osteochondral explant (acquired from Comparative Orthopedics and Regenerative

Medicine Lab, Texas A&M).

3.2.5 Analysis of Aqueous Stability. For line swelling evaluation, a HYREL 3D printer was used
to print the lines with a 23-gauge needle. The extruder temperature was held constant at 37°C. The
layer height was 413 microns and the bed movement speed was set to 1800 mm/min. The lines
were imaged with ZEISS stereomicroscope prior to being submerged in either PBS or a media
solution for 24 hours. The width of the line was then taken again after 24 hours for comparison to
pre-swelling width. Degree of hydration studies were completed over the course of 5 weeks.
Briefly, 5% MxCA gels (8 mm diameter, 2 mm height) with varying nSi concentrations were cast
into silicone molds and prepared with either a UV or UV/KCI crosslinking mechanism. UV

exposure was limited to 45 seconds at an intensity of 7 mW/cm? and KCI incubation, following
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UV crosslinking, lasted 5 minutes at room temperature. As prepared gel weights at Day 0 were
compared against swollen gels at various time points following the addition of cell media. Media
was changed following each measurement.

3.2.6 In vitro Cell Analysis and 3D Bioprinting. Human mesenchymal stem cells (hMSC) and
preosteoblasts (MC3T3) obtained from Lonza were cultured in growth media supplemented with
16.5% FBS and 1% Streptomycin/Penicillin (aMEM, Life Technologies, USA) at 37 °C under 5%
CO2 atmosphere. hMSCs and MC3T3s were encapsulated in prepolymer solutions containing
«CA, MkCA, or MxCA-nSi at a density of 10° cells/gel. Cellular viability was assessed using
Calcein AM for live cells and ethidium homodimer for dead cells according to manufacturer’s
protocol (Life Technologies, USA). In typical procedure, prepolymer solutions were physically
mixed with cells, injected using a flow rate of 1000 pL/mL with a 27-gauge needle, and covalently
crosslinked to form hydrogels in a 48-well plate. All samples were carried out in triplicates. After
24 and 72 h, samples were washed with 1X DPBS, incubated in stains for 30 mins at physiological
conditions. The stained samples were subsequently washed with 1X DPBS and imaged with
fluorescence microscope (Nikon, TE2000-S). Percent viability was calculated by using Image J
(NIH) software. To determine the cell morphology, encapsulated cells were stained with actin
cytoskeletal staining (Phalloidin-Alexa 488, Invitrogen) was performed according to
manufacturer’s protocol and nucleus were counterstained with propidium iodide (PI).To evaluate
the metabolic activity of seeded hMSCs on nanocomposite hydrogels surface, alamarBlue assay
at 24h and 72h after seeding was performed.

Encapsulated viability following the printing process and UV crosslinking was also examined with
MC3T3s. Printed scaffolds with encapsulated cells were evaluated at time points of 1, 3, 14, and

28 days of culture. To determine the dispersion of cells within scaffolds over the course of the
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printing process, a CellTracker Green CMFDA dye (ThermoFisher Scientific) was used according
to manufacturer’s protocol. Briefly, the dye was incubated with cells prior to the resuspension in
the bioink solution and subsequent loading into the extruder barrel. Barrel and printing bed
temperature were maintained at 37 °C.

A HYREL System 30 M 3D printer was utilized for scaffold printing. Bioink with or without
encapsulated cells were loaded into a HYREL VCD-25 extruder for temperature control and UV
on-demand crosslinking. The nozzle was equipped with a luer lock adapter and 23 gauge needle
(5 mm, blunt stainless steel, Jensen Global Inc., USA). Scaffolds were modeled in Solidworks 3D
CAD Design, which was imported into Slic3r ver. 1.2.9. The Slic3r generated G-code files were
then uploaded to the HYREL-based software, Repetrel, and printed at 37 °C onto a glass slide with
a layer height of 410 pum and bed speed of 1800 mm/min. During the printing process, layers were

crosslinked with UV light at an intensity of 7 mW/cm?.

3.2.7 Statistical analysis: The data presented as mean + standard deviation of the experiments (n=3,
unless otherwise stated). Statistical analysis was performed using nonparametric test, one-way
analysis of variance (ANOVA) with Tukey’s post-hoc pairwise mean comparisons. The statistical

significance was defined as *p<0.05, **p<0.01, ***p<0.005.

3.3 Results and Discussion

3.3.1 Polymer Characterization and Substitution
Carrageenan (CA) is an anionic natural hydrophilic biopolymer extracted from seaweed and is

available in many forms based on chemical configuration.?%® It is widely used in several

applications such as a gelling agent, wound healing, cell therapy, emulsifier, and food enhancer.?%’
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Chemically each unit of CA is comprised of alternating disaccharide repeating subunits of 3-linked
-D-galactopyranose (G subunits) and 4-linked a-D-galactopyranose (D subunits). Based on the
configuration and number of sulfate groups in CA, it is divided into three major classes.?%82%° CA
with one sulfate group forms kappa carrageenan (kCA), while with two and three it forms iota
(yCA) and lambda carrageenan (ACA), respectively. Because of the structural resemblance with
natural glycosaminoglycans (GAGs), kCA, is the most widely used carrageenan polymer.?X® The
network formation in KCA occurs by binding of cationic agents (e.g. K+) to the sulfates present in
the structural backbone.?®® Chemical modification of the polymer can be achieved to render the
solution UV crosslinkable. Furthermore, the ionic network formation mechanism can remain intact
to provide a dual-crosslinking capability (Figure 3-1). To obtain a covalently crosslinked polymer
network, we modified the KCA backbone with methacylic anhydride (MA) to obtain methacrylated

KCA (MkCA).

The methacrylation of k<CA was achieved on the primary and secondary hydroxyl groups of the
two subunits of the polysaccharides (Figure 3-2a). The chemical modification of kCA was
confirmed using X-ray photoelectron spectra (XPS) analysis. Specifically, we obtained spectra for
core-level carbon electron (C 1s) and oxygen electron (O 1s) for kCA, M«CA, and crosslinked
MxkCA (UV crosslinked) (Figure 3-2b). The atomic ratios of oxygen to carbon (O/C) and sulfur
to oxygen (S/O) along with their individual values for samples KCA and MKCA, estimated from
area under the curve from XPS spectra are presented in the table (Fig. 2b). In KCA the overall
contribution from carbon is approx. three times to oxygen (O/C, 0.32) and of oxygen is ten times

to sulfur (S/O, 0.10). Due to methacrylation, the methacrylic groups contributed to the oxygen
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content and the ratio of carbon is reduced only two times to oxygen (O/C, 0.52). Also S

contribution is slightly enhanced (S/O, 0.16).
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Figure 3-1. Schematic outlining the design strategy to synthesize multifunctional nanocomposite hydrogels. kCA is
predominantly crosslinked in the presence of potassium ions (sulfate groups interact with K* ions to drive a helical
polymer conformation), which loses its mechanical stability under physiological conditions. Methacrylation of kKCA
results in a covalently crosslinkable polymer. The addition of nanosilicates provides shear thinning and bioactive
properties to the polymer that can be used in various tissue engineering applications. Reprinted with permission from
Thakur et al., 2016.
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After UV exposure, due to the formation of crosslinked gel via C-C, there occurs reduction in O
owing to water formation as by product (O/C, 0.26) suggesting carbon contribution up to four time
to oxygen and sulfur content raised to about fifty percent of oxygen (O/S, 0.52). The overall atomic
ratio estimation clearly corroborated the formation of covalently crosslinked gel after UV
exposure. The deconvoluted peaks of C 1s core-level for kCA shows the presence of C-OH (287.8
eV), C-0O (286.1 eV), and C-C at 284.7 eV. After methacrylation, additional peaks at 287.1 and
285.8 eV from MkCA (prepolymer) revealed the presence of C=0O and C=C, which are attributed
to methacryloyl. This confirms the successful methacrylation of KCA backbone. MkCA was used
to obtain covalently crosslinked network after UV exposure in the presence of photoinitiator
(Irgacure 2959). After UV exposure, the C=C bonds from vinyl groups in MxCA disappear,
indicating the formation of a covalent crosslinked network. The remnant peaks seen in the
modified formulation exist from incomplete crosslinking; suggesting that some C=C might still be
available. Similarly, XPS analysis of core-level oxygen electron (O 1s) supports the covalent
modification of kCA. For kCA, the presence of C-OH (534.5 eV) and C-O-C (534.2 eV) were
observed. After methacrylation, disappearance of O 1s peak corresponding to C-OH and
appearance of a new peak (533.8 eV) attributed to C=0 was observed. The O 1s peaks
corresponding to O-C, O-S and C-O-C have shifted toward lower binding energies due to
methacrylation. After UV exposure, the O 1s peaks remained nearly unchanged, as oxygen does
not take part in subunits crosslinking and polymerization. The incorporation of nanosilicates (nSi)
to MkCA, showed minimum effect on the crosslinking process. With the addition of 2% nSi the
overall contour of the C 1s profile became broader, without affecting the peak position, confirming
the electrostatic interaction between nSi and MkCA backbone. In addition to XPS data, NMR

analysis indicated successful modifications to the polymer backbone (Figure 3-2c). Specifically,
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to determine degree of substitution, peaks correlating to the added methyl and vinyl groups, ~1.8-
1.9 ppm and ~5.2-5.6 ppm respectively, were calculated against methylene protons of the B-
galactose subunit (G6). Integration of these peaks indicated a degree of methacrylation ~25%,
similar to previous reports using the same volume of methacrylic anhydride. Overall, XPS and
NMR data confirms the chemical modification of kCA and subsequent formation of covalently

crosslinked network from MxCA upon UV exposure.
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Figure 3-2. Synthesis of photocrosslinkable MkCA. (a) The hydroxyl groups (-OH) in the polymer backbone were
modified with photocrosslinkable methacrylates. (b) Full x-ray photoelectron spectroscopy (XPS) of MKCA. (c) FTIR
reveals vibrational absorption peaks correlating with the formation of carbonyl and methyl functional groups. Sulfate
groups responsible for ionic crosslinking remain intact. NMR corroborates the XPS and FTIR findings which indicated
successful chemical modification of MxCA. Reprinted with permission from Thakur et al., 2016.
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3.3.2 Physical Characterization of Hydrogel Formulations

KCA is used as a thickening agent in various applications due to its ability to form 3D double
helices network that results in strong interactions between sulfate groups present on polymer
backbone.?* The chemical modification of kCA backbone is expected to influence the sol-gel
behavior of prepolymer network. Specifically, the addition of methacrylate side groups is expected
to change the stacking of KCA polymer chains and disrupting the sol-gel behavior. Solution of 2%
KCA showed a “gel-like” behavior at room temperature, while MkCA showed a “sol-like”

behavior (Figure 3-3a).

The mechanical properties of hydrogels govern cellular response since cells sense and respond to
mechanical cues.?!! A range of soft and stiff hydrogels have shown to modulate the cell adhesion,
proliferation and fate.?!22!3 Jonically crosslinked kCA hydrogels are mechanically stiff initially,
but quickly lose the mechanical integrity after being subjected to hydrated microenvironment as a
result of ion exchange. In addition, ionically crosslinked kKCA hydrogels are not elastomeric
(Figure 3-3b) and this limits their use in biomedical applications. When subjected to cyclic stress,
the ionically crosslinked KCA hydrogels do not recover to original Size and show significant plastic
deformation. By incorporating methacrylate groups to xCA backbone, significant loss in
mechanical stiffness was observed. This is similar to previously reports suggesting that
methacrylate groups present on the MxCA backbone limit the ability of polymer to form ionic
crosslinks.?** Interestingly, continuously increasing the concentration of nSi content at two
separate MxCA concentrations did not display continuous improvement in mechanical properties.

In actuality, compositions with 2 wt. % nSi provided the strongest matrix in compression. These
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compositions, however, also dissipated the greatest amount of energy, indicating a reduction in the

elastic nature.
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Figure 3-3. Nanosilicates effects on nanocomposite. (a) The addition of nanosilicates (nSi) decreases viscosity of
prepolymer solution. (b) The cyclic stress/strain curves for kCA, MxCA and MkCA-nSi shows the elastomeric
characteristics of hydrogel network. Both MkCA and MxCA-nSi hydrogels recovery after cyclic deformation. (c)
Mechanical properties of each composition are dependent on crosslinking mechanism with ionic crosslinking
generating a strong/brittle gel and UV imparting elasticity onto the network. (d) Creep response on UV crosslinked
compositions further indicates the elastic response to dynamic stresses. The addition of nSi’s decreases resulting strain
across the gel for both low and high polymer compositions. Modified with permission from Thakur et al., 2016.
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Mechanical comparisons between crosslinking mechanism also showed a decrease in mechanical
strength between physically and chemically crosslinked gels. For dual-crosslinked gels,

compressive mechanics displayed components of both ionic and UV mechanisms.

The modulus values for all compositions resided between ionic and chemical alone; in addition,
the mechanism strongly dictated these dynamic responses to load with very little energy dissipation
occurring within pure UV crosslinked constructs (Figure 3-3c). In the case of dual-crosslinked
hydrogels, the ionic crosslinks were a greater contributor to scaffold mechanics; however, the
presence of covalent crosslinks did slightly reduce dissipated energy. UV crosslinked gels also
provided substantial elastic recoil during time-dependent creep rheology, indicating the covalent
bonds formed via this mechanism provide the majority of elastic behavior under dynamic stress,

which is imperative for cartilage applications (Figure 3-3d).

3.3.3 Characterization of Bioink under Printing Conditions

To further evaluate optimal formulations of the MxCA-nSi composites, extrusion and subsequent
line width out of multiple needle gauges at various flow rates was evaluated. Specifically, line
width was normalized against the inner diameter of either an 18 or 22 gauge needle (Figure 3-4a).
While for the larger needle size and at each flow rate, the trends remained consistent with a

decrease in line size correlating with an increase in nSi concentration. In contrast, extruded line
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width from the smaller needle gauge displayed greater dependency on polymer concentration and

flow rate. Interestingly, the 5%/8% MxCA-nSi composition displayed desirable control over the
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Figure 3-4. Evaluation of bioprinting capabilities. (a) Compositions were extruded over multiple flow rates through
two sets of needle sizes to evaluate extrudate swelling upon exiting the nozzle. Greater control over fiber size was
maintained at lower flow rates. (b) Rheology mimicking the printing process evaluated the ability of the material to
regain mechanical stability after experiencing high shear through the nozzle (purple region indicates UV exposure).
(c) A temperature sweep evaluated the stability of two bioink compositions with increasing temperature. (Low nSi —
2%; High nSi — 8%)

deposition for both needle gauge sizes and the range of flow rates. Due to mechanical stability and
beneficial extrusion characteristics, the higher nSi concentrations as well as 5% MxCA

compositions were of further interest.

The timing of bioink recovery and crosslinking after extrusion plays a significant role during the

printing process and can be attributed in part to the organization of solution components within
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the extruder and nozzle. The presence of nanosilicates within the bioink provides a potential source
of stability within low shear domains due to electrostatic interactions between particles in addition
to between particles and the polymer. Specifically, charged side groups (i.e. sulfate) off of the kCA
backbone may interact favorably with the positive edge of the nanosilicates. Upon methacrylating
kCA, the inherent shear-thinning characteristic of the polysaccharide is nearly eliminated.?®
Previous studies have documented the ability of nanosilicates to endow viscoelastic properties,
like shear-thinning behavior, to polymeric solutions.?% 216 Specifically, the structured organization
of nanosilicates in aqueous environments results in a complex integrated network with the
polymer, directly impacting flow properties. These electrostatic interactions can be disrupted via
an application of high shear stresses, thereby reducing the effective viscosity. A rheometer was
utilized to simulate shear rates and UV crosslinking (purple region) experienced during the printing
process in the barrel, nozzle, and on the printer bed (Figure 3-4b). Following extrusion and
subsequent UV exposure, ink viscosity surpassed values within the low shear region after 30
seconds for all tested compositions. For compositions with high nanosilicate content (6% and
8%), these solutions demonstrated favorable for printing shear-thinning properties. Additionally,
the ratio of polymer:nSi impacted flow as a higher polymer concentration reduced potential

electrostatic interactions between particles, subsequently reducing the measured viscosity.

During an extrusion-based printing process, syringe barrel, nozzle, and/or printer bed may be

heated to ensure cell viability is maintained over the course of fabrication. The impact of heating
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on extrusion and structure fidelity, however, is highly dependent on bioink polymer in addition to

any additives.
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Figure 3-5. Nanocomposite response to aqueous environments. (a) Swelling of extruded and UV crosslinked fibers
evaluated degree of physical swelling following placement into two biologically relevant aqueous environments for
24 hours. (b) Bulk gels were placed within media following either UV or UV/KCI crosslinking to evaluating degrees
of mass swelling for multiple compositions over 30 days. (c) SEM images of both UV and UV/KCI crosslinked
hydrogels indicate the presence of a secondary network formation following the presentation of K* ions.

67



Prior to methacrylation, k<CA solutions experience a high degree of temperature dependence
regarding gelation. At low temperatures, the k<CA backbone conformation transitions from a coil
into double helix, through a sulfate side group-mediated mechanism, thereby increasing the
viscosity. Upon further cooling and introduction of monovalent cations (e.g K*, Na*), the helices
can further rearrange into helix-helix aggregates, resulting in stable gel formation. The chemical
functionalization via methacrylic anhydride may disrupt this organization, thereby reducing the
viscosity of MkCA solutions at similar concentrations to their kCA counterparts. To ensure these
modifications would not translate to thermal instability at physiological temperatures, a thermal
rheological sweep was completed over both low nSi and high nSi bioink formulations (Figure 3-
4c). Both compositions showed mechanical stability with little effect on modulus and viscosity,
particularly between room and body temperature (25-37 °C). These results indicate that control
over extrusion could be maintained even with the addition of temperature; furthermore,
architecture of deposited hydrogel fibers would not be expected to shift due to maintenance of ink
stability. On-demand UV crosslinking further constrains fiber architecture to limit post-extrusion
spreading. This subsequently maintains the nozzle to substrate height over the course of the

printing process, improving interlayer and overall construct stability.

3.3.4 Bioink Stability in Aqueous Conditions

While interactions between printed layers during the printing process are vital to the overall
stability of the scaffold, swelling effects following placement into aqueous media can also disrupt
these interactions. Hydration is key for the survival of encapsulated cells within the hydrogels for

nutrient and waste transport; however, swelling of the polymer matrix can alter the geometry that
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was initially controlled during extrusion. For example, the occlusion of macroscopic pores or a
lumen in the case of vascular engineering can severely limit flow of media throughout the scaffold,
leading to regions of limited nutrients and oxygen and subsequent cell death. Therefore, knowledge
regarding swelling characteristics within aqueous environments is necessary to predict scaffold
success. To examine these properties of MkCA-nSi compositions, we explored both individual
line swelling and bulk gel hydration over time in relevant biological media. UV crosslinked 5%
MxkCA compositions with greater nSi content displayed reduced swelling compared to the lowest
nSi concentration in both PBS and cell media conditions (Figure 3-5a). We hypothesize that the
electrostatic interactions between the polymer sulfate groups and the positive edge of the nSi’s
reduce the potential swelling deformation. It is important to note, however, that in each
composition tested, on average, the diameter of the fibers did not expand beyond 33% of the
original size, indicating an acceptable degree of line swelling for these compositions, particularly
5%/6% and 5%/8% MxCA-nSi. Further, for bulk gels undergoing either UV or UV/KCI
crosslinking mechanisms, swelling ratios were comparable to other polymeric hydrogels typically
used as bioinks, like alginate and PEG (Figure 3-5b).217-?1® Swelling ratio of all compositions were
largely independent of crosslinking mechanism as those gels that received only UV exposure
would be subsequently placed into a buffered media solution, where the presence of ions would
further enable ionic crosslinking to take place. This ion exchange within the gels would essentially
result in a dual-crosslinked network, similar to the UV/KCI subset. Interestingly, bulk gels lacking

nSi’s maintained the lowest degree of swelling out of all compositions.

To understand the material changes from the perspective of the cellular environment following

dual-crosslinking and placement into an aqueous environment, SEM images were captured of both
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UV and UV/KCI crosslinked gel networks (Figure 3-5c). Covalently crosslinked 5%/8% MxCA-
nSi gels displayed a network typical of polymer hydrogels with a fairly uniform mesh size
appearing after lyophilization. In contrast, the exposure to both a covalent and ionic crosslinking
mechanism generated a unique network organization. Specifically the visualization of intramesh
crosslinking may indicate the formation of secondary networks after the introduction of KCI.
Residual polymer chains that failed to crosslink during UV exposure may enable the formation of
these secondary clusters of highly crosslinked polymer. The formation of high density polymer
regions may also be responsible for the increase in mechanical strength measured previously. The
impact of these domains on cell viability after completing the printing process and crosslinking,

requires further investigation.

3.3.5 Bioink Interactions with Cellular Components

Shear-thinning and injectable hydrogels can be used for minimally invasive therapies and 3D
printing. Injectable hydrogels have been shown to protect encapsulated cells from the damaging
effects of extensional flow.1®1"® We expect that the shear-thinning characteristics of
nanocomposite hydrogels can be explored for these applications in the future. The ability of the
ink to recover after extrusion contributes directly to resolution of the printed architecture. Printing
of lattice structures can qualitatively demonstrate the ability to control fiber deposition in addition
to assessing fiber sag between struts. Lattices printed with the 5%/8% composition demonstrated
a high degree of control over fiber diameter during printing while also minimizing fiber sag due
to the internal structure provided by the nSi’s (Figure 3-6). Upon crosslinking, lattices were
durable and could be easily handled for further analysis. We have investigated the effect of shear

forces by encapsulating stem cells within prepolymer solution and injecting though 27-gauge
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syringe (Figure 3-7a). The encapsulated hMSCs showed high viability after 24 h post-
encapsulation in dual-crosslinked hydrogels (MxCA, and MxCA-nSi) when stained for calcein
AM (live cells) and ethidium homodimer (dead cells) (Figure 3-7b). Both MKCA and MKCA-nSi,
showed high cell viability after injection. Due to faster dissolution of kCA under physiological

conditions, we performed cell studies only with dual crosslinked hydrogels.

Vertical Line Width

Figure 3-6. Lattices printed with and without cells were attainable. Control over fiber diameter could also be achieved.
Fibers crossing struts of previous layers displayed minimal overhang, which facilitates printing of more layers above.
UV crosslinked lattices were extremely durable and could be handled easily following printing.

The effect of nanosilicates on cell spreading was monitored over a period of 7 days. HMSCs
encapsulated within both hydrogel networks showed circular morphology (Figure 3-7c¢),
indicating that these compositions can be used for hMSC delivery for cartilage regeneration. Our
results are consistent with earlier studies that have shown kCA-based hydrogels do not support
cell spreading. Although, the addition of nanoparticles increases the mechanical stiffness of
nanocomposite hydrogels, no significant change in cell morphology was observed. This is in

contrast to earlier reported studies, where increase in mechanical stiffness of gelatin-based
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hydrogels, support cell spreading.?* 220221 The contradiction with other studies is due to the use
of kCA, which is shown to be non-cell adhesive as the polysaccharide lacks any inherent cell-
binding moieties. This morphological control may stimulate cell behavior as previous reports have
demonstrated kCA-based hydrogels promote chondrogenic differentiation of stem cells.?2222 The
lack of membrane receptor binding sites (e.g. RGD), may limit cell growth on the hydrogel surface,
as indicated by no notable increase in cell proliferation after 3 days of culture (Figure 3-7d). Cells
placed within a 3D matrix, however, may still proliferate due to the 3D environment simulating

native cartilage.

Over the course of the printing process, the bioink should maintain the spatial distribution of cells
to ensure each printed layer incorporates the same concentration of cellular material to synthesize
new matrix. An ink that lacks a sufficient viscosity will enable cell settling, in which case early
printed layers will receive much greater concentrations of cells that later layers. To qualify the
success of the 5%/8% MxCA-nSi bioink as a cell vehicle during printing, cell distribution and
viability following printing were both examined. Microscopy of a single fiber and multilayered
cylinder both demonstrated the ability of the bioink to maintain a homogeneous concentration of
cells throughout the printing of the scaffold (Figure 3-6e). Additionally, the presence of cells
within the bioink had no negative effects on the printability of the structure as printed cylinders
could be easily handled following crosslinking. Cells that survived the printing and crosslinking
process within printed cylinders were able to proliferate over a 4 week span, which indicated the

ink composition provided a suitable environment for encapsulated cells. Future work will look to
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characterize the phenotype changes of these cells to demonstrate the bioactivity of these inks for

cartilage regeneration.
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Figure 3-7. Biological evaluation of MkCA compositions. (a) MkCA and MxCA-nSi show higher viability of
encapsulated hMSCs compared to kCA hydrogels. (b) Alamar blue assay showed no significant change in metabolic
activity of encapsulated cells in MkCA and MxCA-nSi. (c) Encapsulated cells remained round after a week of culture,
which provides 3D stimulation towards a chondrogenic phenotype. (d) hMSCs cultured on the surface of either MkCA
or MxCA-nSi gels demonstrate little proliferation due to a lack of cell binding sites. (e) Cells printed within a 5%/8%
MkCA-nSi ink maintain even distribution throughout the printing process. These cells also proliferate over the course
of 4 weeks. Modified with permission from Thakur et al., 2016.
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3.4 Conclusion

In this study, we developed a dual-crosslinked bioink system that was cytocompatible and
maintained viability over the course of the printing process. The addition of 2D nanosilicates not
only improved the mechanical durability of these scaffolds but also endows the system with shear-
thinning characteristics. These nanocomposites provide advantageous rheological properties that
can be exploited during printing to ensure a high degree of spatial control is achieved. Cells
extruded within the nanocomposite were well distributed throughout printing layers and
maintained viability and proliferative capabilities. Further, it is expected that these hydrogel
bioinks will provide a bioactive environment for hMSCs to stimulate a chondrogenic phenotype
due to the chemical and mechanical similarities of the polymer matrix to native cartilage in

addition to the embedded bioactive nanosilicates.
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4. CHEMICALLY EXFOLIATED MOS; FOR REGENERATIVE ENGINEERING”

4.1 Introduction

Two-dimensional (2D) materials have garnered widespread attention due to their unique physical
and chemical properties stemming from their anisotropic, layered structure.??*22> One such class
of 2D materials with potential in a variety of applications is transition metal dichalcogenides
(TMDs). While TMDs, like molybdenum disulfide (MoS>), have been developed primarily for
electronic applications as an alternative for transistor development, they have expanded into the
biomedical domain.?62% Specifically, the generation of nanothin sheets via exfoliation processes
of MoS; for transistor applications enables the formation of a direct bandgap and subsequent
photoluminescent spectrum, which could be utilized as biosensors or photothermal therapies.??®
231-234 From the MoS; atomic structure, the absence of dangling bonds from terminal sulfur atoms
and potential surface modification render the nanomaterial stable in aqueous environments.??" 231
This chemical stability can be exploited to introduce optically active nanosheets into biological
environments containing human cells for biosensing, photo-stimulated drug delivery, or direct cell

activation.

One mechanism to achieve the exfoliation of MoS2 has been the chemical intercalation of lithium

between crystal lattice sheets that are typically held in place by weak van der Waals forces.?3% 2%

*Unpublished data J.K. Carrow, A. Ramirez, M.K. Jaiswal, K.A. Singh, A K. Gaharwar, “Chemically Exfoliated
Molybdenum Disulfide for Photothermal Activation of Stem Cells” (in prep)
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Following intercalation, exfoliation of MoS, nanosheets is achieved via exposure to water with
multiple washing steps to remove potential cytotoxic materials.?*¢%3" QOptimization of this
chemical method has resulted in new protocols to reduce time and improve yield of low-layer
nanosheets.?*® One disadvantage of these chemical methodologies, however, is the introduction of
potentially cytotoxic materials that may initiate cell apoptosis through a variety of mechanisms
due to insufficient washing following synthesis. As researchers continue to uncover the capabilities
of MoSz nanomaterials within biomedicine and develop new fabrication protocols for TMDs with
enhanced characteristics, a comprehensive evaluation of their interactions with human cells will

be required.

The emergence of these new optically and electronically active nanomaterials has the potential to
push regenerative medicine into undiscovered territory. Researchers continue to develop stimuli-
responsive nanocomposites to provide spatiotemporal control of local cell responses.?3%240 For
example, graphene, another electronically active 2D nanomaterial, has received wide attention for
tissue engineering applications due to its ability to deliver a multitude of signals to surrounding
cells.?#142 The success of graphene as a 2D material in biomedical engineering has initiated
investigations into many new layered materials.?** While graphene oxides have provided suitable
biocompatibility, heterogeneities in surface chemistry or functionalization can reduce functionality
in biological systems, opening the door to TMDs.?** TMDs, like MoS,, hold similar promise to
stimulate changes in cell behavior through their optoelectronic qualities and stability in aqueous
media while demonstrating improved cytocompatibility.?*> Although some preliminary studies
have investigated cellular compatibility of these materials, no studies thus far to our knowledge

have explored their ability to stimulate tissue regeneration.?4>-246
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Here we explore the dynamics of exfoliated MoS; nanosheet interactions with human
mesenchymal stem cells (hMSCs) and the downstream behavioral changes as pertaining to tissue
repair. By first examining 2D MoS: interplay with biomolecules in different media conditions, we
evaluate the potential impact of protein-coated nanosheets on cellular internalization and behavior.
We also exploit the inherent photothermal capabilities of exfoliated MoS. at near-infrared
wavelengths (NIR)??" to stimulate intracellular pathways and motivate hMSC differentiation.
Traditional biological assays are performed to monitor global cellular signaling of hMSCs with
sensitization of NIR demonstrated following exposure to MoS». Alone, these nanomaterials induce
minimal changes to hMSC phenotype at cytocompatible concentrations. Furthermore, we identify

the potential of a low-light intensity therapy for regenerative medicine.

4.2 Materials and Experimental/Procedure

4.2.1 MoS2 Synthesis. The bulk MoS> was chemically exfoliated following previously reported
protocols.?3® 247-248 in a nitrogen filled glove-box, 200 mg of bulk MoS, powder (Alfa Aesar) in
single-neck 100 mL round-bottom flask was degassed for couple of hours before adding 3 mL n-
butyllithium (1.6 M in hexane, Sigma USA). The solution was then refluxed at 70 °C for 48h with
continuous stirring. The reaction mixture was then cooled to room temperature and added with 20
mL dried hexane and filtered with nylon paper (pore size ~ 0.45um). The excess n-butyllithium
was washed and diluted with anhydrous hexane and safely transferred to a hazard labeled glass jar
and sealed. The black precipitate was taken out from glove box and dispersed in 200 mL chilled

water in a round-bottom flask and sonicated for an hour in an ice-cold water-bath to assist the
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exfoliation. To remove partially stacked layers from the suspension, the solution was centrifuged
at 2 x 5000 rpm for 10 min per cycle followed by 2 x 8000 rpm for another 10 min per cycle. The

dispersion was collected and stored at 4 °C for further experiments.

4.2.2 MoS2 Characterization. Transmission electron microscopy (TEM) was performed on a
carbon grid at an accelerating voltage of 200 kV using a JEOL-JEM 2010 (Japan). Physical
characterization of chemically exfoliated MoS> (ce-Mo0Sz) was investigated in the presence of
physiological proteins via introduction of lysozyme or albumin. The zeta potential and
hydrodynamic size of MoS»-albumin solutions were measured with a Zetasizer Nano ZS (Malvern
Instrument, U.K.) furnished with a He—Ne laser at 25°C. Changes in protein conformation after
adding MoS; were evaluated using the ANS assay (8-anilino-1-naphthalenesulfonic acid).?*°

Fluorescence was analyzed using a Tecan plate reader.

4.2.3 Stem Cell Culture. Human mesenchymal stem cells (hMSCs) were cultured under normal
media conditions consisting of a-minimal essential media (alpha-MEM, Hyclone, GE Sciences)
with 16.5% fetal bovine serum (Atlanta Biologicals, USA) and 1% penicillin/streptomycin (100
U/100 pg/mL, Gibco). After every 2-3 days, half of culture media was exchanged for fresh media.
Cells were passaged with 0.5% trypsin-EDTA upon reaching confluency of ~70% and seeded at
~2500 cells/cm?. All experiments were completed with cell populations under P5. Leaching studies
were completed using both 2D exfoliated and bulk MoS2 (1 mg/mL) placed within transwell
membranes in a 24-well plate. As positive controls, solutions of ammonium molybdate salt in
equivalent molar concentrations as the physical particles, which came out to 0.6 mg/mL, were
placed onto transwell membranes. Cell health was monitored using an MTT assay (ATCC) at time

points of 1 day and 7 days.
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4.2.4 Cell Morphology. For actin staining, hMSCs were treated with MoS> for 24 hours, then fixed
with 2.5% glutaraldehyde and permeabilized with 0.1% TritonX-100. Phalloidin stain was then
added and samples were incubated for 1 hour at 37 °C. The stain was removed, washed with 1X
PBS. Actin stained samples were imaged with a fluorescent inverted microscope. Cell area was
quantified using ImageJ analysis software. Scanning electron microscopy of hMSCs treated with
MoS; on glass cover slips were captured after sample (50 pg/mL) treatment for 1 hour. Cells were
washed with PBS to remove weakly bound particles. Subsequently cells were fixed with 2.5%
glutaraldehyde for 30 minutes at RT, washed again with PBS, and dehydrated using serial dilutions
of ethanol and then by placing the slides in hexamethyldisilazane (HMDS) (James Cook
University, Biological SEM sample preparation protocol). SEM images were taken on gold

sputter-coated samples (JEOL NeoScope).

4.2.5 Cell Culture with NIR Stimulation. To evaluate changes in cell behavior with NIR exposure,
cells were incubated under low intensity NIR LED light for two hours over a three hour period
each day. Specifically, an LED array with a 3.4 W output power was placed 6 cm from the surface
of the plate. The power density across the plate was measured to be around 20 mW/cm?. Following
exposure with or without ceMoS> (25 pg/mL), cell behavior was monitored through multiple
studies. An alamarBlue assay was performed according to the manufacturer’s protocol over the
course of a week to measure proliferation. Further, changes in cell phenotype were explored using
western blot for osteogenic markers, like ALP and Runx2. Specifically for Western Blot analysis,
cells were cultured under the same media conditions as previous assays. Both intracellular and
extracellular proteins were isolated by direct application of a boiling Laemmli Buffer (4% SDS,

20% glycerol, 10% 2-mercaptoethanol, 100 mM Tris HCI, and 0.2% bromophenol blue). Gel
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electrophoresis (Invitrogen, Mini Gel Tank) was performed on samples and protein bands were
transferred (Invitrogen, iBlot 2) to a nitrocellulose membrane according to manufacture protocol.
Membranes were blocked using 5% BSA in PBST (PBS + 0.1% Tween 20) for 30-60 minutes then
processed (Invitrogen, iBind). B-actin, ALP, and p-MEKZ1/2, primary antibodies (ThermoFisher)
and HRP conjugated secondary antibodies (Boster Bio) and incubation was performed per
manufacture protocols. Blots were developed (SuperSignalTM West Pico PLUS
Chemiluminescent Substrate, ThermoFisher) and imaged via LI-COR® 3600 C-Digit Blot
Scanner. Protein bands were quantified with LI-COR software. The blots were then stripped and

re-blocked with 5% BSA in PBST for further analysis.

Alternatively, high power NIR applications were also evaluated. hMSCs were cultured to a
confluent monolayer in a 6-well plate in normal growth media. Prior to ceMoS; treatment, cells
were starved in media lacking FBS for 2 hours. Cells were then placed back into normal growth
media with a concentration of 100 pg/mL of MoS> for an incubation period of 3 hours. Cells were
then washed multiple times with PBS and provided with new growth media. Control and treated
cell populations were exposed to pulsed laser (A = 800 nm) at ~340 mW/cm? for 7 minutes, with a
6.5 ms pixel dwell time spanning 256 x 256 pixels. Following NIR exposure, cells were incubated
for 3 hours and then treated with a Calcein AM/Ethidium homodimer solution for 30 minutes to
stain for viable and compromised cells. The zone of ablated cells was visualized using Nikon

fluorescent microscope.

4.2.6 Statistical Analysis. Determination of statistical significance between multiple groups was

completed via analysis of variance (ANOVA) with Tukey method. Significant p-values were
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considered <0.05 unless otherwise noted. All analysis was completed in GraphPad Prism (San

Diego, CA).

4.3 Results and Discussion

4.3.1 Synthesis and Chemical Analysis of Exfoliated MoS, Nanosheets

Bulk MoS; is composed of atomically thin S-Mo-S sheets stacked by short-range Van der Waals
forces. The phase and morphology of ceMoS; nanosheets were characterized by AFM, TEM,
XRD, XPS and PL spectra techniques. AFM revealed layered sheets were 2 — 7 um in diameter
with thicknesses around 3 nm (Figure 4-1a). The theoretical calculation suggests S-Mo-S atomic
lattice thickness to be about 0.65 nm which indicates the selected flake in the magnified image
contain 3-5 sheets of monolayer MoS,.2*° Transmission electron microscopy indicated smooth
layer topography and defined nanosheet structure. Additionally, the selected area electron
diffraction (SAED) pattern confirmed the formation of 1T phase after lithium intercalation assisted

exfoliation which was further corroborated by X-ray diffraction (Figure 4-1b).

The binding energies (BE) for molybdenum and sulfur core level electrons determined by X-ray
photoelectron spectra (XPS, Figure 4-1c) revealed the crystallographic phases associated with
bulk MoS; transformed to a few layers. The BE for Mo3d doublets (3ds and 3ds2) gave rise to
signals at 228.5 and 231.7 eV for bulk MoS: which, after exfoliation, shifted to 228.2 and 231.5
eV, respectively, indicating the 2H to 1T phase transformation. Similarly, the BE for S2p doublets
(2p312 and 2p13) appeared at 161.4 and 162.6 eV which correlate with the 2H phase while 1T phase
signals appeared at 161.1 and 162.3 eV, respectively, following exfoliation. Raman spectroscopy
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(Horiba Inc, green laser 532 nm) was further used to ascertain the vibrational modes associated

with the MoS; lattices for both bulk and exfoliated sheets (Figure 4-1d).
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Figure 4-1. Phyicochemical characterization of chemically exfoliate MoS; nanosheets. (a) Atomic force microscopy
measure micron-sized nanosheets with nanometer thickness, confirming 2D shape. (b) TEM images of ultrathin MoS;
sheets displayed overlapping layers; each individual layer is numbered. Further, XRD corroborated the formation of
the 1T phase following lithium intercalation. (c) Crystallographic transformations from bulk to exfoliated MoS, were
monitored with XPS analysis with shifts from 2H to 1T phases observed. (d) Raman spectroscopy and
photoluminescent measurements likewise indicated structural modifications had occurred seen through changes in
vibrational energy bands and luminescent intensity.
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As expected the two characteristic modes, E,q corresponding to in-plane vibrations of sulfur atoms
with respect to molybdenum and Axq corresponding to out-of-plane vibration of sulfur atoms gave
rise prominent signals at 380.8 and 406.5 cm™ respectively in bulk form. Upon exfoliation, the Asq
band witnessed a downward shift to about 403.9 while Elyq shifted to 376.5 cm™ respectively. It is
interesting to note the relative intensities of both the bands in bulk as well as exfoliated forms. The
in-plane vibration (Elzg) rose significantly in comparison to out-of-plane (Aig) after layer
exfoliation which corroborates the fact that due to layers exfoliation more sulfur atoms are free to
contribute to the signal, while Alg for which major contributions come from edges remained same.
Furthermore, due to phase change from 2H to 1T, additional vibrational bands such as E1g, J> and
Js were also observed for exfoliated MoS; sample.?! Photoluminescent intensity decreased for
exfoliated samples as the material density within 3D space was reduced, corroborating successful

transition to a 2D nanosheet architecture.

4.3.2 MoS; Stability in Aqueous Environments

Following chemical intercalation, aqueous stability of the nanosheets was evaluated in multiple
media conditions. While these nanosheets are typically dried or easily dispersed in deionized water
(diH20) for characterization, cell studies require a regulated ionic environment to ensure cell
survival. Zeta-potential was monitored of ceMoS: in both diH2O and phosphate buffered saline
(PBS) with and without albumin to evaluate stability in relevant media conditions (Figure 4-2a).
Nanosheets were stable in both aqueous environments with zeta-potential measurements of -
32.7£1.1 mV and -29.2+1.7 mV for diH>O and PBS, respectively. After the addition of protein,
however, the surface of shear, or the interface of bound charges and diffuse layer, is shifted further

from the surface, effectively reducing the zeta-potential. This phenomenon was observed as the
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zeta-potential significantly dropped to -17.3x0.8 mV and -14.0+0.6 mV, respectively. This
indicated that while biomolecules were strongly interacting with the nanomaterial surface, the

repulsive forces between MoS> nanosheets are reduced, leading to eventual flocculation at longer

timescales.
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Figure 4-2. Evaluation of ceMoS; in relevant biological aqueous environments. (a) Dispersions of ceMoS; sheets
were stable prior to the addition of protein (albumin) with a subsequent decrease in zeta potential magnitude, indicating
a reduction of electrostatic stability of the particles. (b) Sonication utilized to improve dispersion of the MoS; resulted
in a decrease in hydrodynamic diameter, with probe sonication imparting greater disruptive force than bath sonication
over both time points. (¢) ANS assay was completed over a range of ceMoS; concentrations to evaluate effects on
protein structure following binding to the nanosheet surface. Compared to the positive control (SDS), the sheets
imparted little effect on protein structure and would enable functional binding between coated proteins within the
corona and cell membrane.

To improve nanosheet dispersions within these aqueous media environments, bath or probe

sonication can be utilized. These mechanical methods to reduce interactions between sheets may
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also reduce the effective sheet size. To investigate the effects of type and duration of sonication,
DLS was utilized on aqueous dispersions of ceMoS; (Figure 4-2b). Samples lacking sonication
displayed relatively large particles size to hMSCs with an average hydrodynamic diameter of
6.86+£0.57 um. Following a minute sonication with a bath or probe sonicator, there was a
significant reduction in size to 2.56£0.78 pum and 0.62+0.03 pum, respectively. Extending to 10
minutes further reduced the hydrodynamic size in both environments to 0.99+£0.26 pum in the bath
and 0.38%0.02 pum with the probe. There is a significant reduction in physical size within 1 minute
of sonication which has important ramifications for sample preparation prior to cellular exposure.
Specifically, even a brief sonication to improve dispersions of the nanosheets may result in
physical changes to the MoS,. Smaller MoS, nanosheet sizes will affect binding dynamics to
proteins in the aqueous environment and subsequently to the cell membrane. Based on previous
studies examining size-dependent mechanisms for endocytosis, nanosheets remaining after 1
minute of sonication would be outside of the size range for effective internalization.?>> Nanosheets

bound to the membrane, however, can still be utilized for external NIR stimulation.

Another consideration is that of the protein corona as protein arrangement on the nanomaterial
surface will dictate binding to cell membrane receptors and drive stimulation of intracellular
pathways. To evaluate changes in protein conformation, an 8-anilinonapthalene-1-sulfonic acid
(ANS) assay was utilized (Figure 4-2c). Compared to a known disruptor of protein structure,
sodium dodecyl sulfate (SDS), binding of a model protein with positive charge at buffered pH,
lysozyme (isoelectric point — 11.35), to MoS:> displayed minimal change. Furthermore, increasing
the ceMoS: concentration from 50 — 150 pug/mL had no significant impact on fluorescent signal,

indicating maintenance of native structure over a range of relevant concentrations. The micron size
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in two dimensions of the ceMoS: lends itself to binding of solubilized proteins; furthermore,
proteins with native structure intact will enable clustering of receptors on the cell membrane and

stimulate downstream intracellular pathways.?%3-2>

4.3.3 Concentration Dependent Cytcompatibility

To determine optimal concentrations for future cell studies, cytocompatibility of MoS, was
evaluated using Alamar Blue metabolic assay. Results indicated that cytotoxic effects of MoS;
were not evident until concentrations exceeding 100 pg/mL after seven days of culture (Figure 4-
3). These results were corroborated with cell area measurements. Concentrations up to 100 pg/mL
showed little change to cell morphology, while large concentrations resulted in the reduction of
cell area as apoptotic processes inhibited the synthesis of cytoskeletal components. These results
provide insight as to potential therapeutic concentrations for subsequent photothermal activation
experiments. We selected concentrations between 25 - 100 pug/mL to uncover specific changes in

hMSC behavior following nanomaterial introduction and NIR activation.

Due to the electrostatic forces of ceMoS2 within aqueous media, particles are expected to maintain
colloidal stability while enabling significant interactions with solubilized biomolecules and
consequently, the cell interface. The average size of these nanosheets, with minimal sonication,
limit their uptake within hMSCs due to thermodynamic constraints of membrane tension, thereby

confining these nanomaterials to the cell surface.?®*?% Maximizing contact with the cell
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membrane not only enables enhanced immobilization of MoS», but also endows the local

environment with stimuli-responsiveness towards NIR light sources.
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Figure 4-3. In vitro effects of ceMoS,. Nanosheets displayed cytocompatibility up to 100 pg/mL, as seen with
alamarBlue (a) and morphological analysis (b,c). As concentrations increased, cell morphology was likewise affected
as cells limited their cytoskeletal expansion, with a significant decrease occurring upon reaching a concentration of
50-100 pg/mL. (Scale bar 300 pum).
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Bright field imaging indicated substantial binding to cell surfaces with a 50 pg/mL treatment
concentration (Figure 4-4a). Electron microscopy was used to evaluate the extent of membrane
coating by these nanomaterials following introduction into the media (Figure 4-4b, c).
Interestingly, images of the cell body depicted homogeneous coverage of submicron sized material
across the membrane. Untreated cells presented no such phenomenon, ruling out sample
preparation as a cause of the speckle formation. One hypothesis for the smaller than expected
appearance of the materials could be the result of sonication. The reduced size of particles may
facilitate binding to the cell membrane through a reduction in surface energy. Furthermore, larger
particles remaining in solution may have been less thoroughly bound and washed away during the
sample preparation process. The extent of coverage of ceMoS; on the cell surface is expected to

improve the likelihood of photothermal activation of cellular pathways.

While localization of these nanomaterials on the cell surface enable future stimulation with NIR
sources, long-term exposure to aqueous environments can initiate the dissociation and release of
chemical species. Specifically, investigations into MoS: persistence within cell culture media have
displayed sensitivity to oxidative conditions with ~30% dissolution occurring after one week.2%
Chemically exfoliated MoS: likewise demonstrated increased dissociation rates relative to
ultrasonically exfoliated materials. Likewise, these results indicated that the concentrations
utilized in our studies, even with 100% dissolution, would not be expected to induce cell death.?%®
To further examine a potential mechanism of cytotoxicity of the ceMoS, dissociated species were
compared to a multiple concentrations of solubilized Mo. Briefly, ceMoS; and bulk MoS; were
placed within transwell membranes at known cytotoxic concentrations (1 mg/mL). Mo was

introduced at molar equivalences of 100% dissociation of ceMoS; nanosheets. At solubilized Mo
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concentrations around 6 mM, a slight decrease in cell viability would be expected.?® After 24
hours of exposure, a 35% decrease in metabolic activity was observed for cells treated with bulk

MoS, with a 15% decrease noted for both ceMoS; and solubilized Mo (Figure C.1).

(a)

(b)

Untreated

Figure 4-4. Images of cells with ceMoS; treatment. (a) Bright field microscopy images displayed coating on cell
membranes of cells to varying degrees, with clusters of nanosheets occurring if not fully dispersed due to protein and
ion interactions. (b, ¢) SEM of control cells show no effects on cell surface while MoS,-treated cells have a robust
coating of sub-micron materials. (Insert scale bar 100 pm).

By limiting direct exposure of ceMoS; to hMSCs, cell viability was somewhat improved compared
to cell morphology studies. Likewise, solubilized Mo displayed limiting impact on cell viability.

In combination, these results may indicate that a decrease in hMSC viability and function is
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attributed to stresses placed onto cells by the physical binding and direct interactions of ceMoS:
rather than chemical dissociation. Further studies will be needed to evaluate the kinetics of ceMoS;

dissociation into its ion components under biological conditions.

4.3.4 NIR-mediated Evaluation of Cell Behavior

Considering ceMoS; alone did not trigger any noticeable changes in hMSCs until reaching
cytotoxic concentrations, low intensity NIR stimulation was applied as a means to induce
behavioral changes. The application of NIR light via a LED source in conjunction with ceMoS;
was explored for potential therapeutic use (Figure 4-5a). Prior to introducing the exfoliated
nanosheets within the local cell environment, the NIR responsiveness was evaluated to ensure
photothermal effects could be utilized for future cell stimulation. To evaluate the generation of
heat following an application of NIR light to a solution of ceMoS;, temperature was monitored
over the course of 10 minutes using a thermocouple as well as IR imaging (Figure 4-5b). Two 500
ML solutions, one containing 2 mg/mL of ceMoS; and one of pure diH2O, were subjected to an
NIR laser used in continuous wave mode at multiple intensities. Upon subjecting the ceMoS: to
NIR light, the temperature of the solution increased by ~5.5 °C and ~3.5 °C for the high and low
power trials, respectively. For the pure water, the temperature remained stable around room
temperature throughout the entire exposure time. This demonstrated that photothermal effects
could be expected following NIR exposure to ceMoS treated cells. While the low power intensity,
which mimicked an upper limit of LED arrays used in future studies, increased the temperature of

the solution, we hypothesize that cells would be stimulated by fluctuations constrained to the cell
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membrane rather than a broadly increasing media temperature considering cytocompatible ceMoS>

concentrations are a factor of 20 to 80 times lower.
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Figure 4-5. Low intensity NIR exposure of ceMoS, treated cells to modulate behavior. (a) Schematic of setup with
multiple LED arrays placed within the lid of a plastic enclosure to explore varying degrees of LED intensity to impact
cell phenotype. Each LED intensity region was separated with light impenetrable dividers to minimize scattering
effects. (b) The combination of NIR and ceMoS; can modulate media temperature over time. Decreasing light intensity
to that found within the highest power LED array used for all in vitro experiments correlated with a reduction in
temperature increases. (c) Western blot analysis indicated an increase in protein synthesis for samples receiving NIR
exposure, with the greatest correlating to those with both ceMoS; and NIR light.

Following daily NIR exposure with and without ceMoS,, cultured hMSCs and synthesized proteins
were collected for western blot analysis to characterize any changes in cell behavior. A protein
within the receptor activated MAPK or ERK1/2 cascade (pMEK1/2) and early osteogenic marker

(ALP) were selected as potential targets to track phenotype changes in the hMSCs. Specifically,
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activation of the ERK1/2 pathway may indicate the presence of photothermal effects at the
membrane, while ALP has been implicated in downstream activation of this MAPK cascade in
osteoblasts.?®” Heat Shock Protein 70 (HSP70) is also involved in both osteogenic and
chondrogenic differentiation, while also impacting downstream MAPK signaling.2°82° Therefore,
HSP70 may also be a potential target of photothermal activation and requires further investigation.
Cells receiving both ceMoS; and NIR exposure displayed the highest synthesis of both proteins of
interest (Figure 4-5c). As expected, ceMoS; alone did not induce any phenotypic changes.
Interestingly, NIR exposure without a photothermal inductive material, like MoS;, provided a
slight increase in protein translation. Interestingly, a transient receptor cation ion channel
subfamily V (TRPV1) resulted in decrease synthesis after one week of NIR exposure with ceMoS:
treated hMSCs. While this receptor is implicated in heat responses to cells, a decrease was noted.
Previous studies have indicated the potential of activated heat shock proteins (HSPs), specifically
HSP70, to have an inhibitory effect on TRPV1. Additionally, HSP70 has been observed to initiate
and regulate regenerative responses for both osteogenic and chondrogenic lineages.?%%-?5! More
studies are required to evaluate the potential of NIR light as an inductive mechanism for hMSCs

and the role of HSP70 as a mediator of this response.

4.3.5 Exposure for Photothermal Ablation

While LEDs provided low intensity stimulation of nanosheets bound to the cell membrane, a laser
applied across the cell area would provide enhanced NIR absorption. Increasing light intensity
delivered to ceMoS; treated hMSCs is expected to induce photothermal ablation of the local cell
population.?62264 Following treatment of the nanosheets, cells clearly displayed a sensitization

toward NIR stimulation as cells within the rastered area of the laser were locally ablated. The
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apparent zone in the images was consistent with the predicted distance covered by the laser (280
pm x 280 um) (Figure 4-6). Furthermore, dead cells following laser treatment can be washed
away. These 2D voids on the seeding surface can be replaced with a new cell population for
spatially controlled tissue patterning to investigate interactions between various cell types. As
indicated from western blot data, cells treated with ceMoS; lacking NIR exposure show minimal
changes to cell phenotype; therefore, cells outside the rastered zone would be expected to maintain

normal cell function.

~800 nm
4w
(a)
Ablated
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Figure 4-6. High intensity NIR exposure for local ablation of cells. (a) Schematic of 2D monolayer ablation of cultured
cells through selective exposure of high intensity NIR light on ceMoS; treated cells. (b) Untreated cells remain viable
even after exposure to NIR light, while cells pretreated with nanosheets were photothermally ablated with a high
degree of spatial control over the zone of apoptosis. (Scale bar 300 um)
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4.4 Conclusion

Here we have evaluated the bioengineering potential of a chemically exfoliated transition metal
dichalcogenide, specifically molybdenum disulfide. The 2D structure of this nanomaterial enables
stable interactions with biological molecules that can facilitate subsequent binding with the cell
membrane. Once localized to the cell surface, the ceMoS2 nanosheets can be exploited with NIR
light to generate a thermal stimulation. At high enough intensities, the light may be utilized to
achieve a high degree of spatial control over cell death or release of biomolecules. Further, the
combination of ceMoS; and low intensity NIR light may stimulate differentiation pathways within
hMSCs, providing a novel route of stem cell induction. Future studies will explore the specific
genetic mechanisms of this induction as well as optimal combinations of nanosheet combination
and NIR exposure length and duration for a more robust cell response. This photothermal system
provides a temporal mechanism over phenotype changes in treated stem cell populations and

provides an exciting avenue for regenerative applications.
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5. TRANSITION METAL DICHALCOGENIDE NANOCOMPOSITE FOR REGENRATIVE

ENGINEERING™

5.1 Introduction

Two-dimensional (2D) transition metal dichalcogenides (TMD), such as molybdenum
disulfide (MoS.), have gained unprecedented attention due to their unique atomically thin, layered,
and well-defined structure that provide distinctive physical and chemical properties compared to
bulk 3D counterparts.??® 265267 2D TMDs have high electron density and facile formation of lattice

atomic defects, enabling researchers to explore a wide-variety of applications in nanoelectronics??

268 228

, energy?5%-270 optics, sensors??®, catalysis?’!, photothermal agents for cancer treatments??” 272,
and biomedical research??*. Despite interesting properties of 2D TMDs, they are not extensively
investigated for regenerative medicine due to an inability to incorporate within biomaterial
scaffolds.

Here, we demonstrate a new approach of chemically conjugating 2D MoS; with polymeric
binder to form high-water content gels. This new approach of chemical conjugation between 2D
nanomaterials and polymeric chains utilizes the planar and edge atomic defects®®® available on
these nanomaterials. This will generate a chemically-reinforced polymeric network thereby
promoting the formation of mechanically resilient networks. The role of the atomic defects present

on the lattice plane of 2D MoS: to serve as an efficient catalyst in electrochemical production of

hydrogen has been well studied.?’*: 273 These atomic defects are mostly due to sulfur vacancies and

: Reprinted with permission from, “Jaiswal, M.K.; Carrow, J.K.; Gentry, J.L.; Gupta, J.; Altangerel, N.; Scully, M.;
Gaharwar, A.K. Vacancy-driven gelation using defect-rich nanoassemblies of 2D transition metal dichalcogenides
and polymeric binder for biomedical applications. Advanced Materials, 2017. Copyright 2017 John Wiley & Sons,
Inc.”

95



can act as an active center for catalysis. Molybdenum (Mo) is thiophilic?® and Sulphur (S) has a
strong affinity toward forming disulfide bond?’*, together they offer facile binding centers for
thiolated-molecules. Some recent works have demonstrated this ability of the 2D MoS; nanosheets
via thiol-activated ligand conjugation.??% 27>277 \We intend to exploit these vacancy-driven ‘active
centers’ to conjugate macromolecules with thiol-activated terminal such as PEG-SH via

chemisorption to form elastomeric and robust gel.

5.2 Materials and Methods

5.2.1 Materials and Synthesis: Defect-rich MoS2 nanoflowers were synthesized by dissolving
Hexaammonium heptamolybdate tetrahydrate, (NHs)s-M07024-4H20 and Thiourea, NH2CSNH>
(procured from Alfa Aesar) in 35 mL of deionized water. This solution was then autoclaved at
220°C for 18h [, After the solution cooled down to room temperature, the MoS; was washed with
water and ethanol several times to remove unreacted reagents and other impurities. To synthesize
all the compositions of MoS, nanoassemblies (1:1, 1:2, 1:4, and 1:6) the molar ratios of the
reagents were accordingly varied, (e.g. 1:1 MoS2 was synthesized using 1 mmol of

(NHa)s-M07024-4H20 and 7 mmol of thiourea).

The hydrogels were prepared by dissolving tetra-arm PEG-SH (Mol. wt. 20,000; procured from
Jenchem Technology, China) in a dispersion of MoS2 nanoassemblies (1:4) in deionized water.
The prepolymer solution of MoS2 and polymer binder was sonicated for 3h to ensure
homogeneous mixture was obtained. The solution was then stirred magnetically until it turned

viscous and eventually gel was obtained. Since the gelation time was directly linked with the
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available number of vacancy sites in MoS2 lattices, hence the duration can easily be altered from
a week of stirring (for significantly low number of vacancies e.g. 1:1) to few hours (for
significantly higher vacancies e.g. 1:4) and vice-versa. Furthermore, the solution can then be
injected into a desired shaped-mold and allow to gel. The prepared gel is further removed from the

mold and soaked in water/PBS to remove any unreacted reagents.

5.2.2 Calculation of active sites by cyclic voltammetry: Cyclic voltagram was performed for the
calculation of active sites in the samples following the standard protocol [1]. For this study, a three-
electrode configuration was used. During the measurements, a glassy carbon electrode (GCE,
diameter ¢ =2 mm), a platinum wire, and an Ag/AgClI (KCI saturated) electrode were used as the
working, the auxiliary and the reference electrode, respectively. Prior, experiments, the electrodes
were properly cleaned by polishing with different Alpha-alumina powder (1.0 and 0.3 micron and
0.05 micron provided by CH Instruments) suspended in ultrapure water on a Nylon polishing pad
(CH Instruments). After polishing with different alumina powder, the electrodes were thoroughly
rinsed with water. The electrodes were further sonicated with water and ethanol for 5 min to make
them clean properly. Electrochemical measurements were carried out using an electrochemical

workstation (Model No. CHI-660D instrument).

All MoS> samples (labelled 1:1, 1:2, 1:4, 1:6) were then deposited on the glassy carbon electrode
as working electrode. Typically, 10 mg mL™ of each sample was dispersed in ultrapure water and
50 pg of the sample was deposited on the GCE and dried it at room temperature. The active sites
were calculated by taking the absolute components of voltammetric charges (cathodic and anodic)
from the Cyclic Voltametry scan between -0.2 and 0.6 V (vs. RHE) with 50 mV.s! scan rate in

phosphate buffer solution (pH~7.0) and shown in Fig. S1. By considering one electron redox
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process was occurred during the reaction; therefore, the total charges were divided by two. The
number of active sites was obtained for the sample deposited on the electrode by using the

following equation.
Number of active sites (mol/g), n = Q/2F
F: Faraday constant (C mol™); Q: Voltammetric charges

5.2.3 Material Characterization: For morphological imaging of the MoS, nanoassemblies and
transverse section of the freeze-dried hydrogels, FEI Quanta 600 field emission-scanning electron
microscopy (FE-SEM) was used. Typically, the operational voltage was maintained at 20 keV with
secondary electron mode selected. Further for elemental mapping to confirm the presence of
molybdenum and sulfur in the gel samples, software controlled EDS (Energy-dispersive X-ray
spectra) detector was used and particular area was selected to map the presence elements and
record binding energy spectra. Prior imaging samples were exposed to Pt/Pd plasma coating of the

thickness of approx. 8 nm to enhance surface conductivity.

For transmission electron microscopy (TEM) images and selected area electron diffraction
(SAED), JEOL 2010 operated at 200 keV was used. For sample preparation, aqueous dispersion

of MoS2 samples were drop-casted and air-dried on copper grid (procured from Ted Pella Inc.).

The crystallographic phase of defect-rich MoS; nanoassemblies were confirmed by X-ray powder
diffraction (Bruker D8 advanced) using copper source (wavelength ~ 1.54 A). The data were
recorded from 5 to 70 degrees and obtained peaks were indexed using JCPDS card No. 73-1508.
The characteristic peak (002) was used to calculate crystallite size (D) using Scherrer equation

given as below:
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KA
B cosB

Where K is shape factor (approx. 0.94), 4 is X-ray wavelength, £ is line broadening at full withd

half maxima (FWHM), and @ is the Bragg angle.

Raman spectra is strong tool to confirm the phase composition of the nanoassemblies as well as
their chemical conjugation to the polymer binders. Solid powder samples of MoS> nanoassemblies
(1:1 to 1:6) were placed on glass slides and were excited by 532 nm green laser to obtain Raman
spectra (LabRam HR confocal Raman microscope, Horiba Inc. Japan). In case of gel, the Raman
spectra were recorded between 250 to 2850 cm™ after placing a gel piece onto the glass slide and

excited by the laser beam.

The confirmation of 2H phase of the synthesized defect-rich MoS, nanoassemblies and their
conjugation with polymer binder obtained from Raman spectra were further corroborated with X-
ray photoelectron spectroscopy (XPS) (Omicron XPS system with Argus detector). The binding
energies (B.E.) for Mo (3d) and S (2p) for MoS, samples along with that of carbon (C 1s) for
nanocomposites were recorded. The raw data were further processed and deconvoluted by

CasaXPS multiple peak fit software version 2.3.15 and indexed using standard library.

Further to determine the characteristic absorbance peaks of defect-rich M0S2, aqueous suspension
of MoS; nanoassemblies were subjected to UV-visible spectrophotometer (Perkin Elmer Inc.) and
the date were recorded from 300 to 800 nm. The presence of three peaks at approx. 470, 622, 668
nm confirmed the formation of dominant 2H phase. In order to determine the vacancy induced

photoluminescence (PL) intensity of the defect-rich MoS2 samples (1:1 to 1:6), aqueous
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dispersions were excited at 470 nm and room-temperature emission spectra were recorded from

550 to 700 nm using Spectrofluorometer (Zeiss Inc.) equipped with xenon arc lamp.

The gelation kinetics, viscoelastic properties, stress relaxation and stress/frequency sweeps of the
prepolymer solution/gel samples were analyzed using oscillatory stress controlled rheometer
(Anton Paar MCR 301) equipped with 1cm diameter geometry and 2mm gap. The uniaxial
compression tests were performed on the cylindrical samples (6mmx2 mm) at a strain rate of 1
mm/min using (Admet eXpert 7600 testing machine). The compressive modulus was calculated
from the slope in the toe region corresponding to 0.10-0.20 strain in engineering stress—strain

curve (force divided by original cross-sectional area).

5.2.4 In vitro Assay: Murine derived preosteoblasts (NIH MC3T3 E1-4, ATCC, USA) were
cultured in normal growth media (Alpha MEM, Life Technologies, USA), supplemented with 10%
FBS (Life Technologies, USA) and 1% penicillin/streptomycin (100 U/100 pg/mL; Life
Technologies, USA) at 37 °C with 5% CO». Nanoassembly uptake was monitored with bright field
microscopy following 3h treatment with a 100 pg/mL solution. Metabolic activity was measured
using MTT assay following manufacturer’s protocol. Briefly, cells cultured in a 24-well plate were
treated with a concentration sweep of 1:4 MoS: nanoassemblies, washed after 24h with PBS, and
cultured in new media with MTT reagent. Newly formed formazan crystals were dissolved in a
1:1 solution of DMSO:IPA and then measured on a spectrophotometer. Cell cycle analysis was
performed on cells cultured on tissue cultured polystyrene. DNA signal (FL2A channel) was
measured using the BD Accuri C6 Flow Cytometer and propidium iodine (PI) stain. Following
initial seeding, MC3T3’s were starved for 24 h to synchronize cell populations and treated with a

concentration sweep of 1:4 MoS, nanoassemblies. Cells were trypsinized after 24 h of treatment
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and fixed in cold 70% ethanol. Cell pellets were formed and washed in PBS, followed by
incubation in a PI staining solution containing RNase at 37 °C for 30 min. Cells were stored at 4
°C until analysis. Cell populations were initially selected based on forward scatter/side scatter
profiles, with subsequent gating placed on fluorescent signal plots to select individual stages
throughout the cell cycle. Gates remained consistent throughout measurement of different
concentrations. For 3D encapsulation, the nanocomposite solutions were prepared in control media
and placed in a sonicating bath until gelation was initiated as determined by rheology. Solutions
were then used to resuspend cells for encapsulation, where gels (8 mm diameter, 500 um thick)
were enabled to form in a 12-well plate and then covered in media. For monitoring cell viability
after 48 h, a prepared Live/Dead assay reagent from Calcein AM and Ethidium Homodimer (Santa
Cruz Biotechnology, Inc., USA) were added to the nanocomposites and incubated for 30 min at
37 °C. The samples were washed with PBS thrice and imaged using an epifluorescence microscope

(TE2000-S, Nikon, USA).

5.3 Results and Discussion

5.3.1 Nanoassembly Characterization

In 2D MoS;, molybdenum occupies a trigonal prismatic (Mo') coordination and bound to six
sulfide ligands. Sulfur occupies a pyramidal (S?) location and is coordinated with three
molybdenum atoms. This results in the formation of a layered structure with interconnected
trigonal prisms, wherein molybdenum atoms are sandwiched between layers of sulfur atoms.
Therefore, pristine MoS; structures provide minimum planar defects and lack sufficient “active

centers” for conjugation with polymeric molecules. To overcome this issue, we synthesized
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defect-rich MoS; by constraining the growth of the lattice to include atomic defects. By modulating
the precursor mole ratios of molybdenum:sulfur (1:1 to 1:2, 1:4, and 1:6), a series of nanosheets
with various degrees of defects were obtained (Figure 5-1a). These 2D nanosheets assembles to
form co-centric, well-segregated, hierarchical structures which resemble to a “flower” wherein the
nanosheet flakes form “petals”.?’% 2/8-2'% The formation of MoS; nanoassemblies occurs mainly
due to Ostwald ripening of flakes grown during hydrothermal process at higher temperature.?’?
Due to the rippled morphology, MoS. nanosheets remain unstacked and provide larger surface

area and easy access to planar defects.

The aqueous stability of MoS., nanoassemblies was investigated by zeta potential (Q)
measurements. Nanoassemblies were stable in water with C in the range of -35mV (£10%). No
significant difference in zeta potential was observed due to change in Mo:S ratios; however,
increase in thiourea content resulted in enhanced aqueous stability. The hierarchical
nanoassemblies were analyzed by scanning electron microscopy (SEM) and showed a typical size
was ~1.5-2 um (Figure 5-1b). The effect of thiourea precursor ratio (1:1, 1:2, 1:4, 1:6) and aging
time (6, 18 and 30h) on the morphological features of nanoassemblies were also investigated.
Following an increase in thiourea precursor ratio, the MoS; flakes tended to grow and evolved
rapidly, resulting in fully exfoliated and expanded “flower-/ike ” morphology. The aging time also
had significant effect on the structure of nanoassemblies. We observed that 18h is required to
obtain fully exfoliated, rippled nanoassemblies, while no significant effect was observed for longer

aging time (30 h).
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We then confirmed the hexagonal arrangement (2H phase) of 2D MoS», where each Mo atom is
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Figure 5-1. Defect-rich MoS; nanoassemblies. (a) The atomic lattice of MoS; with different Mo:S ratio, where each
molybdenum atom is coordinated by six sulfur atoms at 120° each, giving it hexagonal arrangement. Atomic vacancies
can be created by confined growth of the lattice. Defect-rich 2D MoS; assembles form spherical nanoassemblies. (b)
SEM image of nanoassemblies shows rippled flakes arranged spherically. (c) The 2H phase of MoS, lattice was
confirmed by X-ray diffraction pattern obtained for different feed precursor ratios (molybdenum:sulfur). (d) TEM of
the nanoassemblies along with selected area electron diffraction (SAED) confirmed hierarchy of assembled
nanostructure. (e) X-ray photoelectron spectroscopy of MoS, samples analyzed for Mo and S binding energies confirm
the hexagonal arrangement. (f) Raman spectra confirmed the presence of two prominent peaks (E'zq and Aig)
corresponding to 2H phase, while their intensity ratio supported the consistent increment in intensity related to out-
of-plane vibration of S atoms with increase in sulfur feed precursor ratio. (g) Photoluminescence (PL) spectra of MoS;
nanoassemblies depicting the evolution of signals due to defect sites and was directly proportional to the number of
active-centers. Reprinted with permission from Jaiswal et al., 2017.
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coordinated with 3 in-plane sulfur atoms at 120°, using x-ray diffraction (XRD), selected area
electron diffraction (SAED) and X-ray photoelectron spectra (XPS).

The diffraction peaks of nanoassemblies (100, 002, 103, 110, and 004) agree well with the
hexagonal MoS; (JCPDS card No. 73-1508), indicating the high purity of synthesized MoS>
(Figure 5-1c). The gradual decrease in peak broadness (002) as characterized by full width at half
maximum (FWHM) using the Scherrer equation indicated an increase in crystallite size. FWHM
for 1:1 (Mo:S) was 1.137 radians, which reduced to 0.893 radians for 1:6 (Mo:S). The crystallite
size, calculated from Scherrer equation, increased from 7.82 nm for 1:1 ratio to approx. 9.96 nm
for 1:6 ratio sample. These findings suggest the formation of more ordered phase of MoS> with
increasing thiourea content, which correlates with previous reports?’9-28, The representative
transmission electron microscopy (TEM) images along with the SAED pattern indicated the
crystalline nature of 2D MoS; nanoassemblies (Figure 5-1d). The indexed SAED patterns
corroborated the MoS; lattice planes observed in XRD pattern. The rippled morphology of MoS:
nanoflakes provides easy access to active centers as it inhibits flake stacking. The XPS of MoS;
nanoassemblies were de-convoluted for Mo and S (Figure 5-1e). XPS data indicate the binding
energies of Mo** 3ds2 (228.31 eV) and 3ds, (231.46 eV), while for to S? 2ps;, (161.06 eV) and
2p12 (162.25 eV). The difference in binding energy between Mo** 3ds/, and 3da, was A=3.15 eV,
which further confirmed the formation of dominant 2H phase. These observations indicate the

formation of defect-rich MoS..

The number of active-centers (or defect sites) available on 2D MoS, nanoassemblies was
determined by Raman spectroscopy and cyclic voltammetry. From the Raman spectra (Figure 5-

1f), in-plane vibrations of two S atoms with respect to Mo (E'24) was blue-shifted from sample 1:1
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(374.3 cm™) to 1:6 (376.5 cm™), while the out-of-plane vibration of single S atom, A1q (401.8 cm’
1 remained the same for all samples. Raman spectroscopy is a strong tool to ascertain increased
built-in lattice strain by changes occurring at the E,q peak position, which can be attributed to the
rippled morphology of the crystal. Furthermore, the peak intensity of Aig, which otherwise
signifies the interlayer van der Waals interactions, was amplified with an increase in thiourea
content, more so, the ratio of Aig/Elg was significantly enhanced from 1:1 (0.7) to 1:6 (2.3)
nanoassemblies. This further demonstrates the presence of unsaturated lattice atoms and increased
crystal layer thickness, as predicted by Scherrer formula in XRD data which eventually give rise
to high intensity Raman peaks?®!. We further used cyclic voltammetry to determine the number of
active-centers. The density of the active-centers in 1:1 was found to be 0.59x10™* moles/g, which
increased to 2.10x10* moles/g for 1:6. To further validate the presence of defect sites, we
performed photoluminiscence (PL) spectra of nanoassemblies, as an increase in defect sites
directly affects photoluminiscence characteristics of 2D MoS,. A strong UV absorption peak was
observed at 470 nm for MoS> nanoassemblies. Therefore, we carried out the PL spectra of these
nanoassemblies by exciting at 470 nm and recording the emission spectra between 550 to 700 nm
(Figure 5-1f). The gradual amplification in peak intensities (580, 610 and 680 nm) from 1:1 to 1:6
samples can be attributed to the increased number of defects in the crystal lattice. For lower
precursor ratios (e.g. 1:1 and 1:2), due to oriented growth of the crystals, we observed fewer atomic
vacancies; however, the excess addition of thiourea resulted in confined MoS, growth and
generated more atomic vacancies. Overall these results suggested that with the increase in thiourea

concentration, the number of ‘active centers (or defect site)’ was also increased.
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5.3.2 Gelation Kinetics of Nanoassembly Composites
We hypothesize the defect-rich MoS; nanoassemblies provide abundant “active centers” for

covalent binding with multi-arm poly(ethylene-glycol) thiol (4-arm PEG-SH).
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Figure 5-2. Vacancy-driven gelation of MoS; and PEG-SH. (a) The presence of vacancies in MoS; provide “active
centers” for chemisorption (Mo-S and S-S interactions) of thiolated polymer chains (4-arm PEG-SH) leading to
formation of crosslinked hydrogels. (b) Shear-thinning characteristic of prepolymer solutions. 10% PEG-SH show
Newtonian behavior. The viscosity of prepolymer solutions increases with the addition of MoS; and display shear-
thinning characteristics. Power Law model was fitted to determine power law index and consistency co-efficient. (c)
Photographs showing formation of crosslinked hydrogels from PEG-SH/2%MoS,. While PEG-SH remain sol after
3h. (d) Gelation kinetics of PEG-SH and PEG-SH/2%MoS; confirm vacancy-driven gelation of defect-rich MoS;
nanoassemblies and PEG-SH. (e) Stress relaxation behavior of crosslinked hydrogels revealed higher network stability
with 2% MoS; compared to 0.25% MoS; under 5% strain. (f) Stress sweep indicate stability of crosslinked gel under
shear stress. Reprinted with permission from Jaiswal et al., 2017.
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Molybdenum from MoS: nanoassemblies maintains preferential conjugation to sulfur from PEG-
SH and results in the formation of covalently crosslinked network (Figure 5-2a). The potential of
defect-rich MoS; nanoassemblies for the gelation of a polymeric network has not been previously
reported to our knowledge.

By controlling the concentration of MoS2 nanoassemblies, gelation kinetics, mechanical stiffness,
and physiochemical characteristics of the hydrogel network can be modulated. The advantages of
this vacancy driven gelation process are it does not require external stimuli such as UV exposure
and thermal agitation and provide facile approach to encapsulate cells and proteins for biomedical

applications.

Due to presence of “active centers”, it is expected that MoS2 nanoassemblies will strongly interact
with PEG-SH. To investigate these interactions, the viscosity of prepolymer solution was
determined at different shear rates using a rheometer (Figure 5-2b). The shear-thinning
characteristics of pre-polymer solution was investigated by fitting Power Law (or Ostwald) Model.
The power law index (n), calculated from fitting viscosity (77 = Ky"1), where K is consistency
factor and y is shear rate. A Newtonian fluid will have n = 1, while a shear-thinning fluid will have
0 < n < 1. The viscosity of PEG-SH is unchanged at shear rate from 0.01 to 100 1/s, indicating
Newtonian behavior. However, with the addition of MoS> nanoassemblies (1:4), viscosity of the
pre-polymer solution changes significantly and display a shear-thinning characteristic (n < 0.3).
For example, the viscosity of PEG-SH/2%MoS, was 10° mPa.s at low shear (0.01 s™) which

drastically reduced to about 10 mPa.s at 100 s2.

The addition of MoS2 nanoassemblies to PEG-SH induced vacancy-driven gelation. The gelation

phenomenon is evident from the photographic images of the PEG-SH and PEG-SH/MoS;
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compositions (Figure 5-2c). The gelation kinetics was monitored by placing the pre-polymer
solution containing 4-arm PEG-SH (10%, Mw ~ 20,000) and MoS> nanoassemblies (2%) in DI-
H>0, and monitoring storage modulus (G") overtime (Figure 5-2d). The PEG-SH solution does
not form gel as G’ remained unchanged over 6h, while the addition of 2% MoS; resulted into
crosslinked hydrogel within 4h as G* plateau at 3kPa. This indicated that the chemisorption of
sulfur atoms via Mo-S interactions between MoS; nanoassemblies and PEG-SH transformed the

polymer network into a viscoelastic gel.

By modulating the number of defect sites, gelation kinetics can be controlled. The gelation kinetics
of pre-polymer solutions containing PEG-SH and different ratios of MoSz nanoassemblies (1:1,
1:2 and 1:6) were investigated. The results show that the number of defect in MoS; nanoassemblies
control the gelation kinetics and mechanical strength of crosslinked network. For example, with
an increase in vacancy sites rapid gelation and stiffer network were formed. Other parameters that
can be modulated to obtain desired gelation kinetics and mechanical properties are molecular
weight and/or number of thiol-activated terminals in polymeric binder. For example, shorter chain
length of polymeric binder might result in significantly higher crosslinking density and limited
elastomeric characteristics, while long chain polymeric binder might promote elastomeric
characteristics of nanocomposite hydrogels. It is possible that if chain lengths of polymeric binders
are shorter, thiol-activated terminals present on polymeric binder might conjugate on same MoS:
nanoassemblies and may result in lower mechanical stiffness.

The network stability of the crosslinked gels is highly dependent on the molybdenum-sulfur

interactions, further highlighted by stress-relaxation experiments (Figure 5-2¢). The crosslinked

108



hydrogel (2 mm thick) was subjected to 5% strain (y) at 1Hz and stress, o, was determined as a

function of time (t).
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Figure 5-3. (a) Gelation of PEG-SH in presence of defect-rich MoS; nanoassembly synthesized in precursor ratios
1:1, 1:2 and 1:6 in cell-culture media. The presence of increased number of atomic vacancies on the MoS lattice
facilitates the rapid gelation and forms stiff network. (b) Osscilatory stress sweep of hydrogels prepared in cell
culture media. The effect of cell culture media is substantial on crossover point of hydrogels and mechanical
properties when compared gels prepared in DI water (Figure 5-2f). (c) Rheological frequency sweep for gel made
with 2% MoS; depicts the stability of the gel up to 10 Hz of oscillation. Reprinted with permission from Jaiswal et
al., 2017.

Normalized relaxation modulus was calculated as G(t)/G(i), where non-linear shear relaxation
modulus is defined as G(t)=a(t)/y and instantaneous modulus as G(i). The results showed a
significant change in stability of the network with higher MoS; concentration over a longer time.
The hydrogel with low MoS> concentration (PEG-SH/0.25%Mo0S;) relaxed rapidly (~40s) and
dissipated more than 25% of initial strain energy within 1000s. While hydrogel loaded with higher
concentration of MoS; (PEG-SH/2%MoS>) did not dissipate its strain energy and maintained

network stability, indicating a greater prevalence of Mo-S interactions between PEG-SH and MoS>
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nanoassemblies. Furthermore, the network stability was also determined using oscillatory shear
sweep experiments (Figure 5-2f). The crossover of G” and G", which essentially signifies the
dynamics of network rupture, occurred at ~5 Pa for PEG-SH/0.25%MoS; hydrogels and ~ 50Pa
for PEG-SH/2%MoS>. From the stress sweep experiment, we also determined yield stain of the
crosslinked networks, where G deviate from the linear viscoelastic region (LVR). The rheological
time, stress, and frequency sweeps for PEG-SH/2% MoS: indicate a dependency on nanoassembly
ratios as well as concentration of the nanoassemblies (Figure 5-3). The crosslinked hydrogels
(PEG-SH/2%Mo0S;) showed remarkable mechanical resilience and could be stretched, bended and

twisted easily (Figure 5-4a).
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Figure 5-4. Mechanically stiff and elastomeric hydrogel from defect-rich MoS; nanoassemblies and PEG-SH. (a)
Photographs of crosslinked hydrogels (PEG-SH/2% MoS,) show high mechanical flexibility. Crosslinked hydrogels
can sustain stretching, bending and twisting without plastic deformation and can recover back to original shape. (b)
Uniaxial compression demonstrate formation of mechanically stiff hydrogel network. The compressive modulus
increases from 8 kPa to 25 kPa with an increase in MoS; concentration from 0.25 to 2%. (c) SEM images of a
transverse section of hydrogel (PEG-SH/2% MoS;) show porous and interconnect network. Energy-dispersive X-ray
spectroscopy (EDS) spectra and mapping confirmed the presence of Mo and S in the crosslinked network. Reprinted
with permission from Jaiswal et al., 2017.
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These hydrogels could be twisted five-times without fracture, indicating its potential use in several
biomedical applications under dynamic mechanical environments. The hydrogels were further
characterized via uniaxial compression test to determine compressive modulus from stress-strain
curves. Due to a lack of gelation, PEG-SH compositions lacking MoS, were not evaluated. The
addition of MoS; to PEG-SH resulted in linear increase in compressive modulus from 8.6+0.6 kPa
(PEG-SH/0.25%Mo0S;) to 27.7+1.1 kPa (PEG-SH/2%MoS2) (Figure 5-4b). Elastomeric
characteristics of crosslinked hydrogels were investigated using cyclic compression (40%
compressive strain). All PEG-SH/MoS: hydrogels displayed >99% recovery in compressive
modulus following four cycles. These results demonstrated the mechanical robustness and
elasticity of PEG-SH/MoS> hydrogels, highlighting the role of “active centers” present on MoS:

sheets to chemically conjugate with PEG-SH.

We further carried out scanning electron microscopy (SEM) of the transverse section of freeze-
dried hydrogels to determine the distribution of MoS, nanoassemblies within the crosslinked
network (Figure 5-4c). SEM images show interconnected porous network with pore size ~ 10 pm.
We further confirm the presence of MoS nanoassemblies using energy-dispersive X-ray spectra
(EDS). The EDS mapping of the selected area for Mo and S clearly confirms the presence of MoS;

nanoassemblies interconnected with polymer.

5.3.3 Gelation Mechanism of MoS, Nanoassemblies

To investigate the gelation mechanism, Raman and X-ray photoelectron spectroscopy (XPS) was
performed to determine the chemical conjugation between MoS: nanoassemblies and PEG-SH. It
was expected that the vacancy-driven gelation involved Mo (from MoSz nanoassemblies) and S

(from PEG-SH) as well as possible disulfide linkages between PEG-SH and S (from MoS;

111



nanoassemblies). 4-arm PEG-SH interactions with Mo on the MoS; lattice formed Mo-S bond due
to chemisorption at the “active centers” (or defect sites). Raman spectra analysis of PEG-SH shows
two thiol peaks at about 670 cm™ (due to -SH deformation) and 2570 cm™ (due to -SH stretching)
(Figure 5-5a). These peak intensities reduced significantly when the hydrogel was formed in

presence of 0.25% MoS; and completely disappeared when 2% MoS> was added. An overall
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Figure 5-5. Chemical confirmation of vacancy-driven gelation. (a) Raman spectra of PEG-SH along with gels made
with 0.25% and 2% MoS,. The thiol vibrations at 670 cm™ and 2570 from PEG disappeared in the crosslinked
hydrogels due to formation of new bond with MoS,. (b) XPS of hydrogel shows the change in binding energy of
carbon (C 1s) peak due to C-S-Mo formation while two additional peaks appeared in Mo 3d spectrum belonging to
PEG-MoS,. Raman and XPS together suggest the new bond formation at the site of vacancy via chemisorption.
Reprinted with permission from Jaiswal et al., 2017.

attenuation in the characteristic Raman signatures of PEG-SH in the nanocomposites was
observed. This might be due to the presence of MoS, nanoassemblies and/or porous nature of the

dried hydrogel network which hinders the number of molecules from the polymer chain to interact
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with the incident laser beam and produce Raman signals. In nanocomposite samples, the
disappearance of thiol peaks demonstrates the chemisorption of sulfur (from PEG-SH) to the MoS>
lattice due to the strong affinity of Mo atoms towards sulfur. In addition, two additional peaks at
377 cm™ and 402 cm™ belonging to Elyg (in-plane vibration of S atoms with respect to Mo) and
Ayg (out-of-plane vibration of S atom) of MoS: were also affected due to crosslinking. For
example, Aig/Elyg ratio for MoS; nanoassemblies (1:4) was 1.9, while for crosslinked hydrogels
A1g/ELyy ratio was 2.05 (PEG-SH/0.25%MoS;) and 3.44 (PEG-SH/2%MoS,), indicating an
increase in van der Waals interactions from crosslinking between MoS, nanoassemblies and

polymer chains.

To corroborate the Raman data on gelation mechanism, we carried out XPS analysis of carbon 1s
and molybdenum 3d core level electrons from covalently crosslinked hydrogels and compared
them with PEG-SH and MoS; (Figure 5-5b). From carbon (1s) spectra, peaks belonging to sp?,
C-C, C-O and C-S in PEG appeared at 284.1, 284.7, 285.1 and 286.5 eV respectively. Binding
energies for all peaks decreased after gelation, while the C-S peak decreased significantly due to
direct interaction of molybdenum from MoS> with PEG-SH, which facilitates C-S-Mo formation.
From molybdenum (3d) spectra, the peaks of 3ds/2 and 3ds2 from MoS: shifted following gelation.
In addition, Mo spectra from crosslinked hydrogels revealed formation of two new bands when
compared with pristine MoS.. Specifically, new peaks appeared at 228.2 and 235.2 eV, which can
be attributed to the formation of C-S-Mo due to chemisorption of sulfur. Overall, both Raman and

XPS confirmed vacancy-driven gelation mechanism between MoS> nanoassemblies and PEG-SH.

To evaluate the biomedical application of 2D MoS, nanoassemblies, we first investigated the

interaction between nanoassemblies and mouse preosteoblast cells (MC3T3 El-subclone 4). As
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limited studies have investigated MoS; nanoassemblies for biomedical applications, we evaluated
morphology of cells in presence of MoS: nanoassemblies. Bright field microscopy revealed that
MoS; nanoassemblies (10 ug/mL) readily attach to cell membrane and potentially internalized by
cells via endocytosis (Figure 5-6a). The cells showed normal spindle shape phenotype in presence
of MoS; nanoassemblies and no adverse toxicity was observed at macroscopic level. Following
these initial assessments, cytotoxicity assay (MTT) was performed after cells were subjected to
increasing concentration of MoS> nanoassemblies (0-10 mg/mL) (Figure 5-6b). The cell viability
was not affected at lower concentration of MoS; nanoassemblies (<100 pug/mL). At higher MoS;
nanoassemblies concentration (100ug/mL to 10 mg/mL), a decrease in cellular viability was
observed ~60%. It is possible that at higher concentrations, MoS, nanoassemblies limit cellular
function through activation of intracellular stress responses. Despite subjecting cells to 10 mg/mL
MoS; nanoassemblies, half maximal inhibitory concentration (ICso) was not observed, while other
2D nanomaterials such as nanosilicates and graphene have ICso of ~ 5 mg/mL and ~1 mg/mL,
respectively.'?> 282 To investigate the effect of MoS, nanoassemblies on cell proliferation, cell
cycle analysis was performed (Figure 5-6¢). At lower MoS; concentration (~ 10 pg/mL), no
significant change in the G2/M population was observed, however at higher concentrations (~ 100
and 1000 pg/mL), a significant decrease in G2/M cell population was observed signifying a shift
into a lower proliferative state. Moreover, at higher concentrations, a significant increase in the
apoptotic population was also observed, supporting the cell viability assay. Overall, these studies
demonstrate the cytocompatibility of these nanomaterials, particularly in comparison to other types
of 2D nanomaterials. Furthermore, these results indicate the eventual degradation products of

PEG-SH/MoS:> gels would not inhibit normal cellular function in the surrounding tissue.
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5.3.4 Biomedical Relevance of Nanocomposite Hydrogels
The facile synthesis of nanocomposite hydrogels via vacancy-driven gelation between MoS;

nanoassemblies and PEG-SH can be used to encapsulate and deliver cells for regenerative

medicine.
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Figure 5-6. In vitro cytocompatibility of MoS, nanoassemblies and PEG-SH/MoS; hydrogels. (a) MoS;
nanoassemblies readily adhere to cell membrane (dark area) and does not alter cellular morphology. (b) The viability
of cells in presence of different concentrations of MoS; nanoassemblies was determined using MTT cytotoxicity assay.
(c) The effect of MoS; nanoassemblies on cell-cycle was evaluated using flow cytometry. The results show that high
cell population in G2/M phase at lower MoS; concentration shifts to apoptosis phase at higher MoS, concentrations.
(d) Gelation kinetics of PEG-SH and 2% MoS; nanoassemblies (1:4) in culture media exhibited accelerated gelation
and stiffer network due to the presence of mineral ions in the media. (e) The physical stability of gel in culture media
as well as in excess thiol was determined. While gel maintains its structural integrity in culture media, it gets dissolve
in DTT due to presence of excess thiol. (f) The facile vacancy-driven gelation between PEG-SH and MoS;
nanoassemblies allows easy cell encapsulation without adversely affecting cell viability (> 85%) after 48h as observed
in confocal microscopy image (Green=live cell, Red=dead cell). Reprinted with permission from Jaiswal et al., 2017.
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To confirm the ability of hydrogel formation in cell culture media (a-MEM), we mixed MoS;
nanoassemblies and PEG-SH and monitor the gelation kinetics using rheometer. A significant
reduction in gelation time and increase in storage modulus (G~ 11kPa) in 1.5 h was observed
(Figure 5-6d). The improved gelation kinetics in cell culture media compared to DI water might
be attributed to the presence of mineral ions that facilitate the vacancy-driven reaction. The
stability of nanocomposite hydrogels in cell culture media was monitored for 48 hours to evaluate
its ability to support encapsulated cells (Figure 5-6e). PEG-SH/2%MoS> hydrogels readily
swelled (4-6 times) in media and retained the initial shape. However, a significant dissociation was
observed in solutions containing excess thiols (e.g. dithiothreitol (DTT)), indicating a breakdown
of thiol-based linkages between PEG-SH and MoS: nanoassemblies. The stability of
nanocomposites hydrogels in media is expected to limit the immediate release of MoS;

nanoassemblies, maintaining concentrations within cytocompatible ranges.

Due to facile cross-linking process, we can encapsulate cells within the nanocomposite hydrogel
network. As no photoinitiator or radical initiators were used, it is expected that cells will be able
to survive the gelation process. We added cells to pre-polymer solutions containing 10% PEG-SH
and 2% MoS> nanoassemblies in cell culture media. The gelation was allowed by placing the gel
solution within a well-plate and incubated at 37 °C. Cells survive the gelation process and maintain
high viability after 48 hours, as evident by high number of live (green) cells compared to dead
cells (red) (Figure 5-6f). This show that vacancy-driven gelation between MoS; nanoassemblies

and PEG-SH has the potential to deliver cells for regenerative medicine.
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5.4 Conclusion

Overall, we demonstrated a new approach to form chemically crosslinked hydrogels by utilizing
vacancies in 2D TMDs and polymeric binder. This approach explored planar and edge atomic
defects available on 2D nanomaterials, which can be easily generalized to other 2D nanomaterials.
We successfully synthesized a range of defect-rich MoS2 nanoassemblies by allowing the confined
growth of the lattice with atomic defects. These defect-rich MoS; nanoassemblies provided
abundant “active centers” for covalently binding multi-arm PEG thiol. The addition of MoS;
nanoassemblies to PEG-SH induced vacancy-driven gelation and results in covalently crosslinked
hydrogel networks. Molybdenum, from MoS> nanoassemblies, demonstrated preferential
conjugation to sulfur from PEG-SH. As nanoassemblies can have controlled generation of active
sites, conjugation to multiple polymeric chains is enabled, virtually acting as a crosslink epicenter
to reinforce polymeric hydrogels. Mechanically robust and elastic hydrogels were formed using
this facile process without external stimuli such as UV exposure, thermal agitation, chemical
radical etc. MoS nanoassemblies and nanocomposite hydrogels are cytocompatible and can be
used to encapsulate cells. The vacancy-driven gelation approach can be used for a range of
biomedical applications including tissue engineering, regenerative medicine, and cell and
therapeutic delivery. In addition, the hydrogels loaded with MoS2 nanoassemblies can be used to
develop light-actuating structures using 3D bioprinting. The proposed vacancy-driven gelation can
be widely-applied to form hydrogels from different types of 2D nanomaterials for biomedical

applications.
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6. FUTURE RECOMMENDATIONS

The current tissue engineering paradigm is a convergence of three primary components that work
in concert to produce functional tissue regeneration, specifically biological cells, biochemical
factors, and scaffolding material.1” As evidence by much of this work, researchers are currently
devising methods to transition away from incorporating biological cues to that of a completely
synthetic system for stem cell induction. Central to this transition; however, is the determination
of cellular analysis techniques that best predict regenerative outcomes short of introducing the
investigated nanomaterial into the body. The majority of publications in literature tend to limit
their scope to known genetic and protein targets indicative of differentiation. While we extended
our examinations of nanomaterial-cell interactions to monitor whole-transcriptome changes within
the population using RNA-sequencing, we were still limited to a single time point, single dosage
and duration, and single cell type. Even though our study provided this view at a single moment
in time, we can add our data to the Gene Expression Omnibus (GEO). This online repository
enables investigators from around the world to submit their functional genomics data within a
single digital location. External users can leverage this curated information by searching for

specific transcripts of interest and scale factors against each other to elucidate mechanistic patterns.

One group that has taken advantage of this availability of information is that of the Discher Group
at the University of Pennsylvania. In a recent publication, they utilized previous findings by other
groups to generate nonlinear scaling relationships between factors or transcripts that were
previously undiscovered.?® This post-hoc analysis enables investigations between gene targets

stimulated by a variety of mechanisms. From this, we can better understand potential pathways
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regulating cell behavior during the regenerative process. Following a similar protocol, it would be
useful to generate a library of scaling sets as predictors for stem cell induction that could further
be expanded to bioactive nanomaterial evaluation. Furthermore, these genomic factors could be
compared against proteomic data considering RNA transcript translation into proteins are superior

indicators of changes to stem cell phenotype.

This comparison of 2D nanomaterials provided a novel investigation into the effects of
nanoparticle chemistry and size on cell behavior while maintaining anisotropic structure. A
limitation of this perspective, however, is that the size and chemistry could not be decoupled
following nanomaterial synthesis. To better address this concern, new 2D nanoparticles could be
synthesized to generate nanoparticles with variable chemistry while maintaining size and 2D
structure. Specifically, a variety of stoichiometric mineral combinations could be attempted using
a modified Stober method.?® A synthesized library of mineral nanoparticles would differentiate
the effects size and chemistry on stem cell behavior. These particles could be multiplexed using
the newly defined RNA-seq methodology outlined here. Results generated from these experiments
would indicate changes to stem cell transcriptome and direct future investigations into potential

regenerative avenues for the 2D nanomaterials.

Lastly, there is a lack of understanding regarding nanoparticle outcomes within hydrogel systems
with encapsulated cells. Specifically, tracking nanoparticle interactions with cells over time is
difficult without chemical modifications to the particle surface. One potential option would be to
section constructs after fixation and perform Raman Scattering analysis over areas of a single cell
to evaluate uptake within a 3D environment. Alternatively, hyperspectral imaging may be able to

discern the distribution of nanoparticles in and around embedded cells. Results from these
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experiments would provide insight as to the kinetics and amount of direct interactions with
nanomaterials within these potentially implantable materials. It is expected that uptake of particles
within hydrogels would be significantly reduced due to the physical and/or chemical interactions
with the surrounding polymeric matrix. The effect of this reduction on engineering cell behavior

will require future in vivo analysis to quantify biocompatibility and regenerative success.
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7. CONCLUSIONS

Over the course of these studies, we introduced a novel comprehensive methodology to approach
nanoparticle characterization with stem cells. Specifically, by uncovering the interactions between
cells and 2D nanoparticles, cell behavior can be tailored toward a specific regenerative response.
Furthermore, following characterization, we can incorporate these nanomaterials into 3D hydrogel
scaffolds. In all, we have concluded that whole transcriptome analyses provides a suitable
foundation from which to build a collection of nanocomposite scaffolds for regenerative

engineering.

In Study 1, “Whole-Transcriptome Analysis of 2D Nanosilicate Treated Stem Cells,” a novel
methodology was developed to evaluate holistic changes to stem cell signaling for regenerative
engineering applications following an introduction of a nanomaterial. Specifically, Laponite XLG,
a nanosilicate, was introduced to evaluate potential genomic mechanisms of bioactivity towards
osteochondral lineages. From this study, nanosilicates triggered a cascade of signaling pathways,
predominantly through membrane receptor-triggered and stress-responsive MAPK avenues.
Subsequently, stem cells synthesized proteins indicative of both osteo- and chondrogenic lineages,
depending on media conditions, and could be inhibited through a chemical means targeting
MEKZ1/2 signaling within MAPK. In all, we developed a framework from which to evaluate the

regenerative potential of novel nanomaterials.
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In Study 2, “Nanosilicate-Polysaccharide Composites for Cartilage Bioprinting” bioactive
nanosilicates from Study 1 were incorporated within multiple natural polymer kappa-Carrageenan
systems. Chemical modifications to the polymer backbone enabled multiple crosslinking
mechanisms, providing enhanced control over mechanical and biological properties. The inclusion
of nanosilicates within these polymeric solutions rendered these nanocomposites injectable and
printable as bioinks, useful particularly for fabricating personalized cartilage-specific matrices.
On-demand UV crosslinking of methacrylated kappa-Carrageenan inks provided structural
robustness capable of generating unique 3D structures following extrusion from a printer nozzle

while maintaining cell viability.

From the perspective of a separate 2D nanomaterial, in Study 3, “Molybdenum Disulfide as a
stimuli responsive 2D nanomaterial for regenerative medicine” we characterized changes in stem
cell behavior again using molecular biology techniques following nanomaterial introduction, as
demonstrated in Study 1. Synthesized nanosheets of chemically exfoliated molybdenum disulfide
displayed notable cytocompatibility in vitro. Furthermore, nanosheets provided near infrared
responsiveness to activate stress-responsive pathways within treated stem cells. A focused laser
on treated stem cells initiated cell apoptosis due to local ablation. However, a reduction in near

infrared power in the form of LEDs motivated stem cells to differentiate.

Lastly, molybdenum disulfide was chemically crosslinked within hydrogels in Study 4, “Manish’s

paper”. A four-arm poly(ethylene glycol) with terminal thiol groups provided sites to attack defect-
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rich sites on the molybdenum disulfide nanomaterial surface. Hierarchical structures of
molybdenum disulfide were developed to leverage the unique anisotropic structure of the
nanomaterial for the generation of stable hydrogel constructs. Changing the number of atomic
defect sites through chemical means during synthesis impacted gelation kinetics and mechanical
robustness. Stem cells could be encapsulated within these nanocomposite solutions during the

crosslinking process to generate cell-laden hydrogel constructs.

Taking an unbiased approach to measure the stem cell transcriptome has the potential to uncover
pathways of activation not previously considered. To achieve this sensitive yet holistic snapshot,
RNA-sequencing plays a central role. At any given time point, we can directly compare signaling
of cell populations under a variety of media conditions. Subsequently, we can generate quantitative
data that highlights differences or similarities between current growth factor therapies and
nanomaterials of interest. While this technique may elucidate a wide array of cellular function
from a genetic perspective, all conclusions need to be placed in the context of time. In other words,
duration of treatment and timing of RNA isolation from samples will significantly impact
transcriptome profiles. As a safeguard for researchers, validation of RNA-sequencing data is
required prior to drawing conclusions regarding nanomaterial regenerative potential. Downstream
protein synthesis and movement of cell machinery can provide a more targeted measurement of

changes to cell phenotype after performing RNA-sequencing.

From a biomedical engineering standpoint, these nanomaterials can be introduced to cells as a

therapy through a couple of methods. Nanomaterials can be applied to cultured cells prior to
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injection of these expanded populations in an attempt to direct cell behavior ex vivo. Due to low
viability following injection of these cells, hydrogel vehicles containing the nanomaterial of
interest can be utilized to both shield cells from high shear stresses and localize biological material
in the body. Furthermore, by incorporating nanomaterials within a three-dimensional space, cells
may receive bioactive cues that more aptly mimic the physiological environment. Couple this with
a more anatomically relevant hydrogel structure, achieved by three-dimensional printing, and

implant success may be improved.

Transcriptomic evaluation uncovers a wide array of signaling events following treatment with two-
dimensional nanomaterials. These results can be leveraged to engineer enhanced three-
dimensional hydrogel constructs to augment those highlighted signaling processes. In all, this
culmination of work takes a fundamental biological perspective to improve the tissue engineering

process.
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APPENDIX A
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Figure A.1: (a) Network of GO terms and expressed gene clusters around each respective correlating term illustrating
highly interconnected stimulation with nanosilicates; (b) GO terms could be subsequently divided into four primary
cellular systems including basic processes, membrane organization, kinase signaling, and differentiation responses;
(c) gene network displaying interconnected genetic targets after nanosilicate treatment with high degrees of expression
and statistical significance (red—upregulated, green—downregulated; size increases with significance).
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Figure A.2: Nanosilicate effect on cellular processes. (a) Metabolic activity, assessed via MTT assay, remained
unaffected by nanosilicate introduction at bioactive concentrations. Minimal effect of nanosilicates was observed on
cell health monitor via (b) Alamar blue assay and (d) cell cycle analysis over multiple concentrations. (c) Effect of
nanosilicate on cytoskeletal organization.
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Figure A.3: (a) Replicate variation of RNA-se samples. Correlation for replicates among untreated and treated
populations, respectively, indicate high degrees of reliability and consistency between tested samples. (b) Broad
grouping of GO terms into three main groups: biological processes, cellular component, and molecular function. (c)
GO terms specific to endocytosis process. (d) PCR validation of RNA-seq specific to a gene controlling clathrin
machinery (clathrin heavy chain like 1; CLTCL1).
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APPENDIX B
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Figure B.1. Oscillatory stress sweep (1 Hz) indicated that high nSi compositions approached the storage and loss
moduli of native cartilage with the application of shear stress.
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APPENDIX C

2.0
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Figure C.1. MTT assay of hMSCs exposed to MoS; leachable materials. Bulk MoS; showed the greatest change in
cell viability following a 24 hour exposure to materials isolated within a transwell membrane. Soluble Mo had an
equivalent impact on cell health as ceMoS;, indicating the negative cell response at high concentrations may be
related to stress imparted by physical binding to the cell surface.
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