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Human neural stem cells (hNSCs) are critical for regenerative medicine and disease modeling due
to their self-renewal and ability to differentiate into neurons, astrocytes, and oligodendrocytes.
These traits make hNSCs ideal for repairing neural tissue and studying neurodegenerative
disorders like Alzheimer’s and Parkinson’s, which are increasingly prevalent in aging populations
and carry significant socioeconomic costs. Stem cell-based strategies offer transformative potential
for therapeutic development and mechanistic studies. However, hNSC applications are hindered
by current in vitro culture systems. Conventional 2D platforms, often using murine-derived
extracellular matrix (ECM) coatings like Geltrex or Matrigel, fail to mimic the brain’s 3D
microenvironment. These materials are not chemically defined or xeno-free, posing regulatory and
safety challenges for clinical translation. Cells grown on such substrates require extensive testing
to meet current Good Manufacturing Practice (cGMP) standards, increasing costs and complexity.

Moreover, 2D systems lack physiological relevance, contributing to the high failure rate of drug

candidates in clinical trials.

This dissertation addresses these challenges through a systematic exploration of chitosan-

based biomaterials as a versatile, next-generation platform for hNSC expansion, maintenance,



differentiation, and disease modeling. Chitosan, a biocompatible and biodegradable
polysaccharide derived from chitin, closely mimics the glycosaminoglycans in the brain’s ECM,
offering a biomimetic substrate for neural cell culture. Its ability to be processed under mild
conditions into various morphologies, such as films, scaffolds, or hydrogels, and chemically
modified to tune mechanical and biological properties makes it an ideal candidate for advanced
stem cell engineering applications.

The research began with the fabrication and characterization of composite thin films made
from chitosan, alginate, and hyaluronic acid. These films were designed to optimize key
parameters, including surface hydrophilicity, mechanical stiffness, nanoscale topography, and
electrostatic interactions with hNSCs. By systematically varying polymer ratios, we found that
pure chitosan films provided the most supportive environment for maintaining hNSC multipotency
over a 4-day culture period, as evidenced by sustained expression of stemness markers (SOX2,
nestin, Ki67, and SOX1) assessed via an alamarBlue assay, immunocytochemistry, and flow
cytometry. These findings established pure chitosan as the foundational material for subsequent
3D scaffold development.

To address the limitations of 2D cultures and enable scalable production of functional stem
cells, we designed 3D porous chitosan scaffolds optimized for dynamic culture conditions. Using
an orbital shaker model to simulate perfusion and mechanical agitation, we demonstrated that these
scaffolds maintained structural integrity under fluid shear stress while supporting hNSC viability
and function. The porous architecture facilitated enhanced nutrient and oxygen diffusion,
promoting physiologically relevant cell—cell and cell-matrix interactions. Compared to static 2D
controls, these scaffolds significantly improved hNSC proliferation and multipotency, as measured

by alamarBlue assay, live/dead staining, and SOX2, nestin, SOX1, and PAX6 staining. This



system supported long-term culture of hNSCs (over 21 days). Scaffolds with higher chitosan
content (e.g., 4% w/v) exhibited superior mechanical resilience, making them well-suited for
bioprocessing applications in large-scale cell manufacturing.

Recognizing the need for controlled, scalable stem cell production, we developed a custom,
modular bioreactor system capable of supporting both macro- and microscale cultures. The
bioreactor featured real-time, in-line monitoring of critical parameters, pH, dissolved oxygen, and
CO2, using integrated sensors connected to a microcontroller-based interface for precise
environmental control. This system supported the culture of hNSCs for 7 days, as well as other
cell types such as suspension-grown T cells and adherent tumor cell lines, demonstrating its broad
applicability. The use of cost-effective, off-the-shelf components enhances the system’s
accessibility for academic research and its potential for adoption in translational settings, such as
cGMP-compliant cell production facilities.

We then investigated chitosan scaffolds as a platform for directing hNSC differentiation
into cortical neurons. Various surface modifications, including Geltrex coatings, medium
conditioning with neurotropic factors (e.g., BDNF, GDNF), and pre-seeding techniques, were
evaluated for their impact on lineage commitment. Pre-seeded scaffolds outperformed 2D controls,
achieving higher neuronal yields and faster differentiation (within 14 days), with reduced
astrocytic phenotypes, as confirmed by flow cytometry, immunocytochemistry, RT-qPCR
analyses. These results highlight the scaffolds’ ability to create a 3D microenvironment that closely
mimics in vivo neural development.

To validate the platform’s translational potential, we cultured human induced pluripotent
stem cell (hiPSC)-derived neural progenitors from healthy donors and Alzheimer’s disease (AD)

patients on aligned porous chitosan scaffolds. These scaffolds supported the formation of



functional 3D neural networks, with AD-derived cultures exhibiting disease-specific hallmarks,
including amyloid-beta peptide accumulation and dysregulated tau-related gene expression (e.g.,
MAPT, PSENI1). These phenotypes were quantified using ELISA and RNA sequencing,
confirming the platform’s utility as a scalable, physiologically relevant model for
neurodegenerative disease research and preclinical drug screening.

In conclusion, chitosan-based biomaterials offer a chemically defined, xeno-free, and
scalable solution to key challenges in hNSC culture, differentiation, and disease modeling. By
meeting cGMP regulatory standards and enabling the transition from static cultures to dynamic
bioreactor systems, these platforms support both research and therapeutic applications. This work
advances the field of regenerative medicine and provides a robust, biomimetic tool for studying
neurodegenerative disease mechanisms, paving the way to produce high-quality, clinically

relevant neural cells.
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for all samples when compared to the 2D control at the same time point except for samples labeled
WITH QI %, ettt ettt ettt et s bt e et at e e bt e saaeeteen 44
Figure 3.6 Flow cytometry analysis of cells cultured on CS:A and CS:HA Films. (a) Dot plots of
SOX2 and Ki67 expression. (b) SOX1 positive populations. (c) Nestin positive populations. All
samples have at least 5,500 cells analyzed. ...........cooovieeiiiiiiiiiceee e 46
Figure 3.7 Immunostaining analysis of cells cultured on CA films. Florescent images of (a) Geltrex
control and films with CS:A ratios of (b) 0:1, (¢) 1:3, (d) 1:1, (e) 3:1, and (f) 1:0. ANSC-H14 were
stained for nestin (green), SOX2 (red) and nuclei (DAPI, blue). The scale bars are 50 pm......... 48
Figure 3.8 Immunostaining analysis of hNSC-H14 cells cultured on CHA films. Florescent images
of (a) Geltrex control and films with CS:HA ratios of (b) 0:1, (¢) 1:3, (d) 1:1, (e) 3:1, and (f) 1:0.
Cells were stained for nestin (green), SOX2 (red) and nuclei (DAPI, blue). The scale bars are 50

Supplemental Figure 3.9 Immunostaining analysis of cells cultured on CA films. Both the Ki67
and PAX6 appear to be expressed in the nucleus in the pure CS and Geltrex control. As more
alginate is added, both Ki67 and PAX6 appear to be expressed more in the cytoplasm, indicating
a loss of multipotency and proliferation capacity. Images showing a) Geltrex control, CA ratios of
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(b) 0:1, (c) 1:3, (d) 1:1, (e) 3:1, and (f) 1:0. Fluorescent images of hNSC-H14 were stained for
Ki67-green and PAX6-red. DAPI staining for nuclei are presented in blue. The scale bar is 50 um.

Supplemental Figure 3.10 Immunostaining analysis of hNSC-H14 cells cultured on CHA films.
PAX6 and Ki67 appear to remain mostly expressed in the nucleus in all of the CHA films
conditions, with the exception of the pure HA film. This indicates that, other than the pure HA
film, the CHA films are able to support cells in terms of Ki67 and PAX6 expression. Images
showing a) Geltrex control, CS:HA ratios of (b) 0:1, (¢) 1:3, (d) 1:1, (e) 3:1, and (f) 1:0. The cells
were stained for nestin-green and SOX2-red. DAPI staining for nuclei are presented in blue. The
Yo7 (S 0T 8 s e TN T o R 54
Figure 4.1 Illustration depicting different culture methods in a dynamic bioreactor, including 1)
nonadherent suspension, i1) aggregate suspension, iil) nonporous microcarrier, and i1v) porous

TIUICTOCATTIET . +.uuteutietteeuteeetteeateestte et e e sttt eabeeeseeeabeesueeeabeeas e e eabeeebeeembeesbeeeateeshbeembeeabeeembeesaeeenbeenseeeaneans 66
Figure 4.2 Spectroscopic analysis of scaffolds. The FTIR spectra acquired a) from chitosan, and
b) collagen. ¢) "H NMR spectrum acquired from chitoSan. ..............cocoeevevereeveeeeecereeeeeeennns 67

Figure 4.3 Microstructural analysis of porous scaffolds. (a) SEM images of dry porous scaffolds
with a scale bar of 100 um. (b) Pore diameters of the scaffolds measured from SEM images (n =
65). (c) Porosity through isopropanol displacement method (n = 5). (d) BET-specific surface area
(n = 3). All data are presented as mean = SD. Statistical significance, indicated by *, was
determined using Tukey’s test (2 < 0.05). ..ccouiiieiiieeie e e e 70
Figure 4.4 Mechanical properties of the scaffolds. (a) Compressive modulus of the scaffolds in dry
and wet conditions (n = 5). (b) Stress—strain curves of the scaffolds in a wet condition. The 05COL
scaffold was too soft to be measured in a wet condition. (c¢) Elastic modulus of the scaffolds in a
wet condition. (d) Degradation of the scaffolds in a dynamic condition. Degradation rate analysis
was performed by comparing the initial weight of the dry scaffolds with the dried weight of the
scaffolds after incubation. There are no significant changes in weight after 21 days of incubation
(n=4). The differences between the samples are considered significant when marked with * based
ON TUKEY’S tESt (2 < 0.05).cuiiieiieeiee ettt ettt ettt e et e et e e eaee e ssseeesnseeeenseeenseeennns 73
Figure 4.5 Assessment of cell proliferation rates and cell fate in hANSC-H14 and ReNcell VM cell
lines using alamarBlue and live/dead stain. a) Metabolic activity of hNSC-H14 measured by
alamarBlue assay. b) Metabolic activity of ReNcell VM measured by alamarBlue assay. c)
Fluorescent images of live (green) and dead (red cells stained with calcein-AM and ethidium
homodimer-1, respectively. Scale bars represent 200 um. An * means the difference between that
sample and the respective 05SCOL sample is significant based on Tukey’s test. .......cccccvvereunennnee. 75
Figure 4.6 Flow cytometry analysis of cells collected from both cell lines over a 15-day period.
Protein expression levels assessed for a) hNSC-H14 and b) ReNcell. ¢) Dot plots representing the
expression of SOX1 and PAX6 in ReNcells on day 7. .......cccvveviiieiiieeiiieeeeceeee e 77
Figure 4.7 Immunofluorescence staining of hNSCs for SOX2 (red), nestin (green), and DAPI
(blue) on the 4CS scaffolds after 3 weeks for hNSC-H14 (top) and ReNcell VM (bottom). Scale
DATS AT€ 200 LML 1oeeuiiieeiiieeiiee et e ettt e et e et e e et eeesteeestaeeesseeesaeeessseeassseeenseeeansaeessseeeanseeeasseeennseeans 78
Figure 5.1 a) schematic diagram of the dynamic bioreactor system. The bioreactor is connected to
a nutrient reservoir and CO2 supply via a swivel connector, allowing for continuous nutrient and
gas exchange. The system includes a water bath chamber for temperature control, a motor for
agitation, and various valves, pumps, and sensors controlled by a computer through the
system/stimuli control device. ¢) Exploded diagram of bioreactor chamber, housing, and swivel
connector along with components that allow fluid flow to and from the chamber. Bioreactor system
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illustrating components for operation for the c¢) macroreactor including 8) 12V DC motor with
housing, 9) water bath chamber with heating element and bioreactor, 10) medium outlet, 11)
medium inlet, 12) swivel connector housing, 13) peristaltic pump, 14) gas inlet, 15) gas outlet, 16)
and main electronics system (Arduino Due, 12V DC power supply temperature controller, pH
sensor, CO2 sensor, and oxygen sensor). Front panel close up of electronics housing with displays
for 17) set RPM, 18) measured RPM, 19) temperature reading, 20) pH level, 21) measured CO2,
22) measured oxygen concentration, and 23) power switch with LED indicator. d) Image of
bioreactor chamber and swivel connector assembly, with components labeled. .......................... 89
Figure 5.2 Python GUI front panel for displaying all BR functions. Functions of the Python GUI
include a) Arduino COM selection interface; b) connection and error dialog box; ¢c) RPM control;
d) CO2 monitor; €) pH monitor; and f) OXyZen MONILOT. .........cevvieerieeeriieeiieeeieeeeieeeeree e 92
Figure 5.3 Data collected from the pH, oxygen, and CO2 probes. Data collected from the pH probe
for a) standard solutions and b) used and fresh media. Data collected from the oxygen probe while
the system is saturated with ¢) water and d) cell culture medium. Results from the CO2 e) longevity
test and f) destabiliZation tEST. ..........oeociiiiiie e areeen 96
Figure 5.4 RPM data collected from the BR system when the motor a) was directly connected to
a DC power source for 1 hour, b) was connected to the Arduino and RPM was constantly monitored
and adjusted for 1 hour, ¢) was directly connected to a DC power source for 21 hours, and d) had
its RPM increased in increments of 10; arrows indicate where the RPM was changed, starting at

15 and ending at 65 RPM. .......oiiiiiiiiiee ettt e e e e e e naee e 98
Figure 5.5 Sensor data collected from the macroreactor for a) pH, b) oxygen, c) CO,, and d) RPM.
..................................................................................................................................................... 100

Figure 5.6 Fluorescent images of cells in 6CS scaffolds cultured statically and in the macroreactor.
Cells were stained with Calcien AM (live, green) and propidium iodide (dead, red) for
visualization on days 1, 3, 5, 7 and 10. The scale bar represents 250 um. Viability data from the
scaffolds cultured in static conditions and in the macroreactor for b) metabolic activity and c)
percent area fluorescent. A p value of < 0.01 is indicated by an asterisk, andn>3. ................ 102
Figure 5.7 Bioreactor system illustrating components for operation for the a) microreactor
including 1) 12V DC motor with housing, 2) water bath chamber with heating element and
bioreactor, 3) medium outlet, 4) medium inlet, 5) swivel connector housing, 6) peristaltic pump,
7) gas inlet, 8) gas outlet, 9) and main electronics system (Arduino Due, 12V DC power supply
temperature controller, pH sensor, CO2 sensor, and oxygen sensor). Front panel close up of
electronics housing with displays for 10) set RPM, 11) measured RPM, 12) temperature reading,
13) pH level, 14) measured CO2, 15) measured oxygen concentration, and 16) power switch with
LED indicator. b) Image of microreactor apparatus, with components labeled as 17) Individual
culture reaction vessel, 18) 3D printed holder designed to hold 6 individual reaction chambers
along with the central chamber, 19) connection to the central chamber, 20) tubing to connect the
reaction vessel to the central chamber, 21) swivel connector, 22) housing for the swivel connector,
and 23) tubing connection for CO2......coiuiiiiiiiiiiieiee e e 103
Figure 5.8 Fluorescent images of cells in 6CS scaffolds cultured statically and in the microreactor.
Cells were stained with Calcien AM (live, green) and propidium iodide (dead, red) for
visualization on days 1, 3, 5, 7 and 10. The scale bar represents 250 pum. Viability data from the
scaffolds cultured in static conditions and in the microreactor for b) metabolic activity and c)
percent area fluorescent. A p value of < 0.01 is indicated by an asterisk, and n>3. ............... 105



Figure 5.9 Evaluation of the nonadherent cell line JURKAT in the macro- and microreactor. a) cell
concentration and b) metabolic activity of JURKAT cells. A p value of < 0.01 is indicated by an
T (o 1] Y 1 L¢ 1 R F O RR 106
Figure 5.10 Evaluation of hNSC-H14 grown on 6CS scaffolds in the microreactor. a) metabolic
activity of the hNSCs grown in the microreactor. An * indicates a p value of less than 0.05 between
the static and microreactor condition. b) protein expression results from hNSCs grown in the
microreactor for 7 days. c¢) fluorescent images of live (green) and dead (red) stained cells. The
scale bar INAICAES 250 LUIML. ...oeiiiiiiieiieeiee ettt e e e st e e et e e esaeeeenseeesaseeensseeennseeens 108
Figure 6.1 Scaffold coating methods and experimental protocol for hNSC differentiation into
cortical neurons. (a) Schematic representation of the various scaffold coating protocols for
differentiating hNSCs into cortical neurons: medium-coated, Geltrex-coated, and pre-seeded
scaffolds. (b) Diagram outlining the experimental protocol for hNSC culture and differentiation
into cortical neurons. This includes cell seeding, cell interaction in 2D versus 3D environments,
and the timeline for differentiation induction using BDNF, GDNF, and dBcAMP, followed by
collection at 4 and 14 dAYS. ...cc.eeiiiiiiiiee et e e e e e e naaeeennreeens 119
Figure 6.2 Physical characterization of 6CS scaffolds across different coating conditions. (a) SEM
image of a dry, 6CS scaffold showing its microstructure, with average pore sizes calculated from
at least 50 pores. (b) Elastic compressive moduli of dry and wet 6CS scaffolds compared to typical
brain ECM values (adapted with permission from*?’6) Copyright 2007 JSME. (c) Atomic
composition data acquired from XPS for non-coated, Geltrex coated (GT), pre-seeded, and
medium (Med) coated 6CS scaffolds for carbon, oxygen, and nitrogen. (d) Sulfur and phosphorous
atomic composition data from XPS for the same scaffold conditions. A * indicates a P-value of
less than 0.05, while unmarked values indicate no significant difference between samples. .....122
Figure 6.3 Surface characterization of various scaffold coating conditions. SEM images of a) non-
coated, b) medium-coated, c) Geltrex-coated, and d) pre-seeded scaffolds. The scale bar in the
main images represents 10 pm and the scale bar in the inset images represents 1 pm............... 123
Figure 6.4 Cell morphology, metabolic activity, and protein expression of non-differentiated
hNSCs. Live (green) and dead (red) staining of cells at (a) 4X magnification and (b) 10X
magnification. (¢) Metabolic activity assessment using alamarBlue assay after 3 days of culture.
(d) Quantification of fluorescence area percentage from scaffolds stained with CaAM and
propidium iodide after 3 days of culture. Flow cytometry analysis showing (e) single positive
populations of SOX2 and nestin and (f) the SOX2/nestin double positive populations. At least
2500 cells were collected from 3 separate scaffolds and analyzed for flow cytometry. Asterisks *
indicate a p-value of less than 0.05, whereas absence of an asterisk denotes no statistical
SIZNITICANCE DEIWEEN SAMPIES. ..ccuviiiiiieeiiieeiieeiee et ee e et ee st e e e e e sae e e snaeeeeaseeesnseeenseeens 126
Figure 6.5 Flow cytometry analysis of MAP2 and GFAP expression in hNSC-derived cortical
neurons. hNSCs were differentiated on Geltrex coated 2D well plates (2D GT), medium treated
3D scaffolds (6CS Med), Geltrex coated 3D scaffolds (6CS GT), and pre-seeded 3D scaffolds
(6CS Pre) for 7 and 14 days. (a) The single-positive population for MAP2B, highlighting the
maturation of neurons (b) The single positive-population for GFAP, indicating astrocyte
differentiation. (c) Dot plots showing the expression patterns of MAP2B and GFAP across the
different conditions, demonstrating distinct neural lineage differentiation. (d) Histograms for
MAP2B-postive populations, illustrating the increase in neuronal differentiation over time. At least
2500 cells were collected from 3 separate scaffolds and analyzed. ...........cccceevevieniiiiniiennnens 130



Figure 6.6 Flow cytometry analysis of TUBB3 and DCX in hNSC-derived cortical neurons. hNSCs
were differentiated on different substrates for 7 or 14 days, including Geltrex coated 2D well plates
(2D GT), medium treated 3D scaffolds (6CS Med), Geltrex coated 3D scaffolds (6CS GT), and
pre-seeded 3D scaffolds (6CS Pre). The single-positive populations for (a) TUBB3 and (b) DCX.
(c) Dot plots for TUBB3 and DCX. (d) Histograms for TUBB3-postive populations. At least 2500
cells were collected from 3 separate scaffolds and analyzed. ..........cccoeeeiieeiiieiiiieniieee e 131
Figure 6.7 Immunostaining analysis of DAPI, TBR1, and MAP2 in -7-day differentiated hNSCs.
Immunostaining images of hNSCs differentiated for 7 days, grown on different coating conditions:
(a) Geltrex coated 2D well plates, (b) medium-treated 3D scaffolds, (c) Geltrex-coated 3D
scaffolds, and (d) pre-seeded 3D scaffolds. TBR1 is presented as green, MAP2B as red, and DAPI,
staining cell nuclei, is presented in blue. The scale bar is 50 WM.......cooveviieriiiiriieeiiie e 133
Figure 6.8 Immunostaining analysis of DAPI, TBR1, and MAP2 in 14-day differentiated hNSCs.
Immunostaining images of hNSCs differentiated for 14 days on various culture conditions: (a)
Geltrex coated 2D well plates, (b) medium treated 3D scaffolds, (¢) Geltrex coated 3D scaffolds,
and (d) pre-seeded 3D scaffolds. Cells were stained with TBR1-green and MAP2B-red. DAPI,
staining cell nuclei, is presented in blue. The scale bar is 50 WM.......coeveviieriieeiiieiriie e 134
Figure 6.9 Gene expression analysis of differentiation markers on day 7 and 14. Gene expression
analysis of hNSC differentiation for 7 and 14 days, comparing cells grown on Geltrex coated 2D
well plates (2DGT), Geltrex coated 3D scaffolds (3DGT), and pre-seeded 3D scaffolds (3DPre).
Results for day 7 are shown as a bar chart in (a) and a heat map in (b). Corresponding data for day
14 are presented a bar chart in (c) and a heat map (d). An * indicates a p value lower than 0.05
when compared to the 2D sample at the same time point. .........ccccveeevvieecieeniieeniee e, 136
Supplemental Figure S6.10 Raw XPS spectra data for a) naked scaffolds survey scan, b) naked
scaffolds sulfur scan, ¢) naked scaffolds phosphorous scan, d) medium-treated scaffolds survey
scan, ¢) medium treated scaffolds sulfur scan, f) medium treated scaffolds phosphorous scan, g)
Geltrex scaffolds survey scan, h) Geltrex scaffolds sulfur scan, 1) Geltrex scaffolds phosphorous
scan, j) pre-seeded scaffolds survey scan, k) pre-seeded scaffolds sulfur scan, and 1) pre-seeded
scaffolds phosphorous scan. The raw XPS scans show clear peaks for oxygen, nitrogen and carbon.
The survey scans show clear peaks for sulfur and phosphorous for scaffolds that had a coating
F2Y0] o) FIST 0 11 1S) o USRS 138
Supplemental Figure S6.11 Flow cytometry analysis of multipotency markers for 2D control (2D
GT), medium treated 3D (6CS Med), Geltrex coated 3D (6CS GT), and pre-seeded 3D (6CS Pre).
a) representative dot plots for SOX2 and nestin expression and b) histograms for SOX2 and nestin.
The dot plot representation shows many cells are able expressing both SOX2 and nestin, indicating
that both the 2D control and the scaffolds can support a healthy and multipotent cell population,
with all conditions showing over 90% double expression. The histograms show the single positive
populations for both SOX2 and nestin. Both the dot plots and histograms indicate that many of the
cells are coexpressing both multipotency markers. At least 2500 cells were collected from 3
separate scaffolds and analyzed............cocvieeoiiieiiiieiiieceeeee e e 139
Supplemental Figure S6.12 Flow cytometry analysis taken from 2D well plates coated with Geltrex
(GT 2D), medium treated 3D (6CS Med), Geltrex coated 3D (6CS GT), and pre-seeded 3D (6CS
Pre), grown for 7 or 14 days. a) viable cell population after gating for dead cells and b) positive
populations for SOX2. Viability of the cells shows that there are more viable cells in the scaffolds
than there are in 2D across both time points, with there being the highest percentage in the pre-
seeded scaffolds. Both the 2D control and the medium treated scaffolds saw a decrease in viability
between day 7 and day 14, while the Geltrex coated and pre-seeded saw an increase in viability.
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The 2D control saw an increase in SOX2 (a multipotency marker) expression over the 14-day
period, and the 2D control had the greatest overall expression of SOX2. The Geltrex coated
scaffolds saw an increase in SOX2 while both the medium treated and pre-seeded scaffold saw
decreases over the 14-day period. At least 2500 cells were collected from 3 separate scaffolds and
Y F21 /< USRS 140
Supplemental Figure S6.13 Fluorescence images of hNSC-H14 cells cultured for 4 days and
differentiated for 7-days using immunocytochemistry staining for CTIP2-green and MAP2B-red.
DAPI staining for nuclei are presented in blue. a) Geltrex coated 2D well plates, b) medium treated
3D scaffolds, c) Geltrex coated 3D scaffolds, and d) pre-seeded 3D scaffolds. Cells grown in 2D
showed CTIP2 stained appearing in the nucleus and MAP2B staining appearing in the dendrites,
while also showing interactions between cells. In the 6CS medium treated scaffold, not CTIP2
staining can be seen. While the MAP2B does appear weakly in the dendrite, there is no connection
to adjacent cells. In the Geltrex-coated scaffold, there appears to be a very weak CTIP2 expression,
while there is a strong MAP2B expression in the dendrite that appears to be adherent to the scaffold
wall. In the pre-seeded scaffold, the CTIP2 is expressed in the nucleus of the cells, while the
MAP2B is expressed in the dendrites. The dendrite can be seen extending out to form connections
with nearby cells. The scale bar 1S 50 M. ....cccveieeiiieiiieciee e 141
Supplemental Figure S6.14 Immunostaining analysis for hNSCs differentiated on a) Geltrex
coated 2D well plates, b) medium treated 3D scaffolds, c) Geltrex coated 3D scaffolds, and d) pre-
seeded 3D scaffolds for 14 days. CTIP2-green and MAP2B-red. DAPI staining for nuclei are
presented in blue. Cells were cultured on Matrigel coated plates, Geltrex coated scaffolds, and
plain scaffolds. The scale bar is 50 um. In the 2D control sample, CTIP2 and MAP2B stained cells
can be seen, with CTIP2 appearing in the nucleus and MAP2B appearing in the dendrites and
nucleus. The medium treated 6CS scaffold has poor staining, with CTIP2 not showing up and
MAP2B being barely visible, indicating poor cell quality. The Geltrex coated scaffold shows weak
CTIP2 staining, but the MAP2B staining appears strongly in the dendrites. The pre-seeded scaffold
shows CTIP2 and MAP2B staining in the cells, and the dendrites can be seen extending out to the
SCATTOLA WaALLS. ...ttt ettt et sbt e e e b e b 142
Supplemental Figure S6.15 Immunostaining analysis for hNSCs differentiated on a) Geltrex
coated 2D well plates on day 7, b) Geltrex coated 2D well plates on day 14, c) pre-seeded 3D
scaffolds for 7 days, and d) pre-seeded 3D scaffolds for 14 days. GFAP-green and MAP2B-red.
DAPI staining for nuclei are presented in blue. Cells were cultured on Matrigel coated plates,
Geltrex coated scaffolds, and plain scaffolds. The scale bar is 50 um. In the 2D control samples,
relatively high expression of GFAP stained cells can be seen, while in the pre-seeded 3D sample
there is little to no staining of GFAP. This indicates the scaffolds produce a larger percentage of
neurons and a low number of astrocytes compared to the 2D controls. .........cccceecvvveeiieenieeennnen. 143
Supplemental Figure S6.16 Gene expression analysis of 7 and 14 day differentiated hNSCs grown
on Geltrex coated 2D well plates (2DGT), Geltrex coated 3D scaffolds (3DGT), and pre-seeded
3D scaffolds (3DPre). a) bar chart and b) heat map and on day 14 as a c) bar chart and d) heat map.
An * indicates a p value lower than 0.05 when compared to the 2D sample at the same time point.
Between day 7 and 14, the multipotency markers SOX1, SOX2, PAX6, and nestin all increased
for the 2D control group, while they decreased for the Geltrex coated and pre-seeded scaffolds.
This indicates that the cells are becoming less multipotent and moving towards their differentiated
state faster in 3D than they are in 2D. ........oooiiiiiiiiiiiece e 144
Figure 7.1 Surface and physical characterization of the scaffolds. SEM images of the a) regular
scaffold and SEM images of noncoated and Geltrex-coated scaffolds. The microstructure exhibits
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overall isotropic interconnect pores. Geltrex coating left a net-like fibrous residue on the surface
of the pores. Scale bars represent 100 pm. b) A columnar scaffold and SEM images from top and
side, showing the vertical columnar microstructure. Scale bars represent 500 um. e) The elastic
compressive moduli of the nonaligned and aligned scaffolds, f) the alignment of the nonaligned
and aligned scaffolds, and g) the pore size of the nonaligned and aligned scaffolds. An * indicates
a p less than 0.05. An n value greater than 3 was used for both tests. .........ccccoeevveriiiincieinnene 156
Figure 7.2 hiPSC adhesion and morphology evaluated via live (Calcien AM, green) and dead
(propidium iodide, red) staining. CViA2, [ID4, E9, and Swe22 cell lines were grown on nonaligned
Geltrex coated scaffolds (Nonaligned GT), nonaligned conditioned medium treated scaffolds
(Nonaligned CM), aligned Geltrex coated scaffolds (Aligned GT), and aligned conditioned
medium treated scaffolds (Aligned CM). The scale bars indicate 250 pum. ........ccceeeveeerveeenneen. 158
Figure 7.3 Pluripotency expression from cells grown in the 3D scaffolds depicted as percent
positive populations for a) SSEA4 expression, b) SOX2 expression, ¢) OCT4 expression, and d)
Tra 1-60 expression. More than 3400 cells were analyzed in each condition, collected from 6
SEPATALE WEILS. ..eeiiiiieiiiieciee ettt e et e et e e et eessbaeessbee e enbeeeesaeeeenseeeanbeeennaeeennraeens 160
Figure 7.4 Fluorescence images of hiPSC-CViA2 cells cultured for 4 days using
immunocytochemistry staining for TRA-1-60R-green and SOX2-red. DAPI staining for nuclei are
presented in blue. The scale bar 1S 50 ML ...eeeiiiieiiieiieceeeeeee e e 161
Figure 7.5 Fluorescence images of hiPSC-IID4 cells cultured for 4 days using
immunocytochemistry staining for TRA-1-60R-green and SOX2-red. DAPI staining for nuclei are
presented in blue. The scale bar 1S 50 M. ...eeeiiiieiiiieiieceeeeeee e e 162
Figure 7.6 Fluorescence images of hiPSC-E9 cells cultured for 4 days using immunocytochemistry
staining for TRA-1-60R-green and SOX2-red. DAPI staining for nuclei are presented in blue. The
Yo (S 0T e TNV o PSRRI 163
Figure 7.7 Fluorescence images of hiPSC-Swe22 cells cultured for 4 days using
immunocytochemistry staining for TRA-1-60R-green and SOX2-red. DAPI staining for nuclei are
presented in blue. The scale bar 1S 50 M. ...oeeiiiieiiiieiieeeeeeee e e 164
Figure 7.8 hNPC adhesion and morphology evaluated via live (Calcien AM, green) and dead
(propidium iodide, red) staining. CViA2, [ID4, E9, and Swe22 cell lines were grown on nonaligned
Geltrex coated scaffolds (Nonaligned GT), nonaligned conditioned medium treated scaffolds
(Nonaligned CM), aligned Geltrex coated scaffolds (Aligned GT), and aligned conditioned
medium treated scaffolds (Aligned CM). The scale bars indicate 250 um. .........ccceeevveerveeeneen. 165
Figure 7.9 Multipotency expression from cells grown in the 3D scaffolds depicted as fold changes
compared to the 2D controls. a) SOX2 expression, b) Ki67 expression, ¢) nestin expression, and
d) SOX1 expression. More than 2000 cells were analyzed in each condition, collected from 6
SEPATALE WEILS. ..eeiiiiieiiii ettt e et e e st e e et e e ssbeeessbeeeenbeeeenaeeeenseeeenbeeennaaeennreeens 167
Figure 7.10 Differentiation efficiency of the cells grown in the scaffolds depicted a) percent
positive population and b) fold change. More than 5400 cells were analyzed in each condition,
collected from 6 separate WeElLS. .........cceeviiieiiiieiiiece e e e e e e ea 168
Figure 7.11 Calcium imaging using Fluo4-AM in CViA2 cells cultured in different scaffold
conditions. Graphs show intracellular uptake of calcium as AF/Fo with representative images below
each graph showing calcium uptake and cell morphology. CViA2 cells grown on a) nonaligned
Geltrex coated scaffolds, b) nonaligned conditioned medium treated scaffolds, c) aligned Geltrex
coated scaffolds, and d) aligned conditioned medium treated scaffolds. ...........ccceevevveencriennnennns 170
Figure 7.12 Calcium imaging using Fluo4-AM in Swe22 cells cultured in different scaffold
conditions. Graphs show intracellular uptake of calcium as AF/Fo with representative images below
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each graph showing calcium uptake and cell morphology. Swe22 cells grown on a) nonaligned
Geltrex coated scaffolds, b) nonaligned conditioned medium treated scaffolds, c) aligned Geltrex
coated scaffolds, and d) aligned conditioned medium treated scaffolds. ...........ccceevevveercriennnenne 171
Figure 7.13 Calcium imaging using Fluo4-AM in a) CViA2 and b) Swe22 cells cultured in 2D
conditions. Graphs show intracellular uptake of calcium as AF/Fo with representative images below
each graph showing calcium uptake and cell morphology.........cccceevvvveviiiiiiiiiiiieece e 172
Figure 7.14 The mRNA expression normalized to the 2D cultured cell type for each cell type. The
results are presented as fold changes as described previously. 3°° The 2D differentiated cells were
set as 1-fold for €ach CEIl tYPe. ..ccuviieeiiieiiecee e e e esareeen 173
Figure 7.15 Quantification of AP 1-42 and AP 1-40 shown as the a) AP 1-42 to AP 1-40 ratio and
b) AP 1-42 to AP 1-40 ratio fold change compared to the 2D control sample for each cell line. An
* indicates a p value of less than 0.05. ........cooooiiieiii e 174
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Chapter 1 Introduction and Rationale

Neurodegenerative diseases, including Alzheimer’s, Parkinson’s, Huntington’s, and
multiple sclerosis, affect over 50 million people globally and are projected to rise sharply with
aging populations, particularly in developed nations. Alzheimer’s disease alone impacts nearly 8
million individuals in the United States, contributing to substantial healthcare costs and caregiver
burdens. ' Despite extensive research and numerous clinical trials targeting pharmacological
interventions, no therapies currently halt or reverse disease progression, with most candidates
showing limited long-term efficacy.? This persistent gap underscores the urgent need for
innovative therapeutic strategies and advanced in vitro disease models to better understand

pathological mechanisms and improve drug development outcomes.

Human neural stem cells (hNSCs) are a transformative tool for regenerative medicine and
disease modeling due to their unique capacity for self-renewal and differentiation into neurons,
astrocytes, and oligodendrocytes.®* These properties enable hNSCs to replace damaged neural
tissue in conditions like traumatic brain injury or neurodegenerative disorders and to create patient-
specific models for studying disease mechanisms at the cellular and molecular levels.>* Realizing
hNSCs’ full potential, however, requires scalable, safe, and physiologically relevant culture

systems that support both research and clinical translation.

Current hNSC culture relies on 2D petri dishes coated with murine-derived extracellular
matrix (ECM) proteins, such as Geltrex or Matrigel. While suitable for basic studies, these matrices
are neither chemically defined nor xeno-free, posing significant regulatory hurdles for clinical
applications and compromising experimental reproducibility due to batch-to-batch variability.>’

Human-derived ECMs, like vitronectin, address some regulatory concerns but are prohibitively
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expensive and challenging to scale for large-scale production. Additionally, 2D systems fail to
replicate the brain’s 3D microenvironment, lacking critical mechanical cues, nutrient gradients,

and complex cell—cell interactions essential for accurate disease modeling. >~

This dissertation investigates chitosan, a biocompatible polysaccharide derived from
chitin, as a modular platform for hNSC culture. Chitosan’s structural similarity to brain ECM
glycosaminoglycans, combined with its chemical tunability, antimicrobial properties,
biodegradability, and cost-effectiveness, makes it an ideal candidate for biomedical applications.
Its versatility allows processing into diverse formats, such as thin films, porous scaffolds, or
microcarriers, enabling both static and dynamic culture systems suitable for research and

therapeutic manufacturing.

The overarching research objectives of this dissertation are fourfold:

(1) to evaluate chitosan-based thin films for the maintenance of human neural stem cells

(hNSCs) under chemically defined, xeno-free two-dimensional (2D) culture conditions;

(2) to engineer and optimize three-dimensional (3D) chitosan scaffolds capable of
supporting dynamic culture environments for scalable hNSC expansion that recapitulates key

features of the native extracellular matrix;

(3) to validate these scaffolds as effective platforms for the differentiation of hNSCs into
cortical neurons and for modeling neurodegenerative disease using human induced pluripotent

stem cell (hiPSC)-derived neural progenitors; and
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(4) to develop a modular bioreactor system equipped with real-time monitoring of critical
culture parameters, including pH, oxygen, and carbon dioxide, to support diverse cell types across

macro- and microscale formats.

Collectively, these aims establish a flexible, chemically defined, and translationally
relevant platform to advance stem cell-based therapies and create physiologically meaningful

models for neurodegenerative disease research and drug development.

This dissertation is structured as follows:

Chapter 1 introduces the rationale, scope, and significance of the study, including the
limitations of current hNSC culture systems and the need for scalable, xeno-free

biomaterials.

Chapter 2 provides a comprehensive review of neurodegenerative diseases, challenges in
stem cell-based therapies, and the design criteria for chitosan-based biomaterials. The
chapter also discusses bioreactor integration for dynamic hNSC culture via medium

perfusion and its effects on cell viability and performance.

Chapter 3 investigates the utility of chitosan, alginate, and hyaluronic acid thin films for
supporting hNSC maintenance. Films with varying polymer compositions were
characterized for mechanical and surface properties, followed by a 4-day hNSC culture
study. Among all formulations, pure chitosan films most effectively maintained hNSC
multipotency, as evidenced by cell morphology, proliferation, and sustained expression of
key stemness markers (SOX2, nestin, Ki67, and SOXI1) confirmed by

immunocytochemistry and flow cytometry.
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Chapter 4 presents a dynamic 3D culture model using porous chitosan scaffolds placed on
an orbital shaker to enhance nutrient perfusion. Scaffolds fabricated at varying chitosan
concentrations were evaluated for mechanical stability and biological performance. High-
weight percent (4% w/v) scaffolds demonstrated superior mechanical integrity and better
supported hNSC expansion, maintaining multipotency markers, and favorable
morphology. Additionally, the high weight percent scaffolds were able to support the

hNSCs for 3 weeks.

Chapter 5 describes the development and testing of a custom modular bioreactor system
incorporating sensors for continuous, real-time monitoring of pH, dissolved oxygen, and
carbon dioxide. The bioreactor supported both macro- and microscale formats and
successfully cultured hNSCs, T cells, and cancer cells. Cell performance was evaluated by
proliferation, morphology, and protein expression, demonstrating the system’s versatility

and utility for diverse biomedical applications.

Chapter 6 explores the differentiation of hNSCs into cortical neurons using chitosan
scaffolds pre-treated with extracellular matrix coatings and supplemented with
differentiation-inducing growth factors. Surface modifications were characterized using
scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS). Over
a 2-week culture period, pre-seeded scaffolds promoted more efficient neuronal
differentiation compared to 2D controls and reduced astrocyte generation, as shown by

flow cytometry, qPCR, and immunocytochemistry analysis.

Chapter 7 focuses on Alzheimer’s disease modeling using aligned porous chitosan
scaffolds seeded with hiPSC-derived neural progenitors from both healthy individuals and
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AD patients. These scaffolds supported neuronal differentiation and enabled disease-
relevant phenotypes, including amyloid-beta accumulation and dysregulation of tau-related
genes (MAPT, PSEN1). Validation was performed using ELISA and RNA sequencing,

supporting the platform’s potential for preclinical disease modeling and drug screening.

Chapter 8 synthesizes the findings across all experimental chapters, elucidating the key
conclusions and implications for advancing hNSC-based regenerative therapies and high-

fidelity in vitro models for neurodegenerative disease.

18



Chapter 2 Background

2.1. Stem Cell Therapy and Disease Modeling

Human neural stem cells (hNSCs) have become the focus of a plethora of research is the last 20
years due to their multifunctional use in the care of diseases.?!* Two of the most prominent uses
are stem cell therapy and disease modeling. For stem cell therapy, large amounts of stem cells are
required, and for use in patients, the cells must be harvested from cGMP compliant culture
conditions.>!" If these conditions, chemical defined and xeno-free, are not met, additional
characterizations of the hNSCs must be performed to ensure they are safe for use in humans.'>!?
The typical culture model uses uncoated petri dishes to ensure cGMP conditions are met. However,
this causes the cells to form spheroids, and without any 3D structures present in the dish, these
spheroids can grow to large and develop necrotic cores, causing cell death or differentiation.'*
Disease modeling is often used to determine how a disease progresses through the differentiation
cycle of the affected cell and for drug discovery.®'?!5 A multitude of drugs have been brought to
clinical trials, and few have been approved for use in treating Alzheimer’s disease.'® However,
none of these drugs have been shown to completely halt the disease progression, despite promising
results in vitro. '7 This means that the current culture modality cannot effectively model the

disease. Figure 2.1 outlines the pathways for hNSC treatments and modeling for

neurodegenerative diseases.
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Figure 2.1 Outline highlighting the different ways hNSCs can be used to help treat or model
neurodegenerative diseases.

2.2. 2D Culture Limitations

The gold standard for basic hNSC culture typically uses Geltrex or Matrigel coated petri
dishes. Both protein cocktails are murine derived, meaning they are neither xeno-free nor
chemically defined. Human derived protein cocktails, such as vitronectin, are xeno-free, but are
expensive to scale up to meet the needs of clinical trials. Additionally, 2D cultures fail to replicate
in vivo conditions such as failing to provide cells with sufficient cell-to-cell interaction, allow
nutrients to reach the cell from all sides, and provide a surface with mechanical properties similar
to those found in vivo. >’ 3D culture modalities, such as scaffolds, are able to better replicate in
vivo culture conditions by allowing the cells to grow in 3 dimensions which gives them more
realistic cell-to-cell interactions, allows nutrients to reach the cell from all directions, and gives
the cells surfaces that are more mechanically similar to those found in vivo. Figure 2.2a and 2.2b
shows the differences between 2D and 3D culture, respectively.
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Figure 2.2 A schematic showing the differences between a) 2D and b) 3D cell culture.

2.3. Biomaterials for Stem Cell Culture

The culture modality needs a high degree of biocompatibility, mechanical properties
similar to those found in the native brain ECM, and relevant surface chemistry to encourage cell
attachment, thus material selection is important. A wide array of polymers exist that can meet these
criteria, including alginate, hyaluronic acid, collagen, and chitosan. Alginate is an important
polymer that is frequently incorporated into chitosan-based materials to improve their mechanical
properties.'®!° Alginate is a natural polysaccharide extracted from algae and is composed of linear
chain structures of 1-4 linked mannuronic acid and I-guluronic acid. It is a hydrophilic, anionic
copolymer and has a chemical structure similar to that of hyaluronic acid. Hyaluronic acid (HA)
is one of the primary glycosaminoglycans found in the brain.?? HA is also a common additive used
to improve the microenvironment of chitosan based materials by promoting different receptors,
such as CD44, TLR4, and RHAMM, that aid with cell attachment.?'?> HA can also enhance the
mechanical and physical properties of chitosan-based materials.?! Collagen is one of the main
ECM proteins found throughout the body, and has a prolific history as a biomaterial. Collagen is
typically a cationic polymer at physiological pH, meaning its surface is positively charged, but

does not have a structure similar to that of HA. Chitosan is a positively charged polysaccharide
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with a chemical structure like that of HA. Table 2.1 summarizes the differences in chemical

structures and important properties of alginate, HA, collagen, and chitosan.

Table 2.1 Summarization of important properties of alginate, HA, collagen, and chitosan.

. . . o Mechanical
Biomaterial Source Charge Biocompatibility cchanica Structure
Strength
. Seaweed or s . oy 25 .

Alginate bacteria Negative Fair Strong Polysaccharide
izfiﬂuromc }?Jlrlnrzsl or Negative 2 Good 27 Strong 2 Slycosammoglycan
Collagen ﬁé‘rlnrgsl or Negative ¥ Excellent *° Fair % Fibrous protein
Chitosan Crustacean or ;e 29 Good *! Fair Polysaccharide

insect

2.4. Chitosan: A Promising Culture Substrate

CS is a deacetylated derivative of chitin, the primary structural polymer in insects and
crustaceans. Its widespread availability and simple manufacturing process make it comparatively
economical as a culture substrate when compared to other alternatives. CS is a linear
polysaccharide with polycationic properties, rendering it biocompatible, non-antigenic, non-toxic,
and biofunctional. 33 Additionally, It has excellent hemostatic, antiviral, and antibacterial
properties,*®” making it suitable for applications such as wound dressings and drug delivery
systems.*33% CS’s positive charge and hydrophilic nature make it conducive for cell attachment,*
further enhancing its suitability as a culture substrate. Its chemical structure closely resembles that
of glycosaminoglycans (GAGs),*' a major component of extracellular matrices found throughout
the mammalian body.*>* This structural similarity to a prevalent bodily material adds to CS’s

appeal in various applications. CS has been extensively explored in biomaterials-related research,
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particularly in the fabrication of thin films and microbeads for evaluating the effectiveness of
various adhesion factors in hippocampal neuron cultures. Studies have demonstrated that CS
supports rat hippocampal neurons effectively whether in the form of a film or microbead,
regardless of the presence of adhesion factors.** Moreover, CS has been used as a copolymer to
fabricate hydrogels for the cultivation and differentiation of human neural progenitor cells
(hNPCs) and hNSCs.* These studies have highlighted the ability of CS films to maintain the
multipotency of hNSCs, although some differentiation markers were observed after 2 weeks of
culture. Additionally, hNPCs cultured on CS scaffolds were able to differentiate into both glial
and neural lineages. Patterned CS thin films have also been used to investigate the differentiation
and morphology of embryonic neuronal and glial cells derived from mice. The results indicate that
CS promotes glial cell maturation and aids in aligning axonal growth.*® The versatility of CS in
such applications can be attributed to its advantageous properties such as its biocompatibility and
ease of machinability. Figure 2.3a, b, ¢, and d show the differences in the chemical structure of

alginate, hyaluronic acid, chitin, and chitosan, respectively.
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Figure 2.3 The chemical structures of a) alginate, b) hyaluronic acid, ¢) chitin, and d) chitosan.

2.5. The Advantages of 3D Culture Modalities

2D culture conditions, such as those found in the Geltrex or Matrigel coated petri dishes,
fail to recapitulate in vivo conditions, such as cell-to-cell interactions in all 3 directions, and cell
exposure to media and other growth factors from all directions.>”’ 2D cell culture conditions do
however provide an easy way to monitor cell morphology. 3D scaffolds can better model in vivo
conditions by giving the cells a 3D matrix that they are able to grow in or adhere to.*” If the cells
are nonadherent or weakly adherent to the scaffolds, they may grow as spheroids, in which case
the pose size of the scaffold becomes important. The pores of the scaffolds can physically restrict
the spheroids from becoming too large, thus preventing the spheroids from becoming too large and
avoiding necrotic cores. The scaffolds proved more cell-to-cell interactions by allowing the cells
to grow in 3 dimensions instead of 2.4%4° The scaffold can also be designed such that the
mechanical properties and surface chemistry are more like native brain ECM, enhancing the cell

interactions with the scaffold. The 3D scaffold also allows the cells to access nutrients from all
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directions. However, media can have difficulty perfusing through the scaffolds and supplying fresh

50,51

nutrients to all the cells. Figure 2.4 shows the different features of the scaffold.

Surface chemistry
encourages cell
attachmet

Pores restrict
spheroid size

Mechanical properties
mimic native brain ECM

Figure 2.4 Illustration highlighting the important features of the scaffold.

2.6. Dynamic Culture Conditions and Bioreactors

Bioreactors can provide light stimulation to the cell culture conditions and can aid in
perfusing the medium through the scaffold.>*3! This constant perfusion of medium through the
scaffold can prevent cell necrosis due to a lack of nutrients penetrating the scaffold. There are a
multitude of different types of bioreactors, including rotating wall, shakers, and impeller drive
bioreactors to name a few. Impeller driven bioreactors use an impeller to agitate the medium, but

52-54 Cell media culture

the mechanical impacts from the impeller can negatively impact cell fate.
condition are also important to monitor, and inline sensors can be used to for real time monitoring
conditions such as pH, dissolved oxygen, and CO», to identify any drastic changes or trends.

Orbital shakers provide a soft swirling motion to the media, which can enhance the homogeneity

of the media, but the swirling motion can cause cells to aggregate at the center of the well if they
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are nonadherent or weakly adherent. A rotating wall bioreactor provides soft agitation to the media
and causes the cells or scaffolds to be constantly falling through the media, which acts as a sort of
microgravity on the cells. 3¢ This additional mechanical stress on the cells can impact their
proliferation and differentiation outcomes. Figure 2.5a and 2.5b compares the differences between

static and dynamic cultures, respectively.

Static culture limits medium perfusion, Dynamic cultur;enhances medi/Um perfusion,
impairing cell growth and viability improving cell growth and viability

Figure 2.5 Comparison of a) static and b) dynamic culture conditions.
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Chapter 3 Polysaccharide Thin Films Regulate the Culture of Human Neural Stem
Cells

3.1 Introduction

Over the past two decades, human neural stem cells (hNSCs) have become central to pioneering

research aimed at modeling and treating a broad spectrum of diseases, including cancer,’’->°

61-65 68-70

Alzheimer’s disease,%%°! Parkinson’s disease,®'"® cerebral palsy,®®*” multiple sclerosis,®®7" and
many others.”"”? These diseases can be targeted through hNSC implantation,”*””> or by using
hNSCs to model disease progression and assess drug efficacy.’® However, the translation of these
experimental approaches into clinical practice is hindered by the stringent requirements of current
Good Manufacturing Practice (¢cGMP) culture conditions. These conditions necessitate the use of
chemically defined, xeno-free environments to ensure safety and reproducibility.

Geltrex is the leading substrate for human neural stem cell (hNSC) growth, supporting
adhesion, proliferation, and differentiation due to its ECM protein composition. However, derived
from murine tumors, it is costly and unsuitable for xeno-free and chemically defined standards
critical for clinical use. Human-derived extracellular matrices show promise as alternatives in
supporting proliferation and differentiation of hNSCs,”” but face scalability issues due to high
production costs. These limitations highlight the need for affordable, reproducible, and clinically
compatible materials, driving interest in innovative, scalable solutions for both research and
clinical purposes.

To address these limitations, chitosan-based materials are being explored due to their well-
established history as low-cost biomaterials with customizable properties.’”8-¥? Chitosan (CS) is a
natural and known for its excellent biocompatibility, non-toxicity, and biofunctional properties
33-39

such as antiviral and antibacterial effects, making it ideal for various biomedical applications.

Its versatility has been demonstrated in the fabrication of thin films and microbeads that support
27



the growth and differentiation of rat hippocampal neurons and human neural progenitor cells
(hNPCs) into neural and glial lineages.** Additionally, CS-based copolymers have been used to
create hydrogels for cultivating and differentiating hNPCs and human neural stem cells (hNSCs).*
Furthermore, patterned CS thin films have facilitated studies on the differentiation and morphology
of embryonic neuronal and glial cells.*

Building on this foundation, the present study investigates the modification of the
microenvironment of hyaluronic acid (HA) and alginate (A) by incorporating chitosan. HA and
alginate are two non-proteinaceous natural polymers that mimic the structure of
glycosaminoglycans, a major component of the extracellular matrix (ECM). HA itself is a major
ECM component in the brain.”>’® Both HA and alginate are negatively charged, which allows
them to effectively interact with positively charged chitosan to form films and enhance mechanical
properties. Previous research has demonstrated that chitosan complexing with HA and alginate
enhances cell attachment and the mechanical properties of biomaterials.'1%-21:22

In this study, we investigate chitosan-alginate (CA) and chitosan-hyaluronic acid (CHA)
hybrid materials to form chemically defined, mechanically tunable, and xeno-free standards, and
assess their suitability for supporting hNSC culture. By fabricating thin films from CS, CA, and
CHA with varying ratios of CS to alginate and CS to HA (0:1, 1:3, 1:1, 3:1, and 1:0), we aimed to
determine how these variations influence hNSC multipotency. These films, characterized by their
transparency, uniform topography, and hydrophilicity, provided a conducive environment for
studying hNSC adhesion, proliferation, and protein expression. The ability to fine-tune the
physiochemical and mechanical properties of chitosan-based materials to optimize neural stem cell

culture environments represents a significant advancement in stem cell-based therapies.
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3.2 Materials and Methods:

3.2.1 Preparation of CA, CHA, and CS films:
0.3% (w/w) CS (Matexcel NAT-0300, degree of deacetylation: 97.3%), 0.3% (w/w) hyaluronic

acid, and 0.3% (w/w) alginate were prepared in separate solutions of 1% acetic acid. 200 uL of the
CS solution was added to a 48 well plate. The plate was then air dried in a chemical fume hood for
18 hours to form a base layer of CS. The CS base layer was then submerged in a neutralization
solution consisting of 2.7% DI water, 6.4% NH4OH, and 90.9% methanol for 30 minutes. Then,
the films were washed extensively with DI water to remove the base solution and air dried for
another 12 hours. Mixtures of CA were then prepared at ratios of CS:A of 0:1, 1:3, 1:1, 3:1, and
1:0 by combining the appropriate amounts of the solutions and using a blender to homogenize
them. Mixtures of CHA were prepared at ratios of CS:HA of 0:1, 1:3, 1:1, 3:1, and 1:0. 100 pL of
these mixtures were then added to the top of the base CS layer in the 48 well plate. The films were
then air dried for 12 hours and then submerged in a neutralization solution for 30 minutes. The
films were washed extensively with DI water and sterilized using 70% ethanol. Larger plates were

also fabricated by scaling the amounts based on the surface area of the well plate.

3.2.2 Water Contact Angle

The films’ surface wettability was examined using a goniometer (Ramé-Hart Instrument,
Succasunna, NJ, USA) through measuring the water contact angle. Films were cast onto glass
slides using the same protocol mentioned in section 2.7. A 5 uL droplet of DI water was placed
onto the coated glass slide, and the measurement was taken immediately at five random locations

on the surface.
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3.2.3 SEM

The CA, CHA, and CS films had their surface topographies examined using SEM. Films were
prepared as described in 2./, except inside of petri dishes. Dried films were cut into 0.5 cm x 0.5
cm pieces and mounted onto stubs using carbon adhesive tape (NEM Tape, Nisshin Em. Co. Ltd.
Tokyo, Japan). Samples were imaged with a TM3000 tabletop SEM (Hitachi, Tokyo, Japan) at 5

kV.

3.2.4 AFM

The CA, CHA, and CS films’ mechanical properties were measured using a Nanosurf EasyScan
atomic force microscope (Nanosurf AG, Switzerland). The mechanical properties were determined
under ambient conditions using a ferromagnetic resonance tip with a nominal spring constant of
2.8 N m! and a resonance frequency of 60kHz. The topography of the sample was monitored using
scanning probe microscopy in the force modulation mode while simultaneously taking
nanomechanical measurements. The tip’s position was controlled using an optical microscope in
tandem with the AFM. Films were prepared as described in 2./, except inside petri dishes. The
petri dishes were then fixed to an aluminum holder using tape and secured onto the AFM stage
using magnets. Images were processed using Scanning Probe Image Processor software (SPIP;

Image Metrology, Denmark).

3.2.5 FTIR

FTIR analysis of the chitosan films was performed using a Nicolet SDXB spectrometer (Thermo
Scientific, Boston, MA). The films were analyzed after being cast onto well plates. The films were

scraped off the well plate using a razor blade and the shaving were combined with KBr powder.
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The polymer and KBr mixture were then pressed to form a thin film. The films were analyzed by

averaging 32 scans at a resolution of 2 cm™! over a range of 500-4000 cm™'.

3.2.6 Cell Culture
Human neural stem cells hNSC-H14 (WBO0195) derived from the NIH-approved hESC-H14

(WA14) were obtained from WiCell Research Institute (Madison, WI, USA). The cells were
expanded and cultured following the supplied protocol. Briefly, the cells were cultured on Geltrex-
or Matrigel-coated tissue culture dishes prepared according to the WiCell protocol, and the cells
were supplied with fresh NSC culture medium every other day. Human recombinant basic
fibroblast growth factor (bFGF, Gibco) and epidermal growth factor (EGF, Gibco) were supplied
every day at 20 ng mL"' . The NSC culture medium consisted of Neurobasal medium (Gibco)
supplemented with B27 (Gibco), N2 (Gibco), heparin (StemCell Technologies Inc), MEM NEAA
(Gibco), and GlutaMAX (Gibco). The cells were passaged when they reached 90-95% confluency
and were dissociated with Accutase. Cells that were seeded onto films had half-medium changes
performed every day. BFGF and EGF were added every day at 20 ng mL™!. Cells were maintained
in a humidified incubator with 5% CO; at 37°C. For characterization experiments, cells were
cultured for a maximum of 4 days because this is the typical amount of time it takes for cells to

reach confluency in the Geltrex or Matrigel coated plates.

3.2.7 Cell Morphology and Proliferation

Cells were monitored using a Nikon Eclipse TE 2000-S (Nikon, Tokyo, Japan) inverted
microscope. Live cells were stained with Calcien AM (ThermoFisher) and dead cells were stained
with propidium iodide according to the manufacturer’s protocol. The cells were then imaged using

a Nikon TE 2000-S inverted microscope. Percent area fluorescent measurements were made using
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Imagel] and were taken over 4 separate images with a total area analyzed of around 15 mm?. Cell
proliferation was monitored using an alamarBlue assay (Sigma Aldrich, St. Louis, MO, USA).
Briefly, the total amount of medium in each well was measured and then the alamarBlue reagent
(110 pg mL-! resazurin) was added at 10% of the total volume. The cells were then incubated at
37°C for 2 hours, and the fluorescence intensity of the solution was measured at 590 nm with
excitation of 560 nm using a SpectraMax M2 microplate reader (Molecular Device, Sunnyvale,

CA, US).

3.2.8 Flow Cytometry
The antibodies Alexa Fluor® 488 anti-Ki67 (350508) and Alexa Fluor® 647 anti-SOX2

(BDB560302) were purchased from BioLegend and BD Bioscience, respectively, and were used
as suggested by the suppliers. Cells were dissociated from their respective coating or film with
Accutase, rinsed with PBS, and then fixed in 4% paraformaldehyde for 15 minutes. Next, the cells
were permeabilized in 0.1 %v/v Triton-X 100 in PBS and washed with PhosFlow PermWash
Buffer (BD Bioscience, San Jose, CA). The cells were resuspended in 100 puL cell PermWash
Buffer and incubated with fluorophore-conjugated antibodies for 30 minutes on ice in the dark.
Next, the cells were washed with PermWash Buffer (Thermo Fisher Scientific, Waltham, MA,
USA) and resuspended in 0.3 mL Cell Staining Buffer (BioLegend). The cells were analyzed on a
LSRII flow cytometer (BD Bioscience) and quantified using the FlowJo software (Tree Star,

Ashland, OR).

3.2.9 Immunocytochemistry

A Human Neural Stem Cell ICC kit (Cat. A24354, Thermo Fisher Scientific, Waltham, MA, USA)

was used to characterize NSC marker protein expression (SOX2, nestin, and PAX6) following the
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manufacturer’s protocol. The cells were also stained with the cell proliferation marker protein Ki-
67 (BioLegend: San Diego, CA 350508). Briefly, the cells were cultured as described above but
on coated glass slides. After five days, the cells were rinsed with PBS, fixed with cold 4%
paraformaldehyde for ten minutes on ice, permeabilized for ten minutes on ice, blocked for one
hour on ice, and stained with primary antibodies at 4°C overnight. The cells were then washed and
incubated with secondary antibodies for one to two hours on ice. Then, the cells were washed once
and stained with DAPI before being mounted in Prolong Gold antifade reagent (Invitrogen;
Carlsbad, CA). Fluorescence images were acquired using a Nikon Eclipse TE 2000-S (Nikon,

Tokyo, Japan) inverted microscope.

3.2.10 Statistical Analysis

The statistical significance of the data was determined using an unpaired two-tailed Student’s z-
test to evaluate the p-value between two data sets. The number of independent measurements or
experiments (n) is indicated in the figure captions. P-values that were less than 0.05 were

considered statistically significant. Statistical analyses were performed in Microsoft Excel.

3.3 Results and Discussion:

3.3.1 Hydrophilicity, topography, and mechanical strength:

The integration of chitosan into alginate or HA films substantially affects cell adhesion by
modifying surface chemistry and mechanical properties, as illustrated in  Figure 3.1a.
Hydrophilicity, a critical determinant of cell attachment and proliferation, generally favors more
hydrophilic surfaces for optimal cell growth.?>84 To assess the hydrophilicity of CA and CHA

films, we measured the water contact angle immediately (within 60 seconds) after placing a water
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droplet on the film using a goniometer. The films analyzed included varying ratios of CS:A and
CS:HA at 0:1, 1:3, 1:1, 3:1, and 1:0.

Figure 3.1b shows that the contact angle for CA films decreased initially as the alginate
content increased, and reached a minimum at the CS:A ratio of 1:1. There is a large increase in
contact angle at 1:3, which may be due to the increase in precipitated alginate or CS. Figure 3.1c
illustrates an increase in the water contact angle upon the introduction of HA to the base chitosan
material, and a local minimum in water contact angle was observed at 1:1 ratio, suggesting that
this ratio may represent an optimal balance where CS and HA aggregates are minimized.

When blended, alginate and CS form a polyelectrolyte complex via electrostatic
interactions between the positively charged CS and the negatively charged alginate.®>%¢ Although
mammalian cells typically exhibit poor attachment to alginate;3’° CA demonstrates enhanced cell
attachment due to its capability to absorb serum proteins.’’*?> As more alginate is added to the base
CS material, electrostatic interactions increase until a threshold is reached where there is higher
concentration of alginate than chitosan, resulting in subsequent decrease in electrostatic
interactions and directly affecting the elastic modulus.’*** HA, an anionic, non-sulfated GAG, is
a major component of some extracellular matrices.”®” When HA is combined with CS, a
polyelectrolyte complex is formed.?! %% Despite being a major component of many extracellular
matrices, mammalian cells tend to exhibit poor adhesion to HA due to its negative charge.'?

To understand how the elastic modulus of the films affects the cultivation of hNSCs, CA
and CHA films were subjected to AFM nanomechanical measurements. Figure 3.1d shows that
ss the amount of alginate in CA films increased a local maximum in elastic modulus was reached
at a CS:A ratio of 1:1. The local maximum is likely due to an optimal amount of CS and alginate

being present to maximize crosslinking. The bond strength from crosslinking is diminished when
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either CS or alginate is removed from the film. A similar trend in CHA films is observed (Figure
3.1e). The local maximum occurred at a CS to HA ratio of 1:1, indicating the optimal ratio that
maximized crosslinking. As more HA was added to the base CS material, the elastic modulus
increased up to a saturation point where the maximum electrostatic interaction occurred. Beyond
this threshold, the electrostatic interaction weakened, leading to a decrease in elastic modulus.'"!
An illustration of the polyelectrolyte bond that forms between CS and alginate and between CS
and hyaluronic acid is presented in Figure 3.1f and 3.1g, respectively. The electrostatic interaction
occurs between the positively charged amine group on chitosan and the carboxylate group on

alginate or hyaluronic acid.
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Surface topography plays a key role in cell growth, as sharp features, rough surfaces, and uneven
textures can affect cell adhesion and proliferation.!>!% CA and CHA films with ratios of CS to
alginate or CS to HA of 0:1, 1:3, 1:1, 3:1, and 1:0 were cut into 0.5 cm by 0.5 cm squares for SEM
imaging. The pure chitosan and CA films exhibited predominantly flat and smooth surfaces, while
pure alginate films exhibited uneven textures (Figure 3.2a). This difference is likely due to the
superior bonding between chitosan and alginate, which facilitates the formation of uniform films
and minimizes the presence of aggregates. In contrast, the rougher surface of pure alginate can be
attributed to the formation of alginate aggregates. Similarly, CHA films exhibited some uneven or
rough surface features, likely attributable to the aggregation of CS or HA within the film matrix.
Figure 3.2b and 3.2¢ show images of the various film blends after immesion in PBS
following sterilization. All films appeared transparent, with no visible ridges or aggregates. Figure
3.2d and 3.2e show the FTIR spectra of the CS:A and CS:HA films, respectively. In both cases,
as more chitosan was added to the film, the number of carbons double bonded to oxygen was
reduced, and the characteristic peak for this double bond was observed at around 1620 cm™'. Figure
3.2f and 3.2g show the area under the curve of this peak for the CA and CHA films, respectively.
This area generally decreased as more chitosan was added into the film. Since chitosan has no
carbon-oxygen double bond it is expected to have no peak here, but the degree of deacetylation of
this chitosan is around 97%, so there will be some chitin, which does have a carbon-oxygen double

bond.
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Figure 3.2 Surface morphology and composition characterization of the films. (a) SEM images
of the CA and CHA films with ratios of CS to alginate and CS to HA of 0:1, 1:3, 1:1, 3:1, and 1:0.
Photographs of (b) CS:A and (c¢) CS:HA films immersed in PBS and taken after being prepared
for cell culture. FTIR spectra of (d) CA and e) CHA films. Area under the highlighted peak in the
FTIR spectra for f) CA and g) CHA films.

3.3.2 Cell behavior on CA/CHA/CS films:

After sterilization, hNSC-H14 were plated onto the films at 30k cm™ cell density and cultured for
up to four days. Cell morphology was examined for CS:A films of various chitosan to alginate
ratios, including 0:1, 1:3, 1:1, 3:1, and 1:0. Figure 3.3 shows images taken of the cells on days 1,
2, and 4. Cell morphology provides information on how the cells are attached to the substrates.
The pure alginate film (CS:A = 0:1) promoted the formation of large cell clusters and had low cell
adhesion. Cell adhesion decreased across the 4-day period for all the conditions, with the exception
of the CS:A 1:0 ratio film (pure chitosan) and the Geltrex control (GT 2D) where cell adhesion
increased or remained consistent. These decreases in cell adhesion are likely due to an unfavorable
interaction between the cells and CA films, caused by either poor electrostatic interactions due to
the negative charge of alginate, a lack of cell adhesion motifs, or a combination of the two.!%103
This may also be caused by unfavorable mechanical properties of the films. Stem cells are
influenced by the mechanical properties of their surroundings through a process known as
mechanotransduction.!?1% When the cells begin to grow as clusters, it becomes more difficult for
nutrients to reach the cells in the core of the cluster, causing the center of the cluster to become
necrotic. Pure CS films provide the most ideal surface with due to the presence of more protonated
amine groups. They support the growth of single cells while the other film types tend to support

the growth of cell clusters. As more alginate is added to the film, the number of protonated amine

groups on the film is reduced and while the number of negatively charged carboxylic acid groups
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increases. On day four, cells grew as cluster in the 0:1 and 1:3 conditions and weakly attached

clusters for the rest of films except for the pure CS film and Geltrex control.

CS:A GT2D _Oﬂ 1:3 1:1 | 3:1 jﬂ.

Day 1

Day2/ W

Day4’"“zk

Figure 3.3 Cell morphology and live staining of hNSCs grown on CA films. Phase contrast and
live (green) and dead (red) stained images showing the morphology of the cells grown on different
films. The scale bar represents 50 um.

Next, we examined cell morphology on the various CHA films. Figure 3.4 shows the images of
cells grown on CHA films taken on days 1, 2, and 4 of. The cells do not appear to adhere to the
pure HA film, likely due to the negative surface charge of the film due to the hydroxide groups.

The 1:3 ratio films do not appear adherent on day 1 but appear to be weakly adherent on day 2 and
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4, while the 1:1 ratio film does not appear adherent on day 1 but appears to be more adherent on
day 2 and 4 than the 1:3 ratio film. This is likely due to the addition of chitosan, which increases
the surface charge. The 3:1 and 1:0 films appear more adherent than the other films conditions,
and the pure chitosan film appears more adherent than the 3:1 film on day 1. This is likely due to
a favorable interaction between the cells and CS:HA films, with an increasing surface charge as
chitosan is added, and relevant surface receptors present in the films. Even though we are adding
negatively charged hydroxides with the HA, we are also adding various surface receptors, which
have been shown to enhance cellular activities.!!%!!! These surface receptors enhance the cell

adhesion making CS:HA films better substrate than CS:A films for cell adhesion.
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Figure 3.4 Cell morphology and metabolic activity of hNSCs grown on CHA films. Phase contrast
and live (green) and dead (red) stained images showing the morphology of cells grown on different
films. The scale bar represents 50 um.

Figure 3.5a shows the percentage of area of CA films exhibiting Calcien AM staining, indicative
of viable cells. The results largely corroborate previous observations in Figure 3.3 and Figure 3.4,
despite a notable exception: a decline in viable cell area is observed between days 2 and 4 for all
CA films, save for the pure CS film, which demonstrates an increase during this period. Figure
3.5b illustrates the relationship between the percentage of fluorescent area and time for live-stained
CHA films. Here, a consistent increase across all time points is observed for all films, aligning our

previous observations of enhanced cell adhesion as seen in Figure 3.3 and Figure 3.4. As
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anticipated, The Geltrex control consistently outperformed all other culture methods in terms of
cell proliferation and overall fluorescence area.

To access metabolic activity, an alamarBlue assay was conducted on days 1, 2, and 4. Cell
viability is directionally proportional to metabolic activity.!'? This study investigate the effect of
varying CS:alginate ratios on hNSCs. The data shown in Figure 3.5¢ indicates a strong trend that
as chitosan is added to the film, metabolic activity increases. A consistent increase in cell
proliferation was observed across all film conditions over the four-day period, with the pure CS
film demonstrating most significant overall proliferation.

Figure 3.5d shows the metabolic activity data for CHA films. All CHA films exhibited an
increase in metabolic activity over the four-day period, with the exception of 0:1 condition, which
exhibited a decrease in cell proliferation between day 2 and 4. This decrease is likely attributable
to necrosis within the formed spheroids, [this cannot be attributed to the material properties.]or
cell loss during routine medium changes or characterization procedures.

While the pure CS films demonstrated the highest overall proliferation compared to CA films, no
discernible difference in proliferation was observed between the CHA films with ratios of 1:3, 1:1,
and 3:1 when compared to the pure CS film. This favorable interaction with the CHA films can be
attributed to either the incorporation of surface receptors or the unique mechanical properties of
these films. These results agree with the observed trends in cell adhesion in Figure 3.3 and Figure

34.
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Figure 3.5 Cell proliferation analysis on CS:A and CS:HA films. Graphs illustrating metabolic
activity of hNSCS on (a) CS:A films and (b) CS:HA films with n=6. Percentage of live-stained
area on (c) CS:A films and (d) CS:HA films with n=4. A p value of less than 0.05 was observed
for all samples when compared to the 2D control at the same time point except for samples labeled
with an *.

Following a four-day culture period on their respective films, cells were collected and stained for
flow cytometry analysis. The observed trends in SOX2 (a pluripotency marker responsible for
gene regulation !'3) and Ki67 (a proliferation marker), as seen in Figure 3.6a, corroborate findings
from both live/dead imaging and viability assays as seen in Figure 3.3, 3.4, and 3.5.

The double-positive population for SOX2 and Ki67 generally increases as the chitosan
content in the films increased for both the CA and CHA films. A minimal double positive
population was observed at the CS:A ratio of 1:3. In contrast, the CHA films exhibited a local

maximum in the SOX2/Ki67 double positive population at CS:HA ratio of 1:1, indicating an
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optimal ratio where the negative impact from increasing HA negative charge is outweighed by the
increased presentation of surface receptors. Notably, the pure alginate film demonstrated the
lowest expression of this double-positive population, likely due to poor adhesion of the cells to the
film surface.

Figure 3.6b shows the SOX1-positive population as histograms. For the CA films, SOX1
expression increases as chitosan concentration increases, while for the CHA films, we see and
initial increase in SOX1 expression when chitosan is added, and then a large increase can be seen
in the pure chitosan condition.

Figure 3.6¢ illustrates the expression of nestin, an intermediate filament protein. A
significant increase in nestin expression was observed in the pure CS condition compared to other
films conditions. In the CA films, nestin expression progressively increased with increasing
chitosan content. However, for the CHA the film with the highest nestin expression, other than the
pure chitosan film, was observed in the 1:3 ratio condition. The nestin expression decreased at the
1:1 ratio and then increased in at the 3:1 and pure CS conditions. This trend contrasts with the
observed behavior of the SOX2/Ki67 double positive populations, where a local maximum was
observed at the 1:1 CS:HA ratio. This discrepancy may be attributed to the influence of altered
film mechanical properties on cellular cytoskeleton organization.

These findings collectively indicate that increasing chitosan content in the CA and CHA films
positively affects cell proliferation and the expression of key hNSC markers. Across all markers,
the pure CS films demonstrated superior performance, while the Geltrex control consistently

exhibited the highest overall expression levels.
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Figure 3.6 Flow cytometry analysis of cells cultured on CS:A and CS:HA Films. (a) Dot plots of
SOX2 and Ki67 expression. (b) SOX1 positive populations. (c) Nestin positive populations. All
samples have at least 5,500 cells analyzed.

Immunofluorescence imaging revealed a notable trend: as the concentration of either alginate
(Figure 3.7) or HA (Figure 3.8) increased in the films, nestin expression became progressively

less intense and exhibited a more uneven distribution. This downregulation of nestin expression
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strongly suggests a decline in the overall health and differentiation status of the hNSCs, as alginate
or HA content increased.

In contrast, immunofluorescence micrographs of pure CS films demonstrated a prominent
nuclear translocation of SOX2, a critical transcription factor supporting hNSC multipotency and
self-renewal. However, in the film conditions with increased alginate or HA ratios, SOX2
expression appeared to be predominantly localized in the cytoplasm rather than the nucleus. This
cytoplasmic localization suggests a potential loss of long-term self-renewal and multipotency
capabilities in hNSCs cultured on these substrates. Supplemental Figures 3.9 and 3.10 show
PAX6 and Ki67 expression in cells grown on CS:A and CS:HA films, respectively. The results

seen here corroborate the previously described trends.

47



Figure 3.7 Immunostaining analysis of cells cultured on CA films. Florescent images of (a)
Geltrex control and films with CS:A ratios of (b) 0:1, (c) 1:3, (d) 1:1, (e) 3:1, and (f) 1:0. hNSC-
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H14 were stained for nestin (green), SOX2 (red) and nuclei (DAPI, blue). The scale bars are 50
um.
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Figure 3.8 Immunostaining analysis of hNSC-H14 cells cultured on CHA films. Florescent images
of (a) Geltrex control and films with CS:HA ratios of (b) 0:1, (¢) 1:3, (d) 1:1, (e) 3:1, and (f) 1:0.
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Cells were stained for nestin (green), SOX2 (red) and nuclei (DAPI, blue). The scale bars are 50
um.
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3.4 Supplemental Figures
DAPI

Supplemental Figure 3.9 Immunostaining analysis of cells cultured on CA films. Both the Ki67
and PAX6 appear to be expressed in the nucleus in the pure CS and Geltrex control. As more
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alginate is added, both Ki67 and PAX6 appear to be expressed more in the cytoplasm, indicating
a loss of multipotency and proliferation capacity. Images showing a) Geltrex control, CA ratios of
(b) 0:1, (c) 1:3, (d) 1:1, (e) 3:1, and (f) 1:0. Fluorescent images of hNSC-H14 were stained for
Ki67-green and PAX6-red. DAPI staining for nuclei are presented in blue. The scale bar is 50 um.
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Supplemental Figure 3.10 Immunostaining analysis of hNSC-H14 cells cultured on CHA films.
PAX6 and Ki67 appear to remain mostly expressed in the nucleus in all of the CHA films
conditions, with the exception of the pure HA film. This indicates that, other than the pure HA
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film, the CHA films are able to support cells in terms of Ki67 and PAX6 expression. Images
showing a) Geltrex control, CS:HA ratios of (b) 0:1, (¢) 1:3, (d) 1:1, (e) 3:1, and (f) 1:0. The cells
were stained for nestin-green and SOX2-red. DAPI staining for nuclei are presented in blue. The
scale bar is 50 um.
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Chapter 4 Chitosan Scaffolds as Microcarriers for Dynamic Culture of Human
Neural Stem Cells

4.1 Introduction

The demand for human neural stem cells (hNSCs) is substantial in the fields of regenerative
medicine and pharmacological development. These versatile cells play a crucial role in medical
research and the treatment of challenging diseases such as Alzheimer's disease, Parkinson's
disease, amyotrophic lateral sclerosis, Huntington's disease, and spinal cord injury.''*!!'> These
stem-cell based applications require the administration of tens of millions of purified cells for each
patient. hNSCs are commonly grown on 2D plastic cultureware.!'!'7 However, conventional 2D
culture systems, commonly employed in hNSC growth, have limitations. These include restrict
cell productivity due to limited growth area, the absence of microenvironmental cues resembling
native tissues, and non-compliance with current good manufacturing practices (cGMP) guidelines,
making mass production challenging and costly. As such, researchers have explored the utilization
of three-dimensional (3D) culture systems for production of stem cells such as induced pluripotent
stem cells (iPSCs), embryonic stem cells (ESCs), and mesenchymal stem cells to address these

limitations and better mimic in vivo conditions.'!8:11?

120 customized technologies

Despite extensive investigations into 3D culture systems,
specifically targeting the long-term, large-scale production of hNSCs in these settings are yet to
be explored. One of the primary obstacles encountered in the 3D production of stem cells is
necrosis, primarily caused by the formation of stagnant zones in the system and the presence of
large cell clusters. To address these challenges, dynamic culture conditions, those commonly found
in bioreactors, have been identified as an effective means to eliminate stagnant zones in 3D

cultures. The utilization of dynamic culture conditions may enable the production of a remarkable

scale of 10° to 10'? high-quality cells per patient.'?!-126
56



Although bioreactors are widely utilized for large-scale, 3D production of microorganisms,
such as bacteria or cells, in dynamic environments, their implementation for hNSCs presents
significant challenges. Ideally, bioreactors should facilitate efficient nutrient and oxygen exchange
essential for cell proliferation, metabolite removal, and abundant cell yield. However, there is
currently a lack of scalable, dynamic cell culture methods, as well as bioreactor designs specifically
tailored for hNSC production.'?” The dynamic environment in bioreactors generates shear stress,
which poses threat to cell viability and can induce unintended cell differentiation, and yet the
precise impact of shear stress on cell fate remains poorly understood.!?®13% Moreover, limited
knowledge is available about the ability of bioreactors to maintain undifferentiated hNSC
populations over extended periods. Most existing protocols focus on the production of ESCs or
iPSCs immediately prior to differentiation.!3! These protocols typically involve initiating the
culture with 1PSC aggregates in suspension for neural differentiation to generate NSCs and
neurons. However, these methods are not suitable for most purified hNSCs derived from patients,
as the microenvironment of cell aggregates is not established by hNSCs themselves but rather by
a mixed population of differentiating cells that aid in cell development and survival. As a result,
patient-derived hNSC clusters exhibit low survival and proliferation rates in suspension
cultures.'3>134 Although a few studies have explored bioreactor systems for inducing human neural
precursor cells in matrix-free suspension, such approaches have not gained widespread
popularity.'*513% Matrix-free suspension cell cultures commonly suffer from issues such as
spontaneous unwanted differentiation, particularly towards glial cells as well as necrosis resulting
from inadequate nutrition and oxygen supply in the central region of cell aggregates.'3* To address
these challenges, matrix-dependent dynamic systems utilizing microcarriers have been proposed

as more reliable and applicable to a broader range of cell types.!3%-141
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Microcarriers offer a 3D supportive matrix that enables cell adhesion and proliferation.
However, the most hNSC cultures, including microcarriers and dish surfaces, the use of
biologically relevant molecules such as Matrigel or laminin is necessary to achieve significant cell
adhesion. Unfortunately, these molecules are expensive and do not meet cGMP standards.
Therefore, there is a need for an appropriate microcarrier design that addresses these limitations
and provide several advantages for culture in bioreactors. Firstly, an ideal microcarrier would
allow cells to reside inside the microcarrier, protecting them from shear stress-induced apoptosis,
detachment, and spontaneous differentiation. This would enable the utilization of various
bioreactors and operating parameters. Secondly, the surface chemistry of microcarriers, whether
through a cationic or biomimetic interface, could activate crucial cell surface receptors that
promote cell adhesion, survival, and proliferation. Thirdly, the microstructure of microcarriers
could regulate cell morphology and distribution, preventing necrosis and controlling the size of
cell aggregates. Lastly, microcarriers offer the flexibility to tailor the microenvironment to better
accommodate different tissue or cell subtypes by modifying the microcarrier design.

Too meet these criteria, researchers have been investigating porous microcarriers as a

potential solution.!#2-144

Porous materials can be made from metals or ceramics, But their high
specific gravity makes them unsuitable for floating and flowing in a dynamic environment.!4
Therefore, biocompatible polymers such as chitosan, dextran, cellulose, collagen, alginate, poly
(lactic-co-glycolic acid), polylactide, and polystyrene, are considered better candidates for porous
microcarrier materials.!?%146-152 However, some of these materials have limitations such as being

xenogenic, lacking the necessary surface chemistry to promote cell adhesion, or being expensive

to scale up.
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Chitosan, a natural polysaccharide derived from fungi or the shells of crustaceans like crabs
or shrimp, is the second most abundant polymeric material after cellulose. It finds applications as
araw material for food, agriculture, and medical equipment industries.!> Unlike collagen, chitosan
does not harbor zoonotic pathogens, and the purification process removes allergenic crustacean
proteins, minimizing the risk of allergic reactions in humans.'>* The cationic nature of chitosan
along with its structural similarity to glycosaminoglycans enables mammalian cells to adhere to it
effectively.!4¢ Additionally, chitosan exhibits a balanced hydrophilic-hydrophobic nature and
possesses antimicrobial properties. Compared to collagen, chitosan has a higher elastic modulus,
making it more suitable for maintaining structural integrity in dynamic cultures.'®' Importantly,

155

chitosan has been proven to be compatible with neural tissue regeneration, > and it has been

incorporated into numerous medical implants for nerve repair.'3>157

This study introduces porous chitosan scaffolds constructed and optimized as microcarriers
for the expansion of hNSCs in dynamic cultures. The scaffolds were fabricated through
lyophilization using solutions with varying concentrations of chitosan, with collagen serving as a
control. Compression tests and atomic force microscopy (AFM) were conducted to assess the
elastic modulus and overall mechanical strength of the scaffolds. The chitosan scaffolds
demonstrated excellent stability in the culture medium for a duration of three weeks. By tailoring
the pore structure of the scaffolds specific for hANSCs, optimal 3D distribution and infiltration of
the cells were achieved while providing protection against shear stress inducted by the dynamic
environment. Cell adhesion, proliferation, and multipotency were characterized to identify the
most suitable type of scaffolds for culturing hNSCs in a dynamic setting. The study presents these

chitosan scaffolds as viable microcarriers capable of scaling up hNSC production in dynamic and

well-defined cultures.
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4.2 Materials and Methods

4.2.1 Microcarrier fabrication

All chemicals were purchased from MilliporeSigma (St. Louis, MO, USA) unless otherwise
specified. To make chitosan porous scaffolds, chitosan (MW, 50-100 kDa; degree of
deacetylation, 95%-98%; MarkNature, NY, USA) was dissolved homogeneously in 1 N acetic
acid at chitosan concentrations of 0.5 wt% (05 CS), 2 wt% (2CS), and 4 wt% (4CS). To make
collagen porous scaffolds, collagen was dissolved in 0.5 N acetic acid at 0.5 wt% (05COL). The
solutions were cast into a 24-well plate and frozen at —20 °C for 8 h. Then, the frozen scaffolds
were lyophilized in VirTis Virtual Lyophilizer (SP Scientific, NY, USA) for 1-3 days. No
crosslinking steps were performed on the scaffolds. The samples were sectioned into 15 mm in
diameter and 0.8-mm thickness for cell culture or 3.0-mm thickness for mechanical testing and
dried in a desiccator for 24 h. The dried samples were neutralized with a basic solution (NH4OH
33% 15 mL, deionized water (DI) 35 mL, ethanol 500 mL) for 30 min and rinsed with DI water to

remove ammonia hydroxide and ethanol.

4.2.2 FTIR and '"H NMR Spectroscopy

FTIR analysis of chitosan and collagen powders was performed using a Nicolet SDXB
spectrometer (Thermo Scientific, Boston, MA). The polymer powders were analysed by adding
the polymer to KBr powder. The polymer and KBr mixture were then pressed to form a thin film.
The films were analysed by averaging 32 scans at a resolution of 2 cm™' over a range of 500-4000
cm™'. '"H NMR analysis was performed to verify the degree of deacetylation of the chitosan
scaffold. Chitosan was first dissolved in 2.5% DCI1 D;0 at 10 mg/mL. A 300 MHz spectrometer
(Bruker Avance III 300, Billerica, MA) was used to acquire the spectra in triplicates at 25 °C. The

degree of deacetylation was determined by calculating the integrals of the protons on the H-Acetyl
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group and the protons on the H2/H6 group. The following equation was then used to determine

the degree of deacetylation:

DD (%) = [1 —2 (Mﬂ X100 (1)

IH2/He
Where DD (%) is the degree of deacetylation in percentage, In-acetyr 1 the integral of the protons

on the acetylated group, and Inzms is the integral of the protons on the monomer hexose rings.

4.2.3 Microstructure characterization

The microstructure of dry scaffolds was examined using scanning electron microscopy (SEM). To
prepare SEM samples, the scaffolds were first neutralized with water and ammonia hydroxide and
then sterilized with ethanol. Next, the scaffolds were dried under vacuum. The dried scaffolds were
mounted on a carbon-conductive adhesive tape (NEM Tape, Nisshin EM. Co. Ltd. Tokyo, Japan).
These were imaged at 5 kV using a TM3000 tabletop SEM (Hitachi High-Tech Corporation,
Tokyo, Japan). From SEM images, pore diameters were calculated with ImagelJ software (NIH,
Bethesda, MD, USA).

The porosity of scaffolds was measured using a modified isopropanol displacement
method. The dry scaffold volume (V, cm®) and weight (W, g) were measured as follows. The
scaffolds were fully immersed in 5 mL of isopropanol (ps, 0.786 g/cm?) under vacuum for 15 min
to expel air from the pores. Saturated scaffolds were weighed (7>, g) immediately upon removal
from isopropanol bath. The volume of the scaffolds did not change after isopropanol saturation.
The porosity (%) was calculated as follows (n = 10) and defined as the ratio of the volume of

isopropanol absorbed by the scaffolds to the volume of the scaffold:

Porosity (%) = “—**x100 )
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Where V is the volume of the dry scaffold, 7> is the weight after removal from the isopropanol
bath, W, is the initial weight of the scaffold, and pyis the density of isopropanol. The specific
surface area of the scaffold was measured using the multipoint Brunauer—-Emmett-Teller (BET)
method in NOVA 4200e (Quantachrome Instruments, Boyton Beach, FL, USA). The scaffold was
prepared and freeze dried again after the final wash. The dry scaffold was degassed at 50 °C for
12 h. Then, with as nitrogen the adsorbate, isotherms were acquired at 77K. A multipoint BET was

then performed on the isotherms to determine the specific surface area of each scaffold.

4.2.4 Mechanical properties

Uniaxial compression tests were carried out to understand the macromechanical properties of
scaffolds using Autograph Table-TOP Precision Universal Tester AGS-X (SHIMADZU
CORPORATION, Kyoto, Japan) at room temperature. Dry scaffolds were compressed at 0.4
mm/min until at least 40% strain. The compressive Young’s moduli of the scaffolds were
calculated as the slope of the linear regions of the stress—strain curves within the range of 0%—15%
strain.

AFM was performed with Nanosurf FlexAFM (Nanosurf AG, Liestal, Switzerland). A
contact AFM probe mode with a spring constant of 0.2 N/m and resonance frequency of 13 kHz

was used to obtain the elastic moduli of the scaffolds immersed in PBS.

4.2.5 Degradation test

The stability of the scaffolds was investigated by testing their degradation. Dry scaffolds were
incubated in an Orbital Shaker PSU-10i (SIA Biosan, Riga, Latvia) with 37°C Neurobasal medium

at 100 rpm. After 7, 14, and 21 days of incubation, the samples were removed, rinsed with distilled
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water, and lyophilized. The remaining mass (%) of each scaffold after the incubation relative to

the initial weight was calculated to assess the degradation.

4.2.6 Cell culture
hNSC-H14 (WBO0195) cells, derived from NIH-approved hESC-H14 (WA14), were obtained from

WiCell Research Institute (Madison, WI, USA). Following the WiCell hNSC protocol, the cells
were cultured as monolayers on Geltrex-coated tissue culture dishes, and fresh media were
supplied every other day. Human recombinant basic fibroblast growth factor (bFGF, Gibco®,
Thermo Fisher Scientific, Waltham, MA, USA) and epidermal growth factor (EGF) were supplied
daily at 20 ng/mL. The hNSC culture medium comprised a Neurobasal medium (Gibco®)
supplemented with B 27, N2, MEM NEAA, heparin, and GlutaMAX. hNSCs were passaged every
3-5 days and dissociated with Accutase after reaching 90% confluency.

ReNcell VM was obtained from MillporeSigma (St. Louis, MO, USA). Following the
manufacturer’s protocol, the cells were cultured as monolayers on laminin (CC095-M,
MillporeSigma)-coated culture dishes. Fresh medium (SCMO005, MilliporeSigma), bFGF, and
EGF at 20 ng/mL were supplied every other day. The cells were passaged every 3—5 days and
dissociated with Accutase after reaching 80% confluency. All cells were incubated in a humidified

incubator containing 5% CO, at 37°C.

4.2.7 Cell proliferation in a rotational bioreactor as a dynamic culture

One day after cell inoculation, scaffolds with hNSCs were transferred to a 15-mL flat-bottomed
tube containing 1 mL of medium per two scaffolds. The samples were shaken at 65 rpm on an

orbital shaker in the following culture period.
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Cell proliferation was assessed by alamarBlue assay (MilliporeSigma) after 3, 5,7, 11, and
15 days of culture. The scaffolds were transferred to a 24-well plate and gently rinsed with PBS.
The medium was replaced with alamarBlue reagent (11 pg/mL resazurin in culture medium). After
incubation at 37°C for 2 h, all solutions were transferred to 96-well black well plates to measure
the fluorescence intensity at 590 nm with excitation at 560 nm using a SpectraMax M2 microplate
reader (Molecular Devices LLC, San Jose, CA, USA).

Cell morphology and viability were monitored using a LIVE/DEAD™
Viability/Cytotoxicity Kit (Invitrogen Corporation, Waltham, MA, USA), following the
manufacturer’s protocol. Briefly, viable cells were stained with 1 uM calcein-AM, while dead cells
were stained with 4 uM ethidium homodiemer-1 in a 1: 1 mixture of culture medium and phosphate
buffered solution for 15-30 min. The scaffolds were imaged using a Nikon TE300 inverted

microscope (NIKON CORPORATION, Tokyo, Japan).

4.2.8 Flow Cytometry

Single cell suspensions were collected from the scaffolds. A fixable yellow dead stain kit
(Invitrogen) was used to identify dead cells. Cells were fixed with 4% paraformaldehyde for 10
min on ice, permeabilized in 1% v/v Triton-X 100, washed with PhosFlow Perm/Wash Buffer I
(BD Biosciences, San Jose, CA, USA), and resuspended in a buffer. Antibodies PE anti-nestin
(BDB561230), PerCP-Cy5.5 anti-SOX1 (BDB561549), Alexa Fluor 647 anti-SOX2
(BDB560302), and Alexa Flour 488 anti-PAX6 (BD561664) were added, incubated on ice for 1
h, and washed with a buffer. The cells were resuspended in 200 pL of buffer and stained with
DAPI. All samples were analyzed on a LSRII flow cytometer (BD Biosciences), and data were

plotted using a FlowJo software (Tree Star Inc., Ashland, OR, USA).
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4.2.9 Immunocytochemistry for NSC marker proteins

Human neural stem cell ICC kits (Cat. A24354, Thermo Fisher Scientific) were used, following
the manufacturer’s instructions. Briefly, scaffolds bearing the cells were rinsed with PBS, fixed
with cold 4% paraformaldehyde on ice for 10 min, permeabilized for 10 min, blocked for 1 h, and
stained with SOX2 and nestin primary antibody overnight at 4°C. Secondary antibodies, Alexa
Fluor 488 and 555, were added to the scaffolds the next day and the scaffolds were incubated for
1-2 h on ice, washed thrice with PBS, stained with DAPI, and mounted in a ProL.ong Gold anti-
fade reagent (Thermo Fisher Scientific). Fluorescence images were acquired using a Nikon TE

300 inverted microscope.

4.2.10 Statistical analysis

All results are presented as mean * standard deviation (SD). Statistical significance was
determined using one-way analysis of variance with Tukey’s multiple comparison test. Significant

differences were set at p-value < 0.05.

4.3 Results and Discussion

4.3.1 Development of porous microcarriers for hNSC expansion in a defined environment
condition

Four main culture modes commonly employed in bioreactors are nonadherent (matrix-free)
suspension, aggregate suspension, adherent nonporous microcarriers, and adherent porous
microcarriers (Figure 4.1). The utilization of microcarriers in adherent cultures allows for cell
adhesion on controlled growth surfaces in dynamic culture conditions. The surface characteristics
and microstructure of microcarriers play critical roles in cell quality and yield. In comparison to
nonporous microcarriers, the porous design provides the largest growth surface area per volume

and desirable interior porous structure to protect cells from shear stress. Therefore, we fabricated
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porous scaffolds made of chitosan to serve as microcarriers for the expansion of hNSCs in a
rotational dynamic bioreactor platform. Chitosan scaffolds with varying weight percentages were
utilized to investigate the influence of structural and mechanical properties on cell fate under
dynamic conditions. Collagen was used as a control sample due to its well-established role as a
scaffold material in tissue engineering.!%¥-1%0 Although both chitosan and collagen have been

applied in various tissue culture substrates, including neural tissues, they possess distinct physical

properties and bioactivities on hNSCs.160-165
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Figure 4.1 Illustration depicting different culture methods in a dynamic bioreactor, including 1)
nonadherent suspension, i1) aggregate suspension, iil) nonporous microcarrier, and i1v) porous
microcarrier.

4.3.2 Scaffold Microstructure Analysis

The microstructure of the scaffolds plays a crucial role in facilitating nutrient cycling and

metabolite exchange. To achieve the desired porous structure, the scaffolds were prepared through
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lyophilization, which involves phase separation during freezing and subsequent sublimation of the
solvent. Precise control of nucleation and freezing solvent was employed to establish the desired
porosity. Chitosan or collagen was mixed with KBr to form a pellet before FTIR analysis, while
chitosan was dissolved in DCI/D>O for 'H NMR analysis. The FTIR spectra of chitosan and
collagen are shown in Figure 4.2a and 4.2b, respectively, and exhibit good agreement with
previously reported.'®®1®7 The '"H-NMR spectrum of chitosan, obtained at at 300 MHz, 2.5%
DCI1/D;0, 25°C:, displayed the following peaks: 4.80 (s, H-1 of GIcN), 4.50 (s, H-1 of GIcNAc),
3.03 (s, H-2 of GIcN), 2.75 — 4.15 (m, H-2/6), and 1.95 (s, H-Acetyl of GluNAc), as shown in
Figure 4.2¢. The degree of deacetylation was calculated to be 97% using Equation 1, which falls

within the range provided by the supplier.!68:16?
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Figure 4.2 Spectroscopic analysis of scaffolds. The FTIR spectra acquired a) from chitosan, and
b) collagen. ¢) '"H NMR spectrum acquired from chitosan.
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Following lyophilization, the scaffolds were mounted on stubs using carbon adhesive tape for
imaging purpose. ImageJ software was utilized for manual measurement of pore diameters. Figure
4.3a presents SEM images displaying the cross-sections of various scaffolds, including 0.5 wt%
collagen (05COL), 0.5 wt% chitosan (05CS), 2 wt% chitosan (2CS), and 4 wt% chitosan (4CS).
Lower polymer concentrations resulted in visibly larger interconnected pores. Analysis of pore
size analysis was performed by measuring the pore diameters from SEM images (Figure 4.3b).
The average pore diameter for 0SCOL scaffolds was 289 + 67 um, similar to commercially
available collagen scaffolds.'”® The selected collagen concentration of 0.5 wt% aligns with
previous studies.!”""!”3 On the other hand, 05CS scaffolds exhibited an average pore diameter of
214 + 48 pm, significantly different from that of 05COL scaffolds. As chitosan concentration
increased, the pore diameter decreased, with average values of 85 £ 17 um and 65 £ 13 um for
2CS and 4CS scaffolds, respectively. All scaffolds possessed pore diameters suitable for stem cell
growth,!” particularly hNSCs,!#¢ providing ample internal surface area for cell proliferation.
Moreover, the small pore sizes could limit the growth of hNSC clusters, mechanically preventing
the formation of necrotic cores and aiding in the long-term culture and maintenance of hNSCs.
Scaffold porosity was determined using a modified isopropanol displacement method.
Briefly, the scaffolds were immersed in isopropanol and subjected to vacuum to remove air
bubbles. Weight measurements were recorded before and after submersion. The porosity (Figure
4.3¢) decreased from 92.0% + 1.2% to 86.2% = 2.6% as chitosan concentration increased from
0.5% to 4%. The porosity of 05COL scaffolds was comparable to that of 05CS scaffolds at 92.3%
+ 1.4% (p > 0.05, not significant). Additionally, specific surface area analysis using BET (Figure

4.3d) revealed an increase in specific surface area with higher chitosan concentrations: 15.34 +
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2.66 m?/g, 12.2 + 1.41 m?/g, and 5.4 + 1.89 m?/g for 05CS, 2CS, and 4CS scaffolds, respectively.
Porosity and surface area measurements account for the overall properties of the scaffold,
encompassing both the internal intermolecular structures and the visible macropores (50-350 um
in diameter). Collagen and chitosan, being relatively hydrophilic materials, can form nanoscale
crystals during freezing and leave voids after sublimation due to solvent (water) bonding in
intermolecular spaces. The formation of intermolecular bonds via hydrophobic interactions and
hydrogen bonding is more likely in chitosan than in collagen. Chitosan with a high uniform degree
of deacetylation is known to exhibit higher crystallinity upon drying.!” Higher polymer
concentrations promote inter- and intramolecular interactions, resulting in reduced nanoscale
interaction of polymer chains, which leads to lower material specific area at the nanoscale level
and lower porosity in 05CS scaffolds compared to 05COL scaffolds.

The microstructure analyses confirm that the scaffolds meet the structural requirements of
microcarriers, with highly interconnected pores possessing appropriate diameters to retain media,
facilitate nutrient exchange, and provide a larger growth area compared to 2D flat surfaces. These
characteristics make the scaffolds well-suited for their intended purpose of supporting hNSC

expansion in a dynamic culture environment.
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Figure 4.3 Microstructural analysis of porous scaffolds. (a) SEM images of dry porous scaffolds
with a scale bar of 100 um. (b) Pore diameters of the scaffolds measured from SEM images (n =
65). (c) Porosity through isopropanol displacement method (n = 5). (d) BET-specific surface area
(n = 3). All data are presented as mean = SD. Statistical significance, indicated by *, was
determined using Tukey’s test (p < 0.05).

4.3.3 Mechanical properties of the scaffolds

To understand the microenvironment provided by the scaffolds, their potential influence on cell
mechanosensing, and their ability to withstand agitation in dynamic cultures, a detailed analysis
of their mechanical properties was conducted. This analysis encompassed both dry scaffolds and
those soaked in PBS. The compressive elastic moduli (Figure 4.4a) of dry chitosan scaffolds
exhibited an increasing trend from 4.1 £ 0.9 kPa to 284.5 £ 22.9 kPa and 681.9 + 43.0 kPa,

corresponding to the increasing chitosan concentration of 05CS, 2CS, and 4CS, respectively. Dry
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collagen scaffolds possessed a compressive elastic modulus of 10.0 = 0.008 kPa. Considering that
cell culture was conducted in a medium while the scaffolds were hydrated, compression tests were
also performed on “wet” scaffolds. In the hydrated state, the elastic moduli were 1.2 £ 0.4 kPa, 7.4
+ 0.7 kPa, and 71.2 + 9.3 kPa for 05CS, 2CS, and 4CS scaffolds, respectively. However, wet
05COL scaffolds could not be evaluated through compression tests as they became excessively
soft upon hydration. The elastic moduli of both dry and wet 2CS and 4CS scaffolds were higher
than those of dry collagen scaffolds.!*® Representative stress—strain curves of compression tests
are presented in Figure 4.4b, demonstrating an increase in ultimate compressive strength with
higher chitosan concentration. These results suggest that chitosan scaffolds may serve as superior
protective structures for hNSCs compared to collagen scaffolds in dynamic cultures where
microcarriers endure compression and shear forces.

To evaluate the micro- to nanoscale elastic moduli of wet scaffolds, AFM analysis was
employed (Figure 4.4c). This analysis allowed the characterization of mechanical properties
relevant to mechanosensing. While compression tests address macroscale structural integrity and
the resistance of pore walls to buckling, AFM tips measure intermolecular attraction and the
resistance of chitosan or collagen polymer chains on the interior surface of the pore walls. The
05COL scaffolds exhibited the lowest average elastic modulus (3.7 = 17.9 kPa), whereas the values
for chitosan scaffolds increased from 50.1 £ 123.9 kPa to 83.2 £ 62.3 kPa and 160.9 + 121.5 kPa
as the chitosan concentration increased from 05CS to 2CS and 4CS, respectively. The localized
compression, tension, and nano- or microscale features of the substrate play a crucial role in
regulating cell fate through cell transmembrane receptors, ultimately influencing cytoskeleton and
cell morphology. In our previous paper, we compared chitosan thin films with differing degrees of

deacetylation and its effect on the mechanical properties of the films.®? We found that a higher
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degree of deacetylation decreased the elastic modulus of the films, but increased cell attachment,
proliferation, and multipotency. Additionally, increasing the molecular weight of the chitosan will
increase the elastic modulus of the scaffold due to chain entanglement.!'”¢

In the subventricular zone and hippocampal dentate gyrus, where adult hNSC populations
reside in humans and rodents, the reported elastic modulus is approximately 3 kPa.!””-!78 However,
there exists a considerable variation in measurement methods and results. Furthermore, the optimal
elastic modulus for hNSC substrates remains uncertain, given the diverse outcomes observed in
cell responses to softer substrates despite the success of conventional culture protocols on rigid
plasticware. In this study, scaffolds with a wide range of mechanical properties were utilized to
better assess the effect of these properties on cell fate. Mechanical properties, choice of materials,

and resulting substrate surfaces collectively exert a coherent influence on cell responses.

4.3.4 Stability and degradation in culture medium

Understanding the stability and degradation characteristics of scaffolds is crucial for designing
effective tissue engineering strategies. To evaluate the stability of the scaffolds, their weights were
monitored over a three-week period in a culture medium under rotation at 37°C. Both chitosan and
collagen have been shown to degrade in vitro and in vivo, with degradation rates depending on the
specific conditions. Collagen, a widely used scaffold material, completely degrades after five
weeks in a static culture medium.'” Chitosan, on the other hand, can undergo partial
depolymerization through hydrolysis within a few days when subjected to dynamic conditions in
a medium.'3 Crosslinkers, such as genipin, can be added to the scaffolds to enhance mechanical
properties and stability, however, they can also increase the autofluorescence of the scaffolds

making it difficult to image the cells.'8°
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In our study, all the scaffolds produced did not exhibit significant deterioration or
degradation over the course of 21 days. Differences in the data may be due to scaffold-to-scaffold
variability. They maintained over 90% of their weight after this period (Figure 4.4d). However,
the 05COL scaffolds showed more variability and experienced a greater decrease in weight
compared to the chitosan scaffolds. We expect our scaffolds to perform similarly through
prolonged durations, the cells may also leave behind proteins that could adhere to the scaffold
walls. These findings indicate that chitosan scaffolds are more durable in dynamic cultures,

suggesting their suitability for long-term culture applications.

a . b 8
o ODry - 401 4
= 1000 - = L
8 © OoWet — = 30 - ' !
%%100 . o 0 0.1 05CS
=0 x = 20 A
%3 10 - @ 2CS
33 o
88 1 H—T & 10 1 4CS
E=
3 0.1 0 - , —
05COL 05CS 2CS 4Cs 0 0.2 0.4 0.6
d Strain
C
;_«?500 205COL ] , —~100 _|:|Day7 oODay 14 @DDay 21
< 400{=05Cs + ) " A A i +
g 2CS 2 95 1 i
S 300 =
3 =4CS : g 90 -
S 200 . %
Q T
% 100 : ﬁ 85 -
© i
w 4 ,::| 1 ‘E"

05COL 05CS 2CS 4CS

Figure 4.4 Mechanical properties of the scaffolds. (a) Compressive modulus of the scaffolds in
dry and wet conditions (n = 5). (b) Stress—strain curves of the scaffolds in a wet condition. The
05COL scaffold was too soft to be measured in a wet condition. (c¢) Elastic modulus of the scaffolds
in a wet condition. (d) Degradation of the scaffolds in a dynamic condition. Degradation rate
analysis was performed by comparing the initial weight of the dry scaffolds with the dried weight
of the scaffolds after incubation. There are no significant changes in weight after 21 days of
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incubation (n = 4). The differences between the samples are considered significant when marked
with * based on Tukey’s test (p < 0.05).

4.3.5 Maintenance of hNSCs in dynamic cultures

We conducted dynamic culture experiments using porous scaffolds as microcarriers to support the
growth of two different hNSC lines, namely hNSC-H14 and ReNcell VM. Initially, the cells were
seeded onto the scaffolds in static well plates for one day and then transferred into dynamic culture
vessels. The growth and proliferation of the cells were assessed using the alamarBlue
viability/metabolic activity assay. The metabolic activity of hNSC-H14 and ReNcell in the
scaffolds showed different trends (Figure 4.5a and 4.5b). For hNSC-H14, the metabolic activity
in chitosan scaffolds showed a slight decrease on day 3 of culture, followed by consistent increases
until day 11. However, it decreased again on day 15, likely due to growth arrest caused by cell
confluency. In contrast, cells in the 05COL scaffolds exhibited a modest increase on day 7 and
overall limited growth after 15 days compared to those in chitosan scaffolds. As for ReNcell, the
metabolic activity steadily increased in all scaffolds and reached its peak on day 11, followed by
a decline on day 15, possibly due to confluency related factors. To accommodate longer culture
periods, the initial cell seeding density could be decreased. Notably, the 4CS scaffolds
demonstrated the highest overall metabolic activity for both hNSC-H14 and ReNcell.
Consequently, the 05COL scaffolds exhibited restricted cell adhesion, which likely contributed to
poorer activities compared to the 4CS scaffolds. Furthermore, the larger pore diameter of the
05COL and 05CS scaffolds might have failed to adequately protect or retain hNSC colonies.

To visualize cell adhesion and proliferation, the scaffolds were stained with calcein-AM
and ethidium homodimer-1. Figure 4.5c¢ illustrates the stained live and dead cells in the scaffolds,
focusing on the hNSC-H14 cell line. As the culture progressed, the cells in the chitosan scaffolds

exhibited more extensive expansion compared to those in collagen scaffolds. Moreover, the cells
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in the 4CS scaffolds displayed polarized morphology more frequently than those in the 05COL
scaffolds, suggesting a stronger adhesion to the 4CS scaffolds. Conversely, in the 05COL
scaffolds, the cells formed larger clusters due to the preference for intercellular adhesion rather
than cell-collagen interactions. Previous studies have reported that the increased surface positive
charge resulting from the higher amino group content of chitosan promotes cell adhesion.!®! This

favorable adhesion to chitosan scaffolds could further enhance cell proliferation.'3!
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Figure 4.5 Assessment of cell proliferation rates and cell fate in hNSC-H14 and ReNcell VM cell
lines using alamarBlue and live/dead stain. a) Metabolic activity of hNSC-H14 measured by
alamarBlue assay. b) Metabolic activity of ReNcell VM measured by alamarBlue assay. c)
Fluorescent images of live (green) and dead (red cells stained with calcein-AM and ethidium
homodimer-1, respectively. Scale bars represent 200 um. An * means the difference between that
sample and the respective 0SCOL sample is significant based on Tukey’s test.
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Cells were harvested from the scaffolds over a period of 15 days, fixed, and then prepared for flow
cytometry analysis. The multipotency of the cells collected from the microcarriers was assessed
by staining for two crucial NSC protein markers, SOX2 and nestin. The time course of the
populations positive for SOX2*/nestin® in both cell lines is depicted in Figure 4.6a and 4.6b.
Figure 4.6c¢ illustrates the cell populations gated for SOX17/PAX6" expression in ReNcells after
seven days of culture, representing additional NSC protein markers. The 05COL scaffolds
exhibited the highest populations of both SOX2*/nestin” and SOX17/PAX6" cells, while among
the chitosan conditions, the 4CS scaffolds showed the most favorable results. However, as the
05COL scaffolds have the largest pore size and lowest mechanical properties it is likely that only
pristine cells are able to remain within the scaffolds, whereas non-pristine cells are likely able to
remain in the chitosan-based scaffolds due to their smaller pore size and stronger mechanical
properties. Notably, hANSC-H14 demonstrated the highest percentage of SOX2*/nestin® population
on the 11" day of culture, which correlated with the metabolic activity data. Moreover, the porous
scaffolds with large specific surface areas allowed hNSCs to proliferate for a longer duration
compared to conventional 2D protocols, while preserving their proliferative and multipotent state.
Typically, in regular 2D culture protocols, hNSCs require passage every 3—5 days upon reaching
90%-95% confluency to prevent growth arrest and spontaneous differentiation.!®?> The growth
kinetics and time course analysis of NSC proteins indicated that, in this study, the cells needed to
be detached from the porous chitosan scaffolds before the 11" day of culture to ensure effective
expansion of the entire population. However, despite having the narrowest specific surface area
and porosity, the 4CS scaffolds achieved the highest yield of hNSCs, suggesting a potential

protective effect against shear stress in a bioreactor. Stem cells possess mechanisms to sense
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mechanical stress, and the flow generated by agitation can induce cell death.!8%!83 The higher
compressive modulus of the 4CS scaffolds, compared to other chitosan scaffolds, may have

shielded hNSCs from shear stress under dynamic conditions.
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Figure 4.6 Flow cytometry analysis of cells collected from both cell lines over a 15-day period.

Protein expression levels assessed for a) hNSC-H14 and b) ReNcell. ¢) Dot plots representing the
expression of SOX1 and PAX6 in ReNcells on day 7.

Further investigation into longer culture periods, lasting up to three weeks, was conducted.
Immunostaining for SOX2 and nestin (Figure 4.7) revealed that the cells were able to sustain
expression of these crucial NSC marker proteins for an extended duration compared to regular 2D
controls. Over the three-week culture period, hNSCs cultured on 4CS scaffolds formed adherent
aggregates within the scaffold pores. SOX2 localization was predominantly observed in the
nucleus, although some translocation into the cytoplasm was evident, indicating partial

differentiation resulting from overcrowding within the pores. At this stage, some aggregates
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reached confluency, occupying the pores without exceeding the desired size range of 300-500 um
in diameter to prevent necrosis.

Chitosan has been reported to promote the proliferation and differentiation of neurons and
astrocytes.!®3 However, its impact on hNSC maintenance has shown inconsistent results. In this
study, multipotent hNSC colonies were successfully maintained in chitosan porous scaffolds
optimized for use as microcarriers in dynamic cultures for up to three weeks. The chitosan
scaffolds demonstrated their feasibility for long-term expansion of hNSCs in bioreactors under

xeno-free and chemically defined culture conditions.
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Figure 4.7 Immunofluorescence staining of hNSCs for SOX2 (red), nestin (green), and DAPI
(blue) on the 4CS scaffolds after 3 weeks for hNSC-H14 (top) and ReNcell VM (bottom). Scale
bars are 200 pm.
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Chapter 5 Continuous Flow Bioreactor with Multi-Sensor Monitoring for
Biomedical Applications

5.1 Introduction

Tissue engineering develops biological substitutes that restore, maintain, or enhance tissue
function.'63184185  This field combines three-dimensional (3D) scaffolds, cells, and bioactive
molecules to create tissue models that replicate the architecture and functionality of native tissues.
However, traditional static in vitro culture methods often fall short, as they struggle to deliver
adequate nutrients and oxygen to the interior of 3D scaffolds, resulting in hypoxic conditions that
impair cell viability, proliferation, and differentiation.!86-1%°

Bioreactors (BRs) have emerged as vital tools to address these challenges by providing

dynamic culture environments that better mimic physiological conditions.’%!%%191

These systems
enhance mass transport, improve cell seeding efficiency, and support cellular differentiation
through controlled fluid flow, mechanical stimulation, and precise regulation of environmental
parameters. Various BR designs, such as perfusion, wave-motion, and rotational systems, have
been developed to optimize tissue culture. Perfusion BRs pump media through cell-seeded

195-198

scaffolds,'”*1%* wave-motion BRs oscillate fluid over samples, and rotational BRs create

microgravity-like conditions with laminar flow and low shear stress, suspending cells or constructs
in circulating media.'?%-20!

Despite decades of use in tissue engineering, no single BR system has emerged as an ideal,
widely adopted solution.?>27 Current designs face limitations, including restricted size,
complexity, maintenance challenges, sterility issues, and high costs.?*®2%° For example, perfusion
BRs cannot provide microgravity, wave-motion BRs may generate turbulent flow with elevated

shear stress, and impeller-driven BRs risk damaging cells through physical impact. Rotational

BRs, however, offer microgravity and consistent low shear forces without direct cell impact,
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though designing user-friendly, cost-effective systems that simultaneously monitor and control
multiple parameters to mimic in vivo conditions remains a challenge.

Effective operation of BR systems requires precise control of key variables, including pH,
temperature, dissolved oxygen, CO., medium flow, and rotation speed (RPM). Optimal pH and
temperature ranges, adequate oxygen levels to prevent hypoxia, balanced CO-, and consistent
nutrient supply are essential for maintaining a suitable environment for cell growth.?!® Medium
flow and RPM must be carefully adjusted to provide beneficial mechanical stimulation through
fluid shear generated by flask rotation and media circulation, without causing harmful shear
stress.>*196.211 Mechanical stimulation, which mimics in vivo dynamic forces like muscle and joint
loading, supports various cell types, although the ideal level depends on the tissue type.?!>2!1
While methods like magnetic stir bars and impellers can enhance mass transport, they often
generate turbulence and cause cell damage, hindering tissue growth.’¢

To address these issues, we developed a novel rotational, continuous-flow BR system with
integrated multi-sensor monitoring and control. Our design incorporates real-time sensors for pH,
oxygen, CO-, and temperature to maintain stable, optimal conditions for cell growth. A regulated
nutrient supply system ensures consistent media delivery, while a speed-controlled rotational
mechanism generates low shear forces and enhances mass transport, simulating physiological
environments. A custom swivel connector prevents tubing tangles, enabling uninterrupted gas and
media exchange during rotation. These components are unified by a control system that adjusts
settings dynamically based on sensor feedback.

This integrated design improves reproducibility and stability in cell culture experiments.
Its versatility is demonstrated through both macro- and micro-bioreactor configurations,

accommodating diverse culture volumes and applications. Testing showed the system accurately

80



monitors and maintains pH, oxygen, CO2, and RPM over extended periods, detecting subtle
changes in culture conditions and tuning RPM for consistency. Additionally, the BR successfully
cultured cancer cells on scaffolds for short-term experiments, underscoring its adaptability. By
offering a precise, dependable, and adaptable platform, this BR system holds promise for

advancing tissue engineering, regenerative medicine, and other biomedical applications.

5.2 Materials and Methods

5.2.1 Bioreactor and Its Components

The bioreactor contains the following the off-shelf components including: 12V DC motor
(Servocity, Winfield, Kansas) providing rotation to the BR chamber; a rubber base chamber
adaptor to hold the BR chamber; filter sterilization flasks serving as the BR chambers; flat
bottomed tubes serving as reaction chambers for the microreactor (Fisher Scientific, Hampton,
NH); sterile silicone tubing (Masterflex, Gelsenkirchen, Germany) and Tygon® tubing to conduct
fluid and gas media to the BR chambers; four stage Masterflex peristaltic pump (Masterflex,
Gelsenkirchen, Germany) to move fluid and gas media; barbed fittings (McMaster-Carr, Elmhurst,
Illinois) to connect tubing ends, incubator (Thermo Scientific, Waltham, Massachusetts) to
maintain cell culture medium temperature and maintain 5% CO2 atmosphere; electric coil heater
(McMaster-Carr, Elmhurst, Illinois) maintaining BR housing temperature; sensors that measure
oxygen (Atlas Scientific, Long Island City, New York) and CO2 (Sandbox Electronics); a micro-
pH sensor (Atlas Scientific, Long Island City, New York); an Arduino Due (Arduino, Ivrea, Italy)
controlling the DC motor and interfacing with sensors and computer; a Hall effect sensor and
magnet (McMaster-Carr, Elmhurst, Illinois) monitoring motor RPM; and a motor shield (Adafruit,
New York, New York) interfacing the motor and Arduino. The CO2 atmosphere is generated in

the incubator and then pump through the bioreactor using a peristaltic pump.
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5.2.2 pH probe evaluation

The BR chamber and tubing were first saturated with water using the peristaltic pump to assess
the long-term efficacy of the pH probe. Next, 250 mL of a pH 10 standard solution
(MilliporeSigma, Burlington, MA) was introduced, displacing the water. After one hour, this was
replaced with 250 mL of a pH 4 standard solution (MilliporeSigma, Burlington, MA). The Arduino
and Python program measured and recorded pH values throughout. To evaluate the probe’s
precision, fresh culture medium was circulated via the peristaltic pump until readings stabilized.
Then, used culture medium replaced the fresh medium, and pH values were again recorded using

the Arduino and Python system.

5.2.3 Oxygen Probe Evaluation

Water was first boiled for one hour to remove entrained oxygen from the water to evaluate the
efficiency of the oxygen probe. This boiled water was then cooled down to room temperature and
stored without exposure to air. The BR chamber and tubing were first saturated with room
temperature water using the peristaltic pump, and then boiled water was allowed to saturate the
system. The preciseness of the oxygen probe was evaluated by first saturating the BR chamber and
tubing with used medium. After the reading was stable for 4 minutes, fresh media was added to

the system and allowed to circulate.

5.2.4 CO2 Probe Evaluation

The BR system’s ability to maintain CO: levels throughout the BR chamber and tubing for
prolonged periods of time was assessed by monitoring the CO; level of the system for 1 hour. CO;
readings were taken once per rotation of the bioreactor vessel. The system’s ability to recover after

destabilization was evaluated by first allowing the system to come to equilibrium at 5% CO;. Then
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air was introduced into the system by disconnecting the inlet tube fitting and allowing air from the
outside to enter the tubing. Finally, the tubing was reconnected, allowing the system to equilibrate

to 5% COs.

5.2.5 RPM Probe Evaluation

The RPM sensor was first evaluated by directly connecting the motor to a DC power source and
the output voltage was adjusted such that the RPM was set near 16 and was monitored for 1 hour.
Next, the motor was connected to the Arduino system and the RPM was set again to 16. The initial
starting RPM was deliberately set to 14 to show how the Arduino and controlling python program
slowly changes the power output to adjust the RPM to within 1% of a given value. RPM was
monitored and adjusted throughout the duration of the experiment. Then, the motor was connected
to a DC power source and voltage was adjusted such that the RPM started near 50, and RPM was
again monitored throughout the duration of the experiment. Finally, to see the preciseness and
adjustability of the system the motor was connected to the Arduino and RPM was varied in

increments of 10 starting at 15 and ending at 65RPM.

5.2.6 Scaffold fabrication

Chitosan scaffolds were fabricated via freeze-drying. Briefly, chitosan (MilliporeSigma, St Louis,
MO, USA) was purchased with a molecular weight of 50-100kDa and was dissolved
homogenously in 1N acetic acid at a concentration of 6 wt% (6CS). The solution was cast into a
24 well plate and frozen at -20°C for 8 hours. Then, a VirTis Virtual Lyophilizer (SP Scientific,
NY, USA) was used to lyophilize the scaffolds for 1-3 days. The scaffolds were cut into 0.4mm

sections using a vibratome. The dried samples were neutralized with a mild basic solution (15mL
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33% NH4OH, 35mL DI water, and 500mL ethanol) for 30 minutes and then rinsed three times

with 70% ethanol and PBS to sterilize.

5.2.7 Cell culture

U-87 MG human glioblastoma cells were purchased from the American Type Culture Collection
(ATCC, Manassas, VA). Cells were maintained in DMEM and were fully supplemented with 10%
FBS and 1% Pen Strep in a humidified incubator with 5% CO2 at 37 °C. After plating the cells
onto the scaffolds at 200,000 cells/scaffold, the seeded scaffolds were incubated for 4 days. After
4 days, the scaffolds were placed into the macroreactor running at RPM of 5 maintained for the
duration of the experiment. In the macroreactor, a constant volume of 60 mL of medium was
maintained in the reaction vessel. In the microreactor, cell-laden scaffolds were prepared the same
method as was as in the macroreactor, with only difference being the usage of 750 pL of medium
per scaffold per day.

Human neural stem cells hNSC-H14 (WBO0195), derived from the NIH-approved hESC-
H14 (WA14), were obtained from WiCell Research Institute (Madison, W1, USA). The cells were
expanded and cultured according to WiCell NSC protocols. Briefly, the cells were cultured on
Geltrex®-coated tissue culture dishes with medium refreshed every other day. Human recombinant
basic fibroblast growth factor (bFGF, Gibco®) was supplied every day at 20 ng/mL. The NSC
culture medium contains Neurobasal medium (Gibco®) supplemented with bFGF, B27, MEM
NEAA, and GlutaMAX"™. Cells were passaged every 3—5 days and dissociated with Versene when
the growth area is over 90% confluent. The day of passaging was considered culture day 0. For
the culture in 3D scaffolds, the cells were plated at 0.2 million cells in each 24-well sized scaffold
following regular passaging procedures. The cells used in the experiments were at P34. Cells were

maintained in a humidified incubator with 5% CO; at 37°C. After 4 days of culture the cell laden
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scaffolds were placed into the micro-reactor. 2mL of medium was added every other day, and

bFGF was added every day at a concentration of 20 ng/mL.

5.2.8 Cell metabolic activity and live/dead imaging

Cell metabolic activity was evaluated using an alamarBlue assay (Sigma Aldrich, St Louis, MO,
USA). The scaffolds were removed from the BR or their respective well and placed into a new
well. The new well was then filled with a diluted alamarBlue solution (10X dilution with DMEM
culture medium, 110 pg/mL resazurin) and incubated for 80 minutes in an incubator. The
fluorescence intensity of the solution was measured at 590 nm using an excitation of 560 nm on a
SpectraMax M2 microplate reader (Molecular Devices, Sunnyvale, CA, USA). All the measured
fluorescence intensities were normalized to a standard control well. Cell viability was evaluated
using a LIVE/DEAD Viability/Cytotoxicity Kit (Invitrogen, Thermo Fisher Scientific) according
to the manufacturer’s protocol. Briefly, cells were stained with Calcien AM at 1 uM for viable
cells and propidium iodide (Thermo Fisher) was used at 10 uM for 15 minutes at room
temperature. The samples were imaged using a Nikon TE3000 Inverted Microscope (Nikon,

Tokyo, Japan).

5.2.9 Immunocytochemistry (ICC) and microscopy
The primary antibodies SOX2 (Biolegend) and nestin (Biolegend) were used to characterize hNSC

marker protein expression following the manufacturer’s protocol. Briefly, the hNSCs were
cultured as described above. After 7 days, the cells were rinsed with PBS, fixed with cold 4%
paraformaldehyde for 10 minutes on ice, permeabilized for 10 minutes, blocked for 1 hour, and
stained with primary antibodies at 4°C overnight. Cells were then incubated with secondary

antibodies for 2 hours on ice, washed three times and stained with DAPI before mounted in Prolong
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Gold antifade reagent (Invitrogen; Carlsbad, CA). Fluorescence images were acquired using a

Nikon TE300 inverted microscope (Nikon, Tokyo, Japan).

5.2.10 Flow cytometry analysis for NSC protein expression

Cells were dissociated from the scaffolds with Accutase and washed in PBS. The cells were
subsequently fixed in 4% paraformaldehyde for 10 minutes, permeabilized in 1 %v/v Triton-X 100
in PBS, and then washed with PhosFlow Perm/Wash Buffer (BD Biosciences, San Jose, CA). The
cells were resuspended in 100 pL cell Perm/Wash Buffer, incubated with fluorophore-conjugated
antibodies SOX2, nestin, Ki67, and SOX1 for 60 minutes on ice in the dark, washed with
Perm/Wash Buffer, and resuspended in 0.3 mL Cell Staining Buffer (BioLegend; San Diego, CA).
Cells were analyzed on a LSRII flow cytometer (BD Biosciences) and using FlowJo software (Tree
Star Inc., Ashland, OR). The antibody PE anti-nestin (BDB561230), Alexa Fluor® 647 anti-SOX2

(BDB560302), Ki67, and SOX1 were purchased from BD Bioscience (BD Biosciences).

5.2.11 Statistical analysis

Statistical significance was assessed using an unpaired, two-tailed Student’s t-test to determine the
p-value. The number of independent measurements or experiments (n) is provided in the figure
captions. A p-value of less than 0.01 was considered statistically significant. All statistical analyses

were conducted in Microsoft Excel using a student’s t-test.

5.3 Results and Discussion

5.3.1 Bioreactor Design and fabrication

The dynamic bioreactor is engineered to support continuous nutrient and gas exchange, critical for
cell culture and fermentation processes. It comprises a bioreactor chamber linked to a nutrient

reservoir and CO:z supply via a swivel connector, ensuring uninterrupted media flow. The system
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incorporates a water bath for precise temperature regulation and a motor for consistent agitation.
Integrated valves, pumps, and sensors, managed by a computer through a stimuli control device,
enable seamless operation. Fabrication focuses on assembling these components to maintain
sterility, efficiency, and reliability.

As 1illustrated in Figure 5.1a, the dynamic bioreactor system features a motor-rotated
chamber with sensors monitoring oxygen, CO-, and pH to optimize cell culture conditions. Figure
5.1b provides an exploded view of the swivel connector The design includes a rubber base adaptor
and filter-sterilized flasks as chambers, with flat-bottomed tubes serving as reaction vessels for the
microreactor. Sterile tubing, driven by a peristaltic pump, delivers fluid and gas media. An
incubator regulates the cell culture medium’s temperature and CO: atmosphere, while an electric
coil heater maintains the bioreactor housing’s temperature. An Arduino interfaces with sensors
and computer, controlling the motor, with a Hall effect sensor tracking RPM for consistent
performance.

The integration of Arduino boards and custom Python programs enhances the flexibility of
multi-parameter monitoring and control in bioreactor (BR) processes. Leveraging affordable,
widely available Arduino components increases system modularity, thanks to compatibility with
a broad range of sensors, modules, and devices. Similarly, Python enables rapid integration of
Arduino hardware and custom interfaces into the BR system, streamlining operation and
customization.

The integration of Arduino boards and custom Python programs enhances the flexibility of
multi-parameter monitoring and control in BR processes. By utilizing inexpensive and available
Arduino components, modularity of the system is increased due to the wide variety of compatible

modules, sensors, and devices compatible with Arduino.?!® Similarly, Python enables rapid
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integration of Arduino hardware and custom interfaces into the BR system, streamlining operation
and customization.

A standout feature of our design is the dynamic swivel-joint connector, which ensures leak-
proof media and gas isolation. The BR chamber-swivel connector system is designed for easy
disassembly, cleaning, and replacement of u-cup seals, with expandable housing porting to support
additional transport options. Figure S.1¢ depicts the realized macroreactor, while Figure 5.1d
shows the assembled unit. The tubing, fittings, and seals maintain sterility during medium and air
transport. By eliminating internal rotors, this design reduces cell shearing and impact forces,
instead using gentle shear against the chamber wall to stimulate cells and promote flow. Oft-the-
shelf components enhance modularity and adaptability, supporting applications like scaffold-based
cell cultures or high-volume suspension cultures. The system can also be adapted for small-volume
cultures by modifying the motor shaft to accommodate microliter-scale vessels.

Our BR system is not restricted to a specific number of samples per chamber, as other
designs may be, and can accommodate multiple samples in a soft rotating / tumbling modality or
through the use of a sample holder of various potential configurations. The BR chamber can also
be used in a non- rotating configuration, only allowing fluid to pass over and through, e.g., porous

mesh stainless steel wire cage holding seeded scaffolds.
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Figure 5.1 a) schematic diagram of the dynamic bioreactor system. The bioreactor is connected to
a nutrient reservoir and CO2 supply via a swivel connector, allowing for continuous nutrient and
gas exchange. The system includes a water bath chamber for temperature control, a motor for
agitation, and various valves, pumps, and sensors controlled by a computer through the
system/stimuli control device. ¢) Exploded diagram of bioreactor chamber, housing, and swivel
connector along with components that allow fluid flow to and from the chamber. Bioreactor system
illustrating components for operation for the ¢) macroreactor including 8) 12V DC motor with
housing, 9) water bath chamber with heating element and bioreactor, 10) medium outlet, 11)
medium inlet, 12) swivel connector housing, 13) peristaltic pump, 14) gas inlet, 15) gas outlet, 16)
and main electronics system (Arduino Due, 12V DC power supply temperature controller, pH
sensor, CO2 sensor, and oxygen sensor). Front panel close up of electronics housing with displays
for 17) set RPM, 18) measured RPM, 19) temperature reading, 20) pH level, 21) measured CO2,
22) measured oxygen concentration, and 23) power switch with LED indicator. d) Image of
bioreactor chamber and swivel connector assembly, with components labeled.
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The macroreactor employs a 250 mL flask as its standard chamber, but its design allows for
flexibility, chamber size can be adjusted or swapped for alternative geometries (e.g., larger or
smaller volumes) or supplemented with additional bioreactor assemblies (e.g., trays, hollow fibers,
membranes) using adaptors. This adaptability supports a variety of tissue types. The Arduino
framework enables the addition of multiple motors to operate several BR chambers
simultaneously, along with extra sensors for greater complexity. The versatile Python program can
be easily adapted to manage multiple motors and sensors, facilitating parallel experiments with
different cell types or testing conditions.

The open-ended system design supports diverse applications, such as testing the effects of
varying growth factor (GF) concentrations on identical cell lines under intermittent or continuous
rotation within separate chambers. It also allows trials with distinct parameter sets across
individual chambers, where cell secretions from one chamber can be channeled into a second,
third, or fourth chamber via the novel swivel connectors, all while accommodating different
chamber sizes. This flexibility enhances the system’s utility for complex tissue engineering

experiments.

5.3.2 Process Monitoring and Control

The BR system operation starts by launching the Python program and connecting the Arduino Due
via a drop-down list of available COM ports, as shown in Figure 5.2a. Upon initialization, the
Python GUI front panel displays all BR functionalities, with a confirmation message indicating a
successful connection or failure (Figure 5.2b). The user sets the chamber rotation speed using the
dial in Figure 5.2c¢, triggering the DC motor to spin and self-adjust via a Hall effect sensor near
the motor shaft. The measured RPM is relayed to the Arduino and shown in the “Measured”

textbox (Figure 5.2¢). Sensors connected to the Arduino monitor CO2, pH, and oxygen, with
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readings displayed in the Python GUI under their respective labels (Figures 5.2d—f). CO- auto-
calibrates at startup, while pH and oxygen probes can be calibrated with standard solutions before
placement in the outlet line. The water bath temperature is set using the controller on the device’s
front panel (Figure 5.1b), and a Masterflex peristaltic pump regulates nutrient media and gas flow
into and out of the BR chamber.

Settings and readings from the Python GUI are mirrored on the device’s front-panel LEDs
for quick reference, with time-series data for CO., pH, and oxygen graphed in Figures 5.2d—f.
Once RPM is set, a text file logs RPM, pH, oxygen, CO:, and timestamps until the user stops it,
facilitating data analysis. Python’s flexibility allows future customization with additional modules
or components. The 12V DC motor, operating at 0—116 RPM, connects to an Adafruit Motor
Shield interfacing with the Arduino Due and Python GUI. Motors are interchangeable for higher
RPM needs, and if the set and measured RPM differ by more than 1% (via Hall effect sensor
readings), the Arduino adjusts the motor speed to maintain the target. The swivel connector
assembly features a shaft with 10 grooves, four active ones sealed by dynamic U-cup seals
(AN6226, Parker-Hannifin, Lexington, KY), preventing leakage between active and inactive
grooves.

Sensors for oxygen, CO2, pH, and temperature provide feedback to the Arduino Due,
Python GUI (Figure 5.2), and device front panel (Figure 5.2, 17-23). The oxygen sensor detects
0-150% saturation (0—27 mg/L) with a resolution of 0.01 mg/L, while the CO: sensor ranges from
0-100,000 ppm. A 5% CO- atmosphere, maintained in an incubator and pumped through a HEPA
filter into the BR system, ensures a stable cell culture environment. The pH sensor measures 0—14
+ 0.01, and a thermocouple in the water bath monitors temperatures from 25.0-70.0 °C £+ 0.1°C.

These sensors interface with the Arduino Due within the BR housing (Figures 5.1 and 5.2), which
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connects to the Python program via USB. The system continuously adjusts RPM to match the set
value. To regulate pH, dissolved oxygen (DO), and CO-, the peristaltic pump’s flow rate can be
manually adjusted based on probe readings. Temperature is controlled separately via the water
bath, not the Arduino or Python, though such capabilities could be added with minimal effort.
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Figure 5.2 Python GUI front panel for displaying all BR functions. Functions of the Python GUI
include a) Arduino COM selection interface; b) connection and error dialog box; ¢c) RPM control;
d) CO2 monitor; e) pH monitor; and f) oxygen monitor.

5.3.3 Evaluation of pH, oxygen, and CO2 probes

Our dynamic BR design incorporates several sensors and controllers to monitor conditions within
the BR chamber. One of the most important parameters to monitor is the pH of media, which can
significantly impact cell fate.?!” Even small changes in pH can affect a myriad of different

biomaterials.?!® Thus, it is imperative to control and monitor the pH of culture media in real time
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to ensure it remains within acceptable limits. To accomplish this, the medium was constantly
cycled through the BR, and a pH probe was installed in line with the media outlet channel. As cells
grow, they secrete waste which makes the medium more acidic. We counteract the tendency of
cell culture media to increase in acidity by automatically exchanging the cell culture media with
fresh medium with a basic pH, usually around 7.5-8.0 depending on the type of medium

To demonstrate our system’s pH monitoring and control capabilities, the system was
saturated with two different pH standard solutions by using the peristaltic pump. When switched
from water to solution of pH 10 and then from solution of pH 10 to solution of pH 4, the pH sensor
showed relatively quick changes in pH readings, and once it reached the target pH, the readings
were consistent. This test demonstrated the system’s ability to monitor pH over long term periods
as well as track changes in pH. Figure 5.3a shows the pH value detected by the pH sensor as a
function of time for this experiment. In Figure 5.3b, fresh medium was first allowed to saturate
the system and stabilize, then used media was introduced into the system and allowed to stabilize.
We again see relatively fast responses to changes in the culture medium state between the fresh
and used medium. This test demonstrates the system’s ability to track small changes in pH.

Oxygen is essential to the metabolic activity of cells and is another major factor that can
affect cell fate.?!%??° To ensure oxygen is within an acceptable range, it was monitored in the same
way as pH was with one caveat. Here, our oxygen probe will consume a small amount of oxygen
as it takes readings, and if the flow rate is not fast enough stagnation will occur and a constant
decrease in the reading should be observed as time goes by because the probe is consuming
oxygen. To conserve medium, our flow rates are low enough such that we can sometimes see a
change in the readings due to oxygen consumption from the probe, however, when stagnation

occurs the system usually recovers on its own. As cells grow, they will consume oxygen in the
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medium, leading the used medium to have an overall lower amount of oxygen than the fresh
medium.

Figure 5.3¢ demonstrates the system’s ability to detect oxygen changes by using fresh and
boiled water. A constant reading of around 8.0 mg/mL is maintained when fresh water has
saturated the system. After boiled water is added to the system, a change down to around 7.0
mg/mL is observed. The system’s sensitivity to changes in the oxygen of culture medium showed
in Figure 5.3d. Here, the reading holds steady at around 6.5 mg/mL when the used medium has
saturated the system. After new medium is added, an increase in oxygen level was observed, but
stagnation occurs. The BR system manages to correct itself and constant reading around 7.5
mg/mL is observed for the new medium. These tests demonstrate the system’s ability to follow
and monitor changes in oxygen.

CO2 is another critical parameter that can impact cell culture outcomes. CO2 helps the
system buffer against drastic changes in pH when biological products are produced. Therefore,
careful monitoring and regulating of CO2 is necessary to ensure the system is properly buffered.
To achieve this, air with 5% CO?2 is continually pumped through the system, and a CO2 sensor
was installed in line with the output gas to monitor CO2 levels. During an experiment, certain
treatments, such as chemotherapeutics, may need to be administered to the BR chamber. Thus, it
is important for the BR chamber and tubing to be able to come back to 5% CO2 quickly after being
destabilized.

To determine the long-term CO2 stability of the system, the CO2 level was monitored for
1 hour in the system. Figure 5.3e shows a constant reading of around 4.8% for the duration of the
experiment. This deviation from 5% is likely due to placement of the gas inlet tubing being too

close to the door or general fluctuations of CO2 inside of the incubator. To evaluate the
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effectiveness of the CO2 sensor, the CO2 level was first stabilized at 5% by allowing the peristaltic
pump to cycle air through the system for 30 minutes. Then, the BR chamber and tubing were
destabilized by loosening one of the inlet connections and allowing air into the BR system and
finally allowed to equilibrate again by securing the inlet connections with results presented in
Figure 5.3f. In our BR system, a 5% CO2 atmosphere is constantly maintained in an incubator,
and a peristaltic pump is used to pump that atmosphere through the BR. When the system is
destabilized, regular air is introduced into the system. The results of this test indicate that the
system can not only maintain an atmosphere of 5% CO2 but can quickly recover if any changes

need to be made during the experiment.
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Figure 5.3 Data collected from the pH, oxygen, and CO2 probes. Data collected from the pH probe
for a) standard solutions and b) used and fresh media. Data collected from the oxygen probe while
the system is saturated with ¢) water and d) cell culture medium. Results from the CO2 e) longevity
test and f) destabilization test.

5.3.4 Evaluation of RPM probe

The BR system must maintain consistent rotational speed over extended periods to ensure uniform
shear forces on cells and adequate medium agitation to prevent stagnation. Precise RPM control is

critical, especially for applications requiring variable shear forces. To achieve this, a Hall effect
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sensor and magnet continuously monitor RPM, and the Arduino adjusts motor power based on
these readings. The acceptable deviation range is programmable, but here, adjustments occur when
the measured RPM deviates by more than 1% from the set value.

When powered by a DC source alone, the motor’s speed fluctuated slightly over one hour,
as shown in Figure 5.4a, averaging 16.68 £ 2.05 RPM at a target of 16 RPM. This variability
highlights the inadequacy of a DC power source for precise control, even at low speeds. In contrast,
Figure 5.4b illustrates the motor’s stability when regulated by the Arduino, which uses Hall effect
sensor data to maintain a steady 16.15 = 1.55 RPM. The RPM starts below 16 and incrementally
rises to the target, demonstrating fine adjustment capability. Figure 5.4¢c shows that a DC motor
connected solely to a power source fails to sustain a high RPM, exhibiting a gradual decline over
time. However, Figure 5.4d showcases the Arduino and Python program’s precise, near-
instantaneous control, as RPM increases from 15 to 65 in 10-RPM increments with minimal
transition time.

RPM settings are easily adjusted via the Python GUI (Figure 5.2), allowing real-time
variation during experiments to meet diverse shear force requirements. This flexibility and

precision enhance the BR system’s reliability for long-term cell culture applications.
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Figure 5.4 RPM data collected from the BR system when the motor a) was directly connected to
a DC power source for 1 hour, b) was connected to the Arduino and RPM was constantly monitored
and adjusted for 1 hour, c¢) was directly connected to a DC power source for 21 hours, and d) had
its RPM increased in increments of 10; arrows indicate where the RPM was changed, starting at
15 and ending at 65 RPM.

5.3.5 Evaluation of Tumor Model

The macroreactor was evaluated on its ability to support the tumor cell line U87. U87 is a
glioblastoma cell line, which is one of the most common brain cancers.??!23 U87 is an adherent
cell line and therefore was cultured on chitosan scaffolds. Prior to plating, 6CS scaffolds were
treated with medium by incubating them for 30 minutes. The scaffolds were introduced into the
macroreactor on day 4, meaning that they had not been exposed to the macroreactor until that
point. Figure 5.5a and 5.5b show the sensor data for the pH and oxygen sensors, respectively,
collected from the macroreactor during the experiment. In the pH and oxygen data, the sharp

change in the data is due to leaving the program running to collect data while performing medium
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changes and cell analysis, which causes air to enter the line and affects the readings. The pH and
oxygen see slight decreases over time between medium changes. Precise pH regulation is essential,
as even small deviations can profoundly affect cellular processes.??* For instance, a pH shift of 2
units has been shown to alter protein secretion and extracellular vesicle uptake, with implications
for transfection and drug delivery.??> Our BR’s accurate pH monitoring supports such applications
and opens avenues for further investigation. Similarly, oxygen control is critical, as hypoxic
conditions, common in tumors, can modify gene expression and drive invasive phenotypes.??®
Unlike traditional systems that rely on pumped media flow, our rotational design minimizes shear
stress and allows hypoxia to be induced by sealing the gas outlet, offering flexibility for specialized
studies.

Figure 5.5¢ shows the CO> data. The large dips in the data are caused by opening of the
incubator door or from performing medium changes and cell analysis, but otherwise the CO; levels
remain consistent around 5% CO,. Stable CO: levels are vital, acting as a buffer to prevent abrupt
pH swings.??” Our system effectively maintains CO- concentrations and quickly recovers from
disruptions, ensuring a dependable culture environment.

Figure 5.5d shows the RPM sensor data. Fluid shear and microgravity, regulated through
precise RPM adjustments, enhance mass transport and replicate in vivo mechanical cues. The
motor speed averaged 4.98 + 0.12 RPM over the duration of the experiment. The modular design
accommodates various flask geometries, enabling fine-tuned shear forces and optimized culture
conditions tailored to specific needs. Mechanical stimulation is a key driver of cell proliferation
and differentiation.??® The 30° canted-axis rotating chamber generates gentle shear forces through
soft vortex circulation, improving fluid mixing while minimizing cell damage. This contrasts with
conventional paddle or impeller-based systems, which often produce turbulent flow and excessive
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mechanical stress. The adaptability of our design makes it well-suited for sensitive cell types, such

as stem cells and cancer cells, broadening its utility.
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Figure 5.5 Sensor data collected from the macroreactor for a) pH, b) oxygen, ¢) CO,, and d) RPM.

Figure 5.6a shows live/dead imaging of the cells in the scaffold. In the macroreactor a healthy
population of cells can be observed with clusters and single cells present, and minimal or no dead
cells visible. However, in the static condition, dead cells can be observed. It is worth noting that
the cells in the macroreactor appear to spread more evenly throughout the scaffold, whereas in the
static condition the cells tend to remain closer to the edges of the scaffold. It is also interesting to
note that the metabolic activity in the static condition is higher than that of the macroreactor on
day 10, but the live/dead images indicate there are more cells present in the macroreactor scaffolds.
This is likely due to a decrease in the metabolic activity of the cells in the macroreactor caused by

the dynamic conditions.
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The cells were also stained with Calcien-AM and the percent area fluorescent was
quantified and can be seen in Figure 5.6b. In the static condition, the cells saw a consistent increase
in percent area fluorescence across the 10-day period. The macroreactor saw an initial increase in
percent area fluorescence on day 3, but a decrease in percent area fluorescence on day 5, followed
by a consistent increase for the remainder of the experiment. As the cells are adjusting to their new
environment, some of the weakly attached cells are likely falling off or dying.

The cell metabolic activity on the scaffolds was measured over time, and the results are
presented in Figure 5.6¢. Upon introducing the scaffolds into the macroreactor, there was an initial
decrease in cell metabolic activity on day 3. However, the macroreactor showed a general increase
in metabolic activity after day 3. The initial decrease in the macroreactor is likely attributed to an
initial adjustment period for the cells, where the cells are undergoing an adjustment with the added
mechanical stresses on them. Once the cells were acclimated to the environment, they can start

proliferating and spreading throughout the scaffolds.
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Figure 5.6 Fluorescent images of cells in 6CS scaffolds cultured statically and in the macroreactor.
Cells were stained with Calcien AM (live, green) and propidium iodide (dead, red) for
visualization on days 1, 3, 5, 7 and 10. The scale bar represents 250 um. Viability data from the
scaffolds cultured in static conditions and in the macroreactor for b) metabolic activity and c)
percent area fluorescent. A p value of < 0.01 is indicated by an asterisk, and n > 3.

5.3.6 Design and Characterization of Micro-bioreactor

To demonstrate the versatility of the bioreactor and accommodate for high throughout testing in
the bioreactor, we designed a microbioreactor with small volumes that can culture up to 6 different
reaction vessels at a time. Thus, a microreactor was also designed to accommodate multiple
reaction vessels that can culture cells using small volumes. To achieve this, a 3D printed holder
was created, capable of holding 6 individual reaction chambers. These chambers were connected
to a central chamber through tubing to enable passive air exchange. The central reaction chamber
was directly connected to a modified version of the swivel connector, providing a secure

connection for air or medium exchange, if desired. Figure 5.7 shows the realized microreactor.
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Figure 5.7 Bioreactor system illustrating components for operation for the a) microreactor
including 1) 12V DC motor with housing, 2) water bath chamber with heating element and
bioreactor, 3) medium outlet, 4) medium inlet, 5) swivel connector housing, 6) peristaltic pump,
7) gas inlet, 8) gas outlet, 9) and main electronics system (Arduino Due, 12V DC power supply
temperature controller, pH sensor, CO2 sensor, and oxygen sensor). Front panel close up of
electronics housing with displays for 10) set RPM, 11) measured RPM, 12) temperature reading,
13) pH level, 14) measured CO2, 15) measured oxygen concentration, and 16) power switch with
LED indicator. b) Image of microreactor apparatus, with components labeled as 17) Individual
culture reaction vessel, 18) 3D printed holder designed to hold 6 individual reaction chambers
along with the central chamber, 19) connection to the central chamber, 20) tubing to connect the
reaction vessel to the central chamber, 21) swivel connector, 22) housing for the swivel connector,
and 23) tubing connection for CO».

Figure 5.8a presents live/dead imaging of cells within the scaffold. In the microreactor, a healthy
cell population is observed, with both single cells and clusters present, and minimal to no dead
cells visible. In contrast, the static condition shows a noticeable presence of dead cells.
Additionally, the cells in the microreactor appear to be more evenly distributed throughout the
scaffold, whereas in the static condition, they tend to remain near the scaffold edges. In the
macroreactor, cells seem to form denser clusters. Interestingly, metabolic activity in the static
condition is higher than in the microreactor on day 10, yet live/dead imaging suggests a greater
number of cells in the microreactor scaffolds. This discrepancy is likely due to a decrease in

metabolic activity caused by the dynamic conditions in the microreactor.
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Cells were also stained with Calcien-AM, and the quantified percent area fluorescence is
depicted in Figure 5.8b. In the static condition, fluorescence increased consistently over the 10-
day period. In the microreactor, fluorescence initially increased on day 3, followed by a decline on
day 5, before steadily rising for the remainder of the experiment. This fluctuation may be attributed
to weakly attached cells detaching or dying as they adapt to the new environment.

Cell metabolic activity on the scaffolds was measured over time, as shown in Figure 5.8c.
After scaffold introduction into the microreactor, an initial decline in metabolic activity was
observed on day 3. However, metabolic activity generally increased after day 3, with the
microreactor displaying higher metabolic activity on day 10 compared to the macroreactor. The
static condition exhibited the highest overall metabolic activity, though a slight decline was noted
on day 10. The initial drop in both BR systems is likely due to an adaptation period, where cells
experience mechanical stress. Once acclimated, they begin to proliferate and spread throughout

the scaffolds.
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Figure 5.8 Fluorescent images of cells in 6CS scaffolds cultured statically and in the microreactor.
Cells were stained with Calcien AM (live, green) and propidium iodide (dead, red) for
visualization on days 1, 3, 5, 7 and 10. The scale bar represents 250 um. Viability data from the
scaffolds cultured in static conditions and in the microreactor for b) metabolic activity and c)
percent area fluorescent. A p value of < 0.01 is indicated by an asterisk, and n > 3.

5.3.7 Evaluation of a Nonadherent Cell Line for Both Bioreactors

The macroreactor and microreactor were compared on their ability to support the nonadherent
human T-cell line JURKAT. The JURKAT cell line was chosen because T-cells are among the
most common cells used in cell therapy, and their production is important to scale up.??3° The
JURKAT cells are nonadherent and therefore were not cultured with scaffolds. After plating, the
JURKAT cells were allowed to grow for 1 day before beginning rotation. Both the metabolic
activity and the overall cell concentration were measured over a 10-day period and the results are
shown in Figure 5.9a and 5.9b, respectively. The metabolic activity and cell concentration agree
with each other for the macroreactor, microreactor, and static conditions. The macroreactor saw

nearly a 170% increase in cell concentration over the 10-day period, while the microreactor saw
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an almost 280% increase in cell concentration. This discrepancy is likely due to the greater force
acting on the cells in the macroreactor compared to the microreactor. Since the macroreactor vessel

is larger than the microreactor, the cells have farther to fall during rotation.
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Figure 5.9 Evaluation of the nonadherent cell line JURKAT in the macro- and microreactor. a)
cell concentration and b) metabolic activity of JURKAT cells. A p value of <0.01 is indicated by
an asterisk, and n > 3.

The system, built on an Arduino and Python framework, demonstrated robust performance in
maintaining U-87 MG glioblastoma cells on chitosan scaffolds and nonadherent JURKAT cells,
showcasing its versatility for various tissue engineering applications. Unlike conventional
bioreactors that rely on impellers or mechanical stirring, our system eliminates direct contact with
cells through its innovative swivel connector and rotation-based fluid circulation. This approach
reduces cell damage, enhances mass transport, and provides a more physiologically relevant
culture environment by simulating low-shear microgravity conditions. The ability to reduce
turbulence and avoid direct mechanical stress makes this system especially advantageous for
fragile or sensitive cell types. Additionally, the versatility of this system could enable high-
throughput drug screening, multi-sample processing for personalized medicine, and large-scale

tissue regeneration for clinical use. Scalability allows miniaturization through modified motor
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shafts, smaller vessels, and micro-scale sensors, opening possibilities for portable bioreactors
suited to point-of-care diagnostics or space research. Its precise control and real-time monitoring
also support advanced bioprocessing, such as optimizing stem cell-derived organoids or

engineering tissue constructs for transplantation.

5.3.8 Evaluation of hNSC Model in the Microreactor

The microreactor was evaluated on its ability to support a multipotent population of hNSCs
cultured in the chitosan scaffolds. hNSCs were chosen because hNSCs are used in many stem cell
therapies,® and scaling up their culture is important for accommodating the large number of cells
required for stem cell therapy. Figure 5.10a shows the metabolic activity of the cells grown in
both static conditions and in the microreactor. It can be seen that the cells grown in the micro-
reactor have a greater proliferation after the 7-day period. Figure 5.10b shows the ability of the
microreactor and scaffolds ability to maintain the multipotency of the hNSCs. The microreactor
has a larger multipotent population than the cells grown in the static condition, with SOX2, nestin,
Ki67, and SOX1 all having larger positively expressing populations in the microreactor than in the
static condition, but not in the 2D control. Live/dead stained images of the cells in both the static
and microreactor conditions can be seen in Figure 5.10c. Over the course of 7 days, it can be seen
that the cells continue to grow throughout the scaffold in both the static and microreactor condition,
however, the cells appear to be more confluent in the microreactor than in the static condition after

7 days.
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Figure 5.10 Evaluation of hNSC-H14 grown on 6CS scaffolds in the microreactor. a) metabolic
activity of the hNSCs grown in the microreactor. An * indicates a p value of less than 0.05 between
the static and microreactor condition. b) protein expression results from hNSCs grown in the
microreactor for 7 days. c¢) fluorescent images of live (green) and dead (red) stained cells. The

scale bar indicates 250 pm.
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Chapter 6 Enhanced Differentiation of Human Neural Stem Cells into Cortical
Neurons Using 3D Chitosan Scaffolds

6.1 Introduction

Human neural stem cells (hNSCs) are self-renewing, multipotent cells with the intrinsic capability
to differentiate into specialized cell types of the central nervous system, including astrocytes,
oligodendrocytes, and neurons.???32 Among these, cortical neurons are particularly important, as
they constitute a major population in the cerebral cortex and play a significant role in the
pathophysiology of neurodegenerative diseases, such as Alzheimer’s disease. The study of cortical
neurons can provide vital insights into the mechanisms underlying neurodegenerative disorders
such as Alzheimer’s, Parkinson’s, and multiple sclerosis.>?3*234 By differentiating stem cells into
functional neurons, researchers can track the progression of diseases at different developmental
stages.?*> Additionally, fully differentiated neurons offer an invaluable platform for evaluating the
efficacy of therapeutic interventions.?*® A complicating factor, however, is frequent emergence of
cells types, such as astrocytes, during the differentiation process, necessitating additional cell

237

sorting to obtain purified populations of cortical neurons.>’’ In this regard, in vitro three-

dimensional (3D) disease models have shown great promise, and recent advancements have
yielded encouraging results in treating these conditions.?33:238

While traditional 2D culture substrates offer advantages in terms of imaging convenience
and ease of handling for passaging and evaluation,® 3D culture systems more accurately emulate
the in vivo environment, facilitating more natural cell responses.?**>4° In 3D cultures, cell-cell and
cell-matrix interactions occur in all directions and cells experience enhanced exposure to nutrients
and biologically relevant signals,?*! leading to more physiologically relevant cellular networks,

242

synaptic transmissions, and morphological features.=** These aspects are thought to underline the
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superior differentiation efficiency observed in 3D cultures,*>!6°

positioning 3D culture systems as
a key tool for more rapid and efficient differentiation of hNSCs into cortical neurons.
Moreover, 3D culture systems present certain manufacturing advantages over their 2D

counterparts,”*3

especially when using versatile materials such as chitosan. These systems offer
tunable properties, such as pore size and stiffness, which can significantly influence cell growth
and differentiation.?** By contrast, 2D substrates made of glass or hard plastic are inadequate in
replacing the mechanical cues found in vivo. Additionally, 2D culture substrates usually require
coating for hNSC culture, and these coatings are typically derived from murine tumors, have
limited shelf life (up to 1 month), and can be used only once. In contrast, polymer based 3D culture
systems, composed of readily available chemicals, can replicate these in vivo mechanical
properties, fostering improved cell growth and differentiation.?*> These features could enhance the
efficiency and speed of the differentiation of hNSCs into cortical neurons.

Synthetic polymers, such as polypyrrole, have been developed as fibrous and porous

scaffolds to differentiate neural stem cells,?4%-247

yet they lack the necessary surface chemistry to
promote cell adhesion.?*® Natural polymers, therefore, present an appealing alternative. Matrigel
and Geltrex, natural protein cocktails derived from murine tumors, are considered the gold
standard for coatings in 2D cultures, and can also be used as a gel or scaffold material to culture
and differentiate hNSCs.?4%23° Chitosan, another commonly used biomaterial, offers advantages
such as controllable material properties and cost-effectiveness.??!-?>2 Derived from chitin, a major
component found in insects, crustaceans, and some fungi, chitosan is obtained via a simple
deacetylation reaction.?>3 This biocompatible and biofunctional polycationic, hydrophilic, and

254,255

linear polysaccharide, presents an attractive surface for cell attachment due to its positive
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charge and hydrophilic nature.'®-2%¢ Its structural similarity to glycosaminoglycans, a major
component of extracellular matrices, further enhances its suitability for use in culture systems.?’

Chitosan has been utilized to fabricate various culture systems for neural tissue engineering,?%?%
where it supports the growth and differentiation of hNSCs when used in hydrogel form.* Chitosan
membranes have also demonstrated efficacy in maintaining the proliferation and multipotency of
hiPSCs.'% In 3D printing applications, chitosan-based inks have shown potential to enhance hNSC

differentiation,?¢°

and chitosan scaffolds have been used to promote the differentiation of human
dental pulp stem cells into neurons, astrocytes, and oligodendrocytes. 26!

Several methods exist for producing cortical neurons, including differentiation from dental
pulp stem cells,?¢! human induced pluripotent stem cells (hiPSCs),?6? and hNSCs.?*? While hiPSCs
offer some advantages including the ability to model neurogenesis and pathogenesis,?®3-26% they
are patient-derived and may contain pathological phenotypes.?®62¢7 Moreover, hiPSCs are often
associated with a higher risk of tumorgenicity than embryonic cells.?®3-27° Embryonic stem cells,
in contrast, tend to exhibit greater specificity and differentiation efficiency than hiPSCs.?’! hNSCs,
however, remain a compelling option, as they are multipotent and capable of differentiating into
functional neural cells.?’> Traditionally, hNSC differentiation into cortical neurons involves
seeding cells as a monolayer on two-dimensional (2D) surfaces coated with Matrigel or Geltrex.
Neurotrophic factors such as BDNF and GDNF can be used to enhance the process, however, this
typically results in the simultaneous production of astrocytes, oligodendrocytes, and other neurons,
necessitating additional purification steps to isolate cortical neurons. Hence, the protracted
differentiation period and low yield of target cells, particularly cortical neurons, remain major
challenges in advancing neurodegenerative disease treatments for neurodegenerative

diseases.??”?"3 Achieving fully mature cortical neurons often require 2-8 weeks.?’+273
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In this study, we introduce a novel strategy to enhance the differentiation efficiency of
hNSCs into cortical neurons using chitosan scaffolds. These scaffolds provide a chemically
defined, 3D platform that promotes cell growth and fosters increased cell-cell interactions
compared to 2D cultures. We optimized the fabrication of chitosan scaffolds to produce an
interconnected, 3D porous space suitable for hNSC culture, characterizing its pore size and
compressive elastic modulus. To demonstrate the versatility of the chitosan scaffolds, we explored
neuronal differentiation using scaffolds with various surface coatings: native hANSC ECM, Geltrex,
culture medium, or uncoated scaffolds. Specifically, the native ECM was deposited on a sacrificial
passage of hNSCs. The deposition on the surface was evaluated using SEM and XPS. Initial ANSC
adhesion, viability as well as differentiation was characterized. The efficiency of cortical neuron
differentiation over 2 weeks was compared among scaffold conditions using representative

markers for neuronal linage cells and cortical neurons.

6.2 Materials and Methods

6.2.1 Preparation of CS scaffolds

The 6CS scaffolds were prepared by mixing medical grade chitosan (degree of deacetylation of
98.3 £ 0.1%, Matexcel, Shirley, NY) in ultrapure deionized water with 4% w/w acetic acid such
that a 6wt% chitosan solution was made. The mixing was performed in two steps. The first step
was performed 3-5 times in a Thinky Mixer (ARM 300, ThinkyUSA, Laguna Hills, CA) at 2000
rpm for 3 minutes. The second step was performed in a household blender 2 times at the highest
setting for 5 minutes or until the solution was homogenous. The 6CS solution was cast into a well
plate and then lyophilized overnight. Scaffolds were then sliced into 400 um thick slices using a
vibrating  microtome. Then the scaffolds were neutralized in  ammonium

hydroxide/water/methanol (7%/3%/90%) solution and rinsed 3 times with sterile water. Scaffolds
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were then rinsed 3 times in sterile ethanol (70% v/v), and then the scaffolds were rinsed 3 times

with sterile PBS. Scaffolds were stored at 4°C in sterile PBS.

6.2.2 Physical Properties of CS Scaffolds

The compressive elastic modulus of both dry and wet scaffolds was determined using an AGS-X
Series Universal Tester (Shimadzu, Kyoto, Japan). Scaffolds were compressed at a rate of 0.4
mm/min until a strain of at least 0.4 was reached. Wet scaffolds were soaked in PBS for at least
24 hours before testing. The elastic compressive modulus was calculated from the linear region.
Pore size was determined from SEM images by measuring and averaging the pore diameters of at

least 50 pores using ImageJ.

6.2.3 SEM

The non-coated, Geltrex coated, pre-seeded, and medium treated scaffolds had their surface
topographies examined using SEM. Scaffolds were prepared as normal and had the appropriate
coating applied to them. Scaffolds were then freeze dried. Dried scaffolds were sputter coated with
platinum using a SC7620 Sputter Coater (Quorum, Lewes, United Kingdom), and then mounted
onto stubs using carbon adhesive tape (NEM Tape, Nisshin Em. Co. Ltd. Tokyo, Japan) in
preparation for SEM. Samples were imaged with a JSM-6010 Plus (JEOL, Akishima, Japan) at 5
or 10 kV. Pore diameters were measured and calculated using ImageJ software (NIH, Bethesda,

MD).

6.2.4 XPS

The non-coated, Geltrex coated, pre-seeded, and medium treated scaffolds had elemental analysis
performed on their surfaces via XPS. Samples had their respective coatings applied to them, and

then the scaffolds were rinsed with water before being freeze dried. Samples we attached to the

113



sample holder using carbon adhesive tape. Samples were examined with an Axis Ultra DLD X-

ray Photoelectron Spectrometer (Kratos, Tokyo, Japan).

6.2.5 hNSC Culture and cortical neuron differentiation

Human neural stem cells hNSC-H14 (WBO0195) derived from the NIH-approved hESC-H14
(WA14) were obtained from WiCell Research Institute (Madison, WI, USA). The cells were
expanded and cultured following the supplier’s protocol. Briefly, Geltrex- or Matrigel-coated
tissue culture dishes were prepared according to the WiCell protocol for expansion, and hNSCs
were cultured on these dishes as monolayers. The hNSC culture medium consists of Neurobasal
medium (Gibco) supplemented with B27 (Gibco), N2 (Gibco), heparin (StemCell Technologies
Inc), MEM NEAA (Gibco), and GlutaMAX (Gibco). The cells were supplied with fresh hNSC
culture medium every other day. Human recombinant basic fibroblast growth factor (bFGF, Gibco)
and epidermal growth factor (EGF, Gibco) were supplied every day at 20 ng/mL. Cells were
passaged once they reached 90-95% confluency and were dissociated with Accutase or Versene.
Cells used in this experiment were collected from passage number 33-38. Cells were seeded onto
scaffolds at 100,000 cells per scaffold and had half-medium changes performed every day and
bFGF and EGF added every day at 20 ng/mL.

Pre-seeding scaffolds was accomplished by seeding the scaffolds at 100,000 cells per
scaffold. The sacrificial cells were collected from passage number 42. These scaffolds had half
medium changes performed every day and bFGF and EGF added every day at 20 ng/mL. After 3
days, scaffolds were placed directly in PBS and stored at 4C. All hNSCs were maintained in a
humidified incubator with 5% CO, at 37°C. Medium coated scaffolds were incubated in fresh,

fully supplemented culture medium for 1 hour at room temperature before use. Geltrex coated
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scaffolds were coated the same way 2D plates were coated, at a Geltrex concentration of 0.34
mg/mL. Scaffolds were plated with 200,000 cells per scaffold.

The differentiation of the hNSCs was initiated after 3 to 4 days by removing growth factors
and adding in BDNF and GDNF at 20ng/mL to the NSC culture medium. dBcAMP was also added
in at 0.5mM. Fresh hNSC culture medium supplemented with BDNF, GDNF, and dBcAMP was

added every 2 days to 2D controls and 3D samples.

6.2.6 Cell Metabolic Activity and Viability

An alamarBlue assay (Sigma Aldrich, St Louis, MO, USA) was used to monitor cell metabolic
activity. The scaffolds were placed into a new well, and then the new well was filled with a
alamarBlue working solution (10X dilution with DMEM culture medium, 110ug/mL resazurin).
The scaffolds were then incubated in an incubator. After 80 minutes, the fluorescence intensity of
the solutions was measured at 590 nm using an excitation wavelength of 560 nm on a SpectraMax
M2 microplate reader (Molecular Devices, Sunnyvale, CA, USA). A LIVE/DEAD
Viability/Cytotoxicty Kit (Invitrogen, Thermo Fisher Scientific) was used to evaluate cell viability
according to the manufacturer’s protocol. Cells were stained with Calcien AM at 1 uM for viable
cells and propidium iodide (Thermo Fisher) was used at 10 uM to stain for dead cells. The
scaffolds were incubated for 15 minutes at room temperature before imaging. The samples were
imaged using a Nikon TE3000 Inverted Microscope (Nikon, Tokyo, Japan). Percent area

fluorescence was determined using the Python modules Numpy and Pillow.

6.2.7 Flow Cytometry
The antibodies SOX2-AF647 (BD Biosciences, 560302), nestin-PE (BD Biosciences, 561230),

MAP2B-AF647 (BD Biosciences, 560382), DCX-PE (BD Biosciences, 561505), GFAP-AF488
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(BD Biosciences, 561449), TUBB3-PerCP/Cy5.5 (BioLegend, 801216), SOX2-AF647 (BD
Biosciences 560302), NeuN-PE (EMD Millipore, FCMAB317PE), and Ki67-PerCP/Cy5.5
(BioLegend, 350520) were purchased, and the antibodies were used as suggested by the supplier.
Cells were dissociated from their respective coating or scaffold with Accutase into a single cell
suspension, rinsed with PBS, and then stained for 15 minutes on ice with a dead stain (BioLegend,
891723). Cells were then fixed in 4% paraformaldehyde for 10 minutes on ice and stored in 0.5mL
Cell Staining Buffer (BioLegend) at 4°C until use. Next, the cells were permeabilized in 0.1 %v/v
Triton-X 100 in PBS and then washed with PhosFlow PermWash Buffer (BD Bioscience, San
Jose, CA). The cells were resuspended in 100 pL cell PermWash Buffer and then incubated with
fluorophore-conjugated antibodies for 40 minutes on ice in the dark. Next, the cells were washed
with PermWash Buffer, resuspended in 200 pL of buffer, and stained with DAPI. Cells were
analyzed on a LSRII flow cytometer (BD Bioscience) and analyzed using the FlowJo software

(Tree Star, Ashland, OR).

6.2.8 Immunocytochemistry

Cells were stained with MAP2 (Abcam, ab92434), CTIP2 (Abcam, ab18465), and TBR1 (Abcam,
31940) primary antibodies and Alexa-Fluor 594 (Invitrogen, A11042), Alexa-Fluor 488
(Invitrogen, A11006), and Alexa-Fluor 488 (Invitrogen, A11008) following the manufacturers
protocol. Briefly, the cells were cultured as described above but on Geltrex coated glass slides or
on their respective scaffolds. After the differentiation period was completed, the cells were rinsed
with PBS, fixed with cold 4% paraformaldehyde for 10 minutes on ice, permeabilized for 10
minutes on ice, blocked for 1 hour on ice, and stained with primary antibodies at 4°C overnight.
Cells were then washed and incubated with secondary antibodies for 1 to 2 hours on ice. Then, the

cells were washed once and stained with DAPI before being mounted in Prolong Gold antifade
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reagent (Invitrogen; Carlsbad, CA). Fluorescence images were acquired using a Nikon Eclipse TE

2000-S (Nikon, Tokyo, Japan) inverted microscope.

6.2.9 PCR

PCR was performed using SsoAdvanced SYBR Green Supermix (Bio-Rad) with a Bio-Rad
CFX96 Real-Time PCR Detection System. RNA was isolated using an RNeasy Mini Kit (Qiagen,
Valencia, CA) for each scaffold condition and time point. Reverse transcription was conducted
with an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). PCR cycles were run at 95°C for 3
minutes followed by 40 cycles at 95°C for 15 seconds, 58°C for 40 seconds, and 72°C for 30
seconds. The primer sequences were 90-110% efficient and the sequences are provided in
Supplemental Table S1. Targeted mRNA gene expression was normalized to GAPDH mRNA
levels. Relative fold changes in gene expression compared to the nondifferentiated 2D day 3

condition were calculated with Cq values analyzed using Bio-Rad CFX Manager software.

6.2.10 Statistical Analysis

The statistical significance of the data was determined using an unpaired two-tailed Student’s z-
test to evaluate the p-value between two data sets. The number of independent measurements or
experiments (n) is indicated in the figure captions. P-values that were less than 0.05 were
considered significantly different. Statistical analyses were performed in Microsoft Excel using a

student’s t-test.

6.3 Results and Discussion

6.3.1 Scaffold coating procedure and cell culture protocol

Noncoated scaffolds were used directly after sterilization and rinsing with PBS. Medium coated

scaffolds (Med-coated) were fabricated by incubating non-coated scaffolds in supplemented
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culture medium for 1 hour. Geltrex coated scaffolds (GT-coated) were made by incubating the
non-coated scaffolds in a Geltrex solution prepared following the manufacturer’s protocol. Pre-
seeded scaffolds (pre-seeded) were prepared by culturing a sacrificial cell passage on non-coated
scaffolds for 3 days, after which the medium was replaced with PBS, and the scaffolds were stored
in a fridge. The different coating protocols are summarized in Figure 6.1a. hNSCs were plated
onto scaffolds at 200,000 cells per scaffold. After 4 days, differentiation was initiated by
introducing BDNF, GDNF, and dBcAMP. The differentiation was allowed to proceed for 7 and
14 days, after which cells were collected for further analysis. This process is illustrated in Figure
6.1b, highlighting the difference in cell-cell interactions between 2D and 3D cell culture systems.
In 2D systems, cells are restricted to interactions in the X-Y plane, whereas in 3D systems, cells
can interact in all directions, including the Z-axis. This 3D interaction more closely mimics the in
vivo environment, fostering more physiologically relevant cellular behaviors.

The mechanical properties and microstructure of the scaffolds play a key role in supporting
the proliferation and differentiation of hNSCs. The porous structure, stiffness, and overall
architecture of the scaffolds directly influence cell attachment, growth, and the efficiency of

neuronal differentiation.
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Figure 6.1 Scaffold coating methods and experimental protocol for hNSC differentiation into
cortical neurons. (a) Schematic representation of the various scaffold coating protocols for
differentiating hNSCs into cortical neurons: medium-coated, Geltrex-coated, and pre-seeded
scaffolds. (b) Diagram outlining the experimental protocol for hNSC culture and differentiation
into cortical neurons. This includes cell seeding, cell interaction in 2D versus 3D environments,
and the timeline for differentiation induction using BDNF, GDNF, and dBcAMP, followed by
collection at 4 and 14 days.

6.3.2 Physical characteristics of different coating conditions

For SEM analysis, scaffolds were sputter coated and mounted on stubs using carbon tape prior to
imaging. The scaffolds demonstrated sufficient mechanical integrity to retain their structure
following removal from the culture well. The microstructure of the 6CS scaffold, shown in Figure
6.2a, shows uniformity throughout the scaffold, with open pores visible, allowing the penetration
of hNSCs into deeper regions of the scaffold. The average pore diameter of the 6CS scaffold was

63 + 23um.
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The elastic compressive moduli of both dry and hydrated 6CS scaffolds and brain ECM
are shown in Figure 6.2b. Since scaffolds are wet during cell culture, the hNSCs experience a bulk
compressive elastic modulus of 100kPa. For comparison, typical brain ECM has a compressive

elastic modulus around 5.7 kPa,?’®

although reported values for brain ECM moduli can range from
0.1kPa to 100kPa.?"7278

Figure 6.2¢ and 4.6d present XPS results for all scaffold coating conditions. Supplemental
Figure S6.10 shows the raw XPS spectra data for each coating condition, with survey scans
identifying the elemental compositions of sulfur and phosphorous. The carbon composition across
all scaffolds of different coating conditions remains relatively constant at around 60%. Oxygen
composition is the highest in the non-coated scaffold at 30% and the lowest in the pre-seeded
scaffold at 21%, with medium treated and Geltrex coated scaffolds falling between these values at
25%. Nitrogen composition peaks for the Geltrex and medium coated scaffolds at around 10.5%
and is lowest in the non-coated scaffold at 7% with the pre-seeded scaffolds showing nearly 10%
nitrogen content.
The sulfur composition is highest in the medium coated scaffolds and lowest in the non-coated
scaffold, with the Geltrex coated and pre-seeded scaffolds ranking between the two. The non-
coated scaffold has no sulfur in it. Phosphorous, another key element commonly found in the
extracellular matrices, is most abundant in the pre-seeded condition, indicating that the pre-seeded
scaffolds likely have a higher amount of protein adsorbed onto their surfaces. The presence of
phosphorous on the non-coated scaffold can likely be attributed to residual phosphate from PBS
wash during scaffold preparation.

Proteins typically found in Geltrex and produced by cells to form the ECM, such as

laminin, collagen, and heparan sulfate, contain both sulfur and phosphorus. As chitosan itself
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contains no sulfur, the observed increase in sulfur content in the coasted scaffolds is due to the
adsorption of these proteins onto the scaffold surfaces. Moreover, the variations in oxygen and
nitrogen composition provide further insight into protein coating. The oxygen content in chitosan
is around 40%, whereas in laminin and collagen, it is around 20%. Nitrogen content in laminin and
collagen is near 16%, while in chitosan it is around 7%. This means that introducing proteins to
the chitosan scaffolds reduces the overall oxygen atomic percentages while increasing nitrogen
content.

These data suggest that the pre-seeded scaffold has more overall protein coating than the
Geltrex-coated scaffold, though the Geltrex-coated scaffold exhibits a slightly higher sulfur
content, likely from sulfur-containing heparan sulfate. These findings highlight the different
surface chemistry across the various scaffold coating conditions, with implications for hNSC

attachment and differentiation.
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Figure 6.2 Physical characterization of 6CS scaffolds across different coating conditions. (a) SEM
image of a dry, 6CS scaffold showing its microstructure, with average pore sizes calculated from
at least 50 pores. (b) Elastic compressive moduli of dry and wet 6CS scaffolds compared to typical
brain ECM values (adapted with permission from*27®) Copyright 2007 JSME. (c) Atomic
composition data acquired from XPS for non-coated, Geltrex coated (GT), pre-seeded, and
medium (Med) coated 6CS scaffolds for carbon, oxygen, and nitrogen. (d) Sulfur and phosphorous
atomic composition data from XPS for the same scaffold conditions. A * indicates a P-value of
less than 0.05, while unmarked values indicate no significant difference between samples.

Figure 6.3 shows SEM images of scaffolds across the different coating conditions along with
corresponding XPS results. Figure 6.3a shows the non-coated scaffolds surface, which appears
relatively flat and free of debris, providing hNSCs ample surface area for attachment and
proliferation. The medium coated scaffolds shown in Figure 6.3b show string-like proteins and
some debris from the medium. These string-like proteins can also be seen, though less prominently,

on pre-seeded scaffolds, indicating the cells may have used these proteins in their growth cycle. In
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Figure 6.3c, the Geltrex coated scaffold shows clump-like proteins visible on the surface,
indicating potential uneven coating, or possible damage to the Geltrex layer during SEM sample
preparation.

Figure 6.3d shows that the pre-seeded scaffolds have an even protein coating and cell
debris layer, indicating that cells growing on the scaffolds generate ECM and other proteins that
may attach to the scaffold. Upon cell death additional proteins and cell debris contribute further to
this coating. Overall, these results indicate that pre-seeded scaffolds yield a more uniform and

consistent layer across the scaffold surface to compared to Geltrex or medium coated scaffolds,

enhancing attachment sites for hNSCs.

Figure 6.3 Surface characterization of various scaffold coating conditions. SEM images of a) non-
coated, b) medium-coated, c) Geltrex-coated, and d) pre-seeded scaffolds. The scale bar in the
main images represents 10 um and the scale bar in the inset images represents 1 um.
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6.3.2 Cell viability and proliferation

Cell attachment across various scaffold coating conditions can be seen in Figure 6.4a and 6.4b at
4X and 10X magnifications, respectively. In the noncoated scaffold cells appear in small clusters
with limited adherence. Similarly, cells grown in medium coated scaffolds form small clusters but
lack significant attachment to the substrate. For the Geltrex coated scaffolds, the cells can be seen
to be growing as single cells or small clusters and do appear to be adherent. The cells grown in the
pre-seeded condition can be seen to be growing in large clusters that appear to be somewhat
adherent to the scaffold wall.

Figure 6.4c shows the metabolic activity of the cells grown on different scaffold
conditions, revealing that pre-seeded scaffolds exhibited the highest metabolic activity among the
3D conditions, followed by the Geltrex-coated scaffolds. The non-coated and medium-coated
scaffolds showed minimal metabolic activity after 3 days of culture. Figure 6.4d quantifies the
percent area fluorescence of the Calcien-AM and propidium iodide-stained scaffolds after 3 days
of culture, showing agreement with the results from the alamarBlue assay. While both the Geltrex
coated and pre-seeded scaffolds have a similar percent area fluorescence for live stained cells, the
cells on the Geltrex coated scaffold are more spread out while the cells on the pre-seeded scaffold
tend to grow closer to one another, and a high cell density yields better differentiation results due
to cell to cell interactions.?’® A population of dead cells remains in the scaffold during culture since
the scaffold’s pore structure acts to shield the cells from being removed from the scaffold.

Sex determining region Y-related high mobility group box 2 (SOX2) is an important
transcriptional regulator in neural stem cells.?8® SOX2 regulates gene expression in NSCs, to both

281

maintain the multipotency of the cells and to help direct differentiation.*°' Nestin is an intermediate

filament protein that plays a role in the formation of tunneling nanotubes, which help regulate the
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multipotency of hNSCs.?®? Flow cytometry analysis results in Figure 6.4e and 6.4f show high
expression of multipotency markers SOX2 and nestin across all conditions, with detailed dot plots
and histograms in Supplemental Figure S6.11a and S6.11b, respectively. The non-coated
scaffolds have the lowest overall metabolic activity, and therefore, the non-coated condition was
eliminated from the subsequent characterizations. Overall, the live/dead images and the metabolic
activity data strongly correlate, suggesting the enhanced cell viability and proliferation provided

by the pre-seeded scaffolds.
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Figure 6.4 Cell morphology, metabolic activity, and protein expression of non-differentiated
hNSCs. Live (green) and dead (red) staining of cells at (a) 4X magnification and (b) 10X
magnification. (¢) Metabolic activity assessment using alamarBlue assay after 3 days of culture.
(d) Quantification of fluorescence area percentage from scaffolds stained with CaAM and
propidium iodide after 3 days of culture. Flow cytometry analysis showing (e) single positive
populations of SOX2 and nestin and (f) the SOX2/nestin double positive populations. At least
2500 cells were collected from 3 separate scaffolds and analyzed for flow cytometry. Asterisks *
indicate a p-value of less than 0.05, whereas absence of an asterisk denotes no statistical
significance between samples.
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6.3.4 Cortical neuron differentiation from hNSCs

To evaluate the progression of hNSCs towards cortical neuron lineage, cells were collected from
the scaffolds after 7 and 14 days of differentiation, followed by fixation. Flow cytometry was
performed to assess the expression of key neuronal and glial markers. The expression levels of
microtubule-associated protein 2B (MAP2B), a cytoskeletal protein crucial for dendritic stability

and neuronal functionality,’®*

and glial fibrillary acidic protein (GFAP), an intermediate filament
protein expressed in mature astrocytes, which is essential for maintaining cellular architecture and
intercellular communication of the cells.?®* Figure 6.5a shows an increase over time for the
expression of MAP2B in the pre-seeded and 2D control groups, indicating the cells have begun
the differentiation process and are moving towards maturing as neurons with around 50% total
expression for the pre-seeded group and around 20% for the 2D control group on day 14. Both the
medium coated and Geltrex coated scaffolds had a decrease in MAP2B expression over the 14-
day period, likely due to the cells in the medium coated and Geltrex coated scaffold being more
spread out or scaffold environment being unable to support mature neurons. Figure 6.5b shows
how the expression of GFAP increases for all the conditions, with a notable rise in the pre-seeded
scaffolds (from 4% on day 7 to 24% on day 14) and a more modest increase in the 2D control
group (from 3% on day 7 to 6% on day 14). Maintaining a healthy astrocyte population is essential
for neuron health and function.

Dot plots in Figure 6.5¢ reveal that the population of double-positive cells for MAP2B and
GFAP remained minimal for all groups on day 7 and day 14, which is expected because MAP2B
and GFAP are indicative of distinct neural lineages, with the former marking neuronal

differentiation and the latter marking astrocytic differentiation. Figure 6.5d displays the

histograms for MAP2B positive populations, which shows the cell distributions for each condition.
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Figure 6.6a shows the expression of beta-tubulin 3 (TUBB3), an immature neuronal

protein that regulates cell structure and migration.>*?

The TUBB3-positive population increased
significantly over time across all scaffold conditions. Notably, the pre-seeded scaffolds exhibited
a higher expression rate (84% at day 7 and 95% at day 14, respectively) compared to either Geltrex
coated scaffolds (72% and 88%, respectively) and the 2D control samples (47% and 67%,
respectively). This suggests that the pre-seeded scaffolds provide a more conducive environment
for early neuronal differentiation.

Figure 6.6b shows the positive populations for doublecortin (DCX), an early microtubule
associated protein essential to neurite outgrowth and migration.?®> the DCX-positive population
increased over time for the Geltrex coated, pre-seeded, and 2D control groups, while it decreased
for the medium-coated scaffold. Specifically, the pre-seeded scaffold showed a significant increase
from 25% on day 7 to 52% on day 14, and the 2D control increased from 8% to 23% over the same
period. This means that the Geltrex coated scaffold can support migratory neurons (DCX positive),
but not mature neurons (MAP2B positive), while the pre-seeded scaffold is able to support both.
This pattern highlights the enhanced differentiation capabilities of the pre-seeded scaffold
condition.

Dot plots in Figure 6.6¢ shows an increase in the double-positive population for TUBB3,
and DCX for all scaffold conditions, except for the medium treated scaffolds. This trend suggests
a progression of hNSCs from expressing immature neuronal markers (TUBB3) to more mature,
intermediary markers (DCX). The presence of double-positive cells indicates an overlap in the
expression of these proteins during the transitional phase of neuronal differentiation. Figure 6.6d
displays the histograms for the TUBB3 positive populations, reinforcing the higher differentiation

potential of the pre-seeded scaffolds.
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Analysis of cell viability (Supplemental Figure S6.12a) revealed that 7 days after plating
the pre-seeded and Geltrex-coated scaffolds had similar viable cell populations, around 53%, while
the medium-treated scaffolds had a slightly higher viability at 68%. The 2D control had the lowest
viability at 20%. By day 14, the pre-seeded scaffold condition displayed the highest viable cell
population (85%), followed by the Geltrex-coated scaffolds (73%), while the medium-treated
scaffolds decreased to 58%. The 2D control further declined 14%, indicating superior overall
survival rate in 3D scaffolds compared to the 2D controls. The medium coated scaffolds likely
lacked proteins on their surface needed for long term cell attachment, which affected their ability
to differentiate because cell attachment plays a role in cell differentiation.?8¢

Supplemental Figure S6.12b shows the SOX2 positive population of the various scaffold
conditions. SOX2 is a transcription factor essential for maintaining stem multipotency.?®” Over the
14-day period, SOX2 expression decreased in the medium coated and pre-seeded scaffold
conditions, indicating a reduction in stemness as cells differentiated In contrast, the 2D control and
Geltrex coated scaffolds showed an increase in SOX2 expression, with the 2D control reaching
the highest levels. This suggests that the differentiation environment in 3D scaffolds, particularly
in pre-seeded scaffolds, may more effectively promote neuronal lineage commitment, as indicated

by the declining expression of this multipotency marker.
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Figure 6.5 Flow cytometry analysis of MAP2 and GFAP expression in hNSC-derived cortical
neurons. hNSCs were differentiated on Geltrex coated 2D well plates (2D GT), medium treated
3D scaffolds (6CS Med), Geltrex coated 3D scaffolds (6CS GT), and pre-seeded 3D scaffolds
(6CS Pre) for 7 and 14 days. (a) The single-positive population for MAP2B, highlighting the

maturation of neurons (b) The single positive-population for GFAP,

indicating astrocyte

differentiation. (c) Dot plots showing the expression patterns of MAP2B and GFAP across the
different conditions, demonstrating distinct neural lineage differentiation. (d) Histograms for
MAP2B-postive populations, illustrating the increase in neuronal differentiation over time. At least
2500 cells were collected from 3 separate scaffolds and analyzed.
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Figure 6.6 Flow cytometry analysis of TUBB3 and DCX in hNSC-derived cortical neurons.
hNSCs were differentiated on different substrates for 7 or 14 days, including Geltrex coated 2D
well plates (2D GT), medium treated 3D scaffolds (6CS Med), Geltrex coated 3D scaffolds (6CS
GT), and pre-seeded 3D scaffolds (6CS Pre). The single-positive populations for (a) TUBB3 and
(b) DCX. (¢) Dot plots for TUBB3 and DCX. (d) Histograms for TUBB3-postive populations. At
least 2500 cells were collected from 3 separate scaffolds and analyzed.

200,000 cells were seeded onto each scaffold and allowed to proliferate for 4 days before initiating
differentiation. Cells were collected and fixed after 7 and 14 days of differentiation, followed by
immunocytochemistry to examine the intracellular localization of key proteins. MAP2B
expression, shown in Figures 6.7 and 6.8 (a represents the Geltrex 2D control, b represents the
medium treated scaffolds, ¢ represents the Geltrex coated scaffolds, and d represents the pre-
seeded scaffolds), was consistently detected throughout the study and became increasingly
concentrated in the dendrites over time, indicating ongoing dendritic development. Supplemental

Figures S6.13 and S6.14 further illustrate this trend, showing an increase in the expression of
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mature cortical neuron markers, t-box brain 1 (TBR1) and COUP-TF-interacting protein 2
(CTIP2). TBRI, a transcription factor that regulates the development and maintenance of cortical

neurons and aids in axon pathfinding,?®8

and CTIP2, a transcription factor that regulates neuron
fate, increased over time,?®” indicating progressive neuronal maturation. CTIP2 can hardly be seen
in the scaffold conditions due to the autofluorescence of the scaffolds and can be seen for day 7
and day 14 in Supplemental Figures S6.13 and S6.14, respectively.

TBR1 was mainly localized in the cell body and not in the dendrites in both for the pre-
seeded and Geltrex coated scaffolds, but was scarcely expressed in the medium treated scaffolds
on both day 7 and 14. In the medium treated scaffolds, MAP2B staining revealed that dendrites
often terminated close to the cell body on day 7, and by day 14, dendrites were no longer visible,
indicating suboptimal differentiation conditions. Cells in the Geltrex and pre-seeded scaffolds
appeared randomly distributed; however, those with positive marker expression adhered well to
the scaffold walls, indicating that cell attachment significantly influences differentiation success.
Additionally, dendrites formed by cells in the pre-seeded and Geltrex-coated scaffolds showed
higher interconnectivity between cells, even when the cells are located a long distance from each
other, while the medium coated scaffolds exhibited poor dendritic connectivity. As a result, the
medium coated scaffolds were excluded from further experiments due to their insufficient support
for differentiation.

Supplemental Figure S6.15 shows GFAP and MAP2 staining for both 2D controls and
pre-seeded scaffolds on day 7 and 14. GFAP expression was relatively low in cells grown in the
scaffolds compared to those grown in the 2D controls (Supplemental Figure S6.15a and S6.15b
for 2D control; S6.15¢ and S6.15d for pre-seeded scaffolds), indicating reduced astrocytic

differentiation in the 3D scaffold environments.
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TBRA1 MAP2B Merged

Figure 6.7 Immunostaining analysis of DAPI, TBR1, and MAP2 in -7-day differentiated hNSCs.
Immunostaining images of hNSCs differentiated for 7 days, grown on different coating conditions:
(a) Geltrex coated 2D well plates, (b) medium-treated 3D scaffolds, (c) Geltrex-coated 3D
scaffolds, and (d) pre-seeded 3D scaffolds. TBR1 is presented as green, MAP2B as red, and DAPI,
staining cell nuclei, is presented in blue. The scale bar is 50 pm.
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MAP2B Merged

Figure 6.8 Immunostaining analysis of DAPI, TBR1, and MAP2 in 14-day differentiated hNSCs.
Immunostaining images of hNSCs differentiated for 14 days on various culture conditions: (a)
Geltrex coated 2D well plates, (b) medium treated 3D scaffolds, (¢) Geltrex coated 3D scaffolds,
and (d) pre-seeded 3D scaffolds. Cells were stained with TBR1-green and MAP2B-red. DAPI,

staining cell nuclei, is presented in blue. The scale bar is 50 pm.

6.3.5 mRNA expression in differentiated hNSCs

PCR analysis was conducted to assess mRNA expression of key differentiation markers. Markers
analyzed include GFAP (a mature astrocyte marker), oligodendrocyte transcription factor 2
(OLIG?2), a gene that regulates oligodendrocyte differentiation,?*® DCX, MAP2, TBR1, and CTIP2
(Figure 6.9).>°! Figure 6.92a shows the gene expression on day 7, while Figure 6.9b shows the

data represented as a heat map. Figure 6.9¢ shows the gene expression on day 14 and Figure 6.9d
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presents the gene expression as a heat map. All data were normalized to undifferentiated hNSCs
control.

The cells from 3D scaffolds showed higher levels of differentiation markers compared to
the 2D controls. Notably, the pre-seeded scaffolds exhibited higher expression of GFAP and
OLIG2. GFAP is a mature astrocyte marker and OLIG2 is a mature oligodendrocyte marker. This
result indicates that the cells from the pre-seeded scaffolds exhibited faster progression towards
mature astrocytes and oligodendrocytes than the cells from the Geltrex coated scaffolds. DCX and
MAP2 are immature and mature, microtubule associated neuronal markers, respectively. The
initial higher DCX expression in the pre-seeded scaffolds, followed by a decrease by by 14 days,
indicates rapid transition to maturity. Conversely, MAP2 expression was higher in Geltrex-coated
scaffolds than in the pre-seeded scaffolds, indicating that the pre-seeded scaffolds may be more
supportive of maturation. 7BRI, an earlier mature neuron marker, and C7/P2, a mature cortical
neuron marker, were more expressed in the pre-seeded scaffolds, but decreased over time,
indicating a transition to mature neuron differentiation. In contrast, , all differentiation markers
increased In the 2D control over the 14-day period, potentially reflecting an earlier differentiation
stage than in the scaffolds, where mRNA expression declined, possibly due to cellular maturation

and senescence,?%>-2%4

meaning the cells differentiated into mature cortical neurons.

Multipotency markers including SRY-box transcription factor 1 (SOX1), SOX2, paired box
protein 6 (PAX6) (a transcription factor that regulates proliferation, multipotency, and
neurogenesis),?® and nestin, a cytoskeletal filament protein, were assessed and shown in
Supplemental Figure S6.16. Gene expression on day 7 and on day 14, along with their heat maps,

revealed a general decrease in these markers over time in 3D scaffold samples, suggesting

advanced differentiation. SOX1, SOX2, PAX6, and nestin were shown generally decreasing in the
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3D samples over time. These markers all increased for the 2D control samples. These markers help

control neuronal differentiation and decreases in these markers indicate the progression of

differentiation.
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Figure 6.9 Gene expression analysis of differentiation markers on day 7 and 14. Gene expression
analysis of hNSC differentiation for 7 and 14 days, comparing cells grown on Geltrex coated 2D
well plates (2DGT), Geltrex coated 3D scaffolds (3DGT), and pre-seeded 3D scaffolds (3DPre).
Results for day 7 are shown as a bar chart in (a) and a heat map in (b). Corresponding data for day
14 are presented a bar chart in (c) and a heat map (d). An * indicates a p value lower than 0.05

when compared to the 2D sample at the same time point.
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6.4 Supplemental Information

Supplemental Table S6.1 The sequences of primers used in qPCR analysis.

Primer Sequence
GAPDH Forward GGTGTGAACCATGAGAAGTATGA
GAPDH Reverse GAGTCCTTCCACGATACCAAAG

SOX1 Forward

SOX1 Reverse

SOX2 Forward

SOX2 Reverse

PAX6 Forward

PAX6 Reverse

nestin Forward

nestin Reverse

GFAP Forward

GFAP Reverse

OLIG2 Forward

OLIG2 Reverse

DCX Forward

DCX Reverse

MAP2 Forward

MAP2 Reverse

TBR1 Forward

TBR1 Reverse

CTIP2 Forward

CTIP2 Reverse

GCAAGATGGCCCAGGAGAA

CCTCGGACATGACCTTCCA

GCGAACCATCTCTGTGGTCT

GGAAAGTTGGGATCGAACAA

AACAGACACAGCCCTCACAAACA

CGGGAACTTGAACTGGAACTGAC

TCCAGAGCTGTCAATGACTCTAAG

GACCACTCCAGTTTAGAGGCTAAG

GAGGTTGAGAGGGACAATCTGG

GTGGCTTCATCTGCTTCCTGTC

AACAGTTTGGGTTATTTGGG

GGAGGAGTTTACCATTTGTG

TATGCGCCGAAGCAAGTCTC

TACAGGTCCTTGTGCTTCCG

TTGTCTCTAACCGAGGAAGCA

TCGTTGTGTCGTGTTCTCAA

ATGGGCAGATGGTGGTTTTA

GACGGCGATGAACTGAGTCT

CAGAGCAGCAAGCTCACG

GGTGCTGTAGACGCTGAAGG
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Supplemental Figure S6.10 Raw XPS spectra data for a) naked scaffolds survey scan, b) naked
scaffolds sulfur scan, ¢) naked scaffolds phosphorous scan, d) medium-treated scaffolds survey
scan, ¢) medium treated scaffolds sulfur scan, f) medium treated scaffolds phosphorous scan, g)
Geltrex scaffolds survey scan, h) Geltrex scaffolds sulfur scan, 1) Geltrex scaffolds phosphorous
scan, j) pre-seeded scaffolds survey scan, k) pre-seeded scaffolds sulfur scan, and 1) pre-seeded
scaffolds phosphorous scan. The raw XPS scans show clear peaks for oxygen, nitrogen and carbon.
The survey scans show clear peaks for sulfur and phosphorous for scaffolds that had a coating

applied to them.
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Supplemental Figure S6.11 Flow cytometry analysis of multipotency markers for 2D control (2D
GT), medium treated 3D (6CS Med), Geltrex coated 3D (6CS GT), and pre-seeded 3D (6CS Pre).
a) representative dot plots for SOX2 and nestin expression and b) histograms for SOX2 and nestin.
The dot plot representation shows many cells are able expressing both SOX2 and nestin, indicating
that both the 2D control and the scaffolds can support a healthy and multipotent cell population,
with all conditions showing over 90% double expression. The histograms show the single positive
populations for both SOX2 and nestin. Both the dot plots and histograms indicate that many of the
cells are coexpressing both multipotency markers. At least 2500 cells were collected from 3
separate scaffolds and analyzed.
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Supplemental Figure S6.12 Flow cytometry analysis taken from 2D well plates coated with
Geltrex (GT 2D), medium treated 3D (6CS Med), Geltrex coated 3D (6CS GT), and pre-seeded
3D (6CS Pre), grown for 7 or 14 days. a) viable cell population after gating for dead cells and b)
positive populations for SOX2. Viability of the cells shows that there are more viable cells in the
scaffolds than there are in 2D across both time points, with there being the highest percentage in
the pre-seeded scaffolds. Both the 2D control and the medium treated scaffolds saw a decrease in
viability between day 7 and day 14, while the Geltrex coated and pre-seeded saw an increase in
viability. The 2D control saw an increase in SOX2 (a multipotency marker) expression over the
14-day period, and the 2D control had the greatest overall expression of SOX2. The Geltrex coated
scaffolds saw an increase in SOX2 while both the medium treated and pre-seeded scaffold saw
decreases over the 14-day period. At least 2500 cells were collected from 3 separate scaffolds and
analyzed.
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CTIP2 MAP2B

Supplemental Figure S6.13 Fluorescence images of hNSC-H14 cells cultured for 4 days and
differentiated for 7-days using immunocytochemistry staining for CTIP2-green and MAP2B-red.
DAPI staining for nuclei are presented in blue. a) Geltrex coated 2D well plates, b) medium treated
3D scaffolds, c) Geltrex coated 3D scaffolds, and d) pre-seeded 3D scaffolds. Cells grown in 2D
showed CTIP2 stained appearing in the nucleus and MAP2B staining appearing in the dendrites,
while also showing interactions between cells. In the 6CS medium treated scaffold, not CTIP2
staining can be seen. While the MAP2B does appear weakly in the dendrite, there is no connection
to adjacent cells. In the Geltrex-coated scaffold, there appears to be a very weak CTIP2 expression,
while there is a strong MAP2B expression in the dendrite that appears to be adherent to the scaffold
wall. In the pre-seeded scaffold, the CTIP2 is expressed in the nucleus of the cells, while the
MAP2B is expressed in the dendrites. The dendrite can be seen extending out to form connections
with nearby cells. The scale bar is 50 um.
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Supplemental Figure S6.14 Immunostaining analysis for hNSCs differentiated on a) Geltrex
coated 2D well plates, b) medium treated 3D scaffolds, c) Geltrex coated 3D scaffolds, and d) pre-
seeded 3D scaffolds for 14 days. CTIP2-green and MAP2B-red. DAPI staining for nuclei are
presented in blue. Cells were cultured on Matrigel coated plates, Geltrex coated scaffolds, and
plain scaffolds. The scale bar is 50 um. In the 2D control sample, CTIP2 and MAP2B stained cells
can be seen, with CTIP2 appearing in the nucleus and MAP2B appearing in the dendrites and
nucleus. The medium treated 6CS scaffold has poor staining, with CTIP2 not showing up and
MAP2B being barely visible, indicating poor cell quality. The Geltrex coated scaffold shows weak
CTIP2 staining, but the MAP2B staining appears strongly in the dendrites. The pre-seeded scaffold
shows CTIP2 and MAP2B staining in the cells, and the dendrites can be seen extending out to the
scaffold walls.
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MAP2B Merged

Supplemental Figure S6.15 Immunostaining analysis for hNSCs differentiated on a) Geltrex
coated 2D well plates on day 7, b) Geltrex coated 2D well plates on day 14, c) pre-seeded 3D
scaffolds for 7 days, and d) pre-seeded 3D scaffolds for 14 days. GFAP-green and MAP2B-red.
DAPI staining for nuclei are presented in blue. Cells were cultured on Matrigel coated plates,
Geltrex coated scaffolds, and plain scaffolds. The scale bar is 50 pm. In the 2D control samples,
relatively high expression of GFAP stained cells can be seen, while in the pre-seeded 3D sample
there is little to no staining of GFAP. This indicates the scaffolds produce a larger percentage of
neurons and a low number of astrocytes compared to the 2D controls.
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Supplemental Figure S6.16 Gene expression analysis of 7 and 14 day differentiated hNSCs
grown on Geltrex coated 2D well plates (2DGT), Geltrex coated 3D scaffolds (3DGT), and pre-
seeded 3D scaffolds (3DPre). a) bar chart and b) heat map and on day 14 as a c¢) bar chart and d)
heat map. An * indicates a p value lower than 0.05 when compared to the 2D sample at the same
time point. Between day 7 and 14, the multipotency markers SOX1, SOX2, PAX6, and nestin all
increased for the 2D control group, while they decreased for the Geltrex coated and pre-seeded
scaffolds. This indicates that the cells are becoming less multipotent and moving towards their
differentiated state faster in 3D than they are in 2D.
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Chapter 7 Aligned, Porous Scaffold as a More Effective Modeling Culture Substrate
for Alzheimer’s Disease

7.1 Introduction

Alzheimer's disease (AD) is the seventh-leading cause of death for all adults in 2021 in the United
States.?”62*®  None of commonly prescribed pharmacologic treatments, such as
acetylcholinesterase inhibitors, methyl-D-aspartate receptor antagonists, B-amyloid removal
agents, and various B-amyloid targeting therapies, are effective in restoring or preventing further
progression of AD symptoms, which are typically characterize by the degradation of neurons.
Effective treatments and early detection of early onset AD are urgently needed to enable timely
intervention. Despite over three decades of research since the identification of B-amyloid plaques
and phosphorylated tau in neurofibrillary tangles, it is becoming clear that AD pathology is far
more complex than the traditional amyloid and tau hypotheses suggest..>*°32 A 99% failure rate
of AD drugs in clinical trials, showing no difference between the placebo and drug treated
groups,>® has led to the need for improvement of drug development tools as well as disease models
to help aid in the fundamental understanding of AD biology. The common preclinical targets
include AP (20%), tau (12%), neuroinflammation (12%), APOE, lipids, and proteostasis. While
the interplay between AP accumulation, neurofibrillary tangles (NFTs), and cognitive decline
involves complex mechanisms, genetic mutations that disrupt AP production and clearance are
strongly linked to Alzheimer's disease.

The ALZFORUM (alzforum.org) website has logged 196 preclinical mouse and 17
preclinical rat models with different AD pathophysiology features. However, it is difficult to
predict drug efficacy in human subjects based on success in rodent models due to inherent
differences, such as disease progression, between laboratory rodents and human subjects.’%

Rodents do not naturally develop similar AD histopathological hallmarks such as NFT, neuronal
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loss, or cognitive impairment.’® Variations between rodents and humans, including genetic
makeup, brain structure, age-related neurological decline, and immune function, hinder the

306

translation of successful animal studies to human patients.”*® Due to these issues, an increase in

307 Human

interest in harnessing human stem cell technology has been seen in the past decade.
induced pluripotent stem cell (hiPSC) technology enables disease modeling and drug discovery by
allowing researchers to use patient-derived cells, either healthy or diseased, to investigate disease-
related mutations and screen for potential therapeutics.**+*% Additionally, stem cell therapy using
hiPSC-derived cells for neurodegenerative disorders has also shown promising results.>>*!° The
use of patient-derived hiPSC cells allows the disease to be recapitulated in vitro to yield insights
for neuropathological mechanisms and patient specific drug screening. The genetic mutations and
their downstream pathways are able to be profiled to look for resulting gain and loss of other
potentially relevant physiological functions.?!!

Cell culture in three-dimensions (3D) allows for more physiologically relevant interactions
between neurons, glial cells, and extracellular matrices, which establishes an more realistic model,
with tissue-like spatial and morphological cellular organization. 3D models, including matrix-free

spheroids,*'?

organoids, and matrix-dependent cultures were developed for more efficient
generation of neural lineage cells and for the pathological features that were initially challenging
to recapitulate in 2D culture models.?'3-32! More efficient differentiation in 3D than in 2D has been
demonstrated, showing an increase in neuronal and glial cell maturation and an elevation in
neurotransmitter expresson.’?2323 However, these systems may not be readily translatable to hiPSC

models if the system was developed using immortalized cell lines such as ReNcells 238:316:324.325

The key challenges for disease modeling include heterogeneity across different batches,>?
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inability to recreate spatiotemporal signaling dynamics, and insufficient maturation or aging for
age-related neurodegenerative disease models like AD 316-327:328

Involvement of a matrix material into the modeling system provides a few advantages to
overcome these challenges. The matrix material simulated real AD brain microenvironment better
by retaining AP in the surrounding area and allowing for more AP aggregation. Human 4 repeat
tau isoform (4RTau) was expressed earlier or substantially higher in both a gel-based 3D model
and in brain of AD patients than in a 2D model.???>32%33% The matrix-supported culture models
could allow for long-term culture to be more stable by minimizing necrotic cores, via pore size
restrictions, to prevent immature neurons and simulated aging.3*' Appropriate matrix materials can
be tailored to support specific cell types, enabling 3D culture of cells at any stage neural
differentiation pathway, as well as non-neural cells like endothelial cells. Additionally, the matrix
can shield cells from shear stress and abrupt microenvironmental changes during culture handling.

The most popular material to facilitate 3D cell growth is Matrigel, a protein cocktail
derived from mouse sarcoma basement membrane ECM extract. Matrigel can be used as a 3D

331-334 or microspheres in suspension, 3

embedding layer at the bottom of wells, microfluidic chips,
either alone or with other stabilizing polymers.*3® However, Matrigel presents a few drawbacks as
a matrix for hiPSC disease modeling, such as the varied and undefined composition of Matrigel
leading to inconsistency in experiments or xenogenic affects.*3” Material selection for 3D matrices
in Alzheimer's disease modeling is critical due to the complex interactions between ECM
components and AP or tau deposition. While natural and synthetic polymers, often used in other
tissues, have been explored, hydrogels remain common for their compatibility with pipetting,
multi-well formats, and familiarity. However, hydrogels may isolate cells, limiting interactions

and providing insufficient structure for neurite growth and migration. Their use is further
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constrained by the need for high hydrophilicity and cell encapsulation. In contrast, porous 3D
scaffolds offer customizable architectures that better guide cell processes and expand design
flexibility in mechanical and surface properties.

A wider range of synthetic and natural polymers can be used to fabricate 3D scaffolds, as
the process does not require cell compatibility. For example, a honeycomb structure with around
30 pum thick walls and 240 pm wide pores was 3D printed from commercial resin using high-
resolution laser technology to support hiPSC neuronal differentiation, followed by coating with
Geltrex and laminin.?*® This study demonstrated that the 3D scaffold culture systems enabled long-
term cortical neuronal differentiation over 120 days whereas 2D controls could only be properly
maintained up to 50 days. Importantly, formation of neuronal network with synaptogenesis
occurred along the microstructure of the scaffolds. The elasticity of the resin was much higher than
the native tissue, with tensile elastic modulus at 1-2 GPa and the compressive elastic modulus at
0.2 GPa.**° Most studies reported softer matrices for hydrogels, similar to brain tissue, supported
neurogenesis better than stiffer gels, such as the case of collagen-alginate gels.>*® Stiffness and
degradability can also affect NPC maintenance.’*'34> Conversely, for porous scaffolds, the choice
of material, surface, and mechanical properties resulted in a profound effect on NSC maintanence
and expansion,>*® where even though the modulus was much higher than the native tissue, the
scaffolds were still able to support neurogenesis and synaptogenesis.

We previously showed that 3D porous scaffolds made from pure chitosan outperformed
chitosan-alginate, chitosan-HA, and collagen scaffolds in supporting hNSC maintenance and
neuronal differentiation. Three hNSC lines favored scaffolds with higher chitosan concentrations,

which correlated with increased elastic modulus and reduced negative surface charge. Higher
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chitosan content enhanced cell adhesion, proliferation, and multipotency, ultimately promoting
differentiation into cortical neurons.

Therefore, here we utilized similar 3D chitosan-based scaffolds to explore their potential
in establishing 3D AD model using hiPSC-derived neurons. The scaffold surface was either coated
with Geltrex or treated with conditioned medium. The neurons were derived from wild type or
hiPSC harboring Swedish APP mutation or PSEN1 mutation. HiPSCs were first cultured in the
scaffolds and then differentiated into human neural progenitor cells (hNPCs). Next, the hNPCs
were differentiated into neurons in their respective scaffold conditions. The overall differentiation
efficiency and the ability of the scaffolds to maintain the hiPSCs, hNPCs, and neurons were
evaluated. The production of AB40 and APB42 were compared between 3D and 2D controls. Gene
expression analysis compared key genes associated with AD pathogenesis including for A, tau,

B-secretase, y-secretase, synapses, metalloprotease, APOE, oxidative stress, and aging.

7.2 Materials and methods

7.2.1 Preparation of chitosan (CS) porous scaffolds

All scaffolds were prepared by lyophilizing polymer solutions in multiwell plates or tubes. The
solutions were prepared by dissolving the polymer and mixed in a Thinky mixer (ARM300, Thinky
USA, Laguna Hills, CA) at 2000 rpm for 3 minutes for 3—5 times. The solutions were then
homogenized in a blender for 5 minutes twice. Afterwards, the solutions were further homogenized
in the Thinky mixer to remove bubbles. To prepare for lyophilization, the solution was casted in
24-well plates or 15-mL tubes. The columnar structure was established by unidirectional freezing
utilizing precooled metal shelves at —80°C. The pure chitosan scaffolds were prepared by
dissolving medical grade chitosan (degree of deacetylation 98.3+ 0.1%, Matexcel, Cat. NAT-0030,

Shirley, NY) at 6 wt% (6CS) in acetic acid 1-4 wt% to form homogeneous solutions.
149



The lyophilized scaffolds were sectioned to 500 pm thickness, sterilized in 70% ethanol,
and rinsed in PBS. The coating of 3D scaffolds included Geltrex (GT; ThermoFisher, Cat.
A1413201) at 0.34 mg/mL protein and conditioned medium. The conditioned medium was
prepared by collecting medium before performing a medium change from 2D wells of CViA2 or

11D4 cell lines.

7.2.2 Microstructure characterized by scanning electron microscopy (SEM)

Scaffolds were examined using SEM to observe the microstructure before coating. To prepare
samples for SEM, the lyophilized scaffolds were sectioned into small pieces and attached on SEM
pin stubs by carbon conductive adhesive tape (NEM Tape, Nisshin EM. Co. Ltd. Tokyo, Japan).
Platinum conductive coating was applied in a mini sputter coater (SC7620, Quorum Technologies,
United Kingdom). The samples were imaged using a JSM-6010PLUS/LA analytical SEM (JEOL,
Tokyo, Japan) operating at 10 or 5 kV. For each type of scaffolds, 68 images were used for

measuring pore diameter with ImageJ to acquire 50 different measurements.

7.2.3 Physical Characterization of the Scaffolds

Uniaxial compression tests were conducted to evaluate the compressive elastic moduli of the
scaffolds using the Autograph Table-TOP Precision Universal Tester AGS-X (SHIMADZU
CORPORATION, Kyoto, Japan) at room temperature. The scaffolds were soaked in PBS before
testing. The wet scaffolds were compressed at a rate of 0.4 mm/min until they reached at least 40%
strain. The compressive Young’s modulus was determined from the slope of the linear portion of
the stress—strain curve, specifically within the 0% to 15% strain range. Alignment of the scaffolds

was determined using the Python packages numpy, pillow, scipy, and skimage.
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7.2.4 Cell Culture and hiPSC neuronal differentiation
The cell lines wild type control (CViA2 and I11D4), cell line harboring PSEN1 AE9 (E9), and cell

line harboring APP Swedish mutation (Swe22) were kindly provided Dr. Jessica E. Young
(Department of Laboratory Medicine and Pathology, University of Washington, Seattle).343-347
hiPSCs were cultured under feeder-free conditions and differentiated to hNPCs following
published protocols utilizing dual-SMAD inhibition. Briefly, hiPSCs were plated on Matrigel
(Corning, cat no. 356230) coated plates and fed with MTeSR medium (Stemcell Technologies).
Accutase (Thermo Fisher Scientific, cat no. A1110501) and 10 uM Rho-associated protein kinase
(ROCK) inhibitor Y-27632 (R&D Systems, cat no. 1254) were used for passaging. Neural
differentiation was induced by replacing the medium with Basal Neural Maintenance Medium
(BNMM) (1:1 DMEM/F12 + Neurobasal, 0.5% N2 supplement, 1% B27 supplement, 0.5%
GlutaMax, 0.5% insulin-transferrin-selenium, 0.5% NEAA, 0.2% pB-mercaptoethanol; Gibco,
Waltham, MA) containing 10 mM SB-431542 and 0.5 mM LDN-193189 (Biogems, Westlake
Village, CA). The cells were fed daily for 8 days and replated. The day following passaging, the
medium was replaced with BNMM with 20 ng/mL FGF (R&D Systems, Minneapolis, MN) and
fed daily. Cells were expanded and passaged when confluent.

Neuronal differentiation of NPCs to cortical neurons was performed in previously
published research.?¥-3%° Briefly, NPCs were grown in 10-cm Matrigel-coated dishes until
confluent and differentiated in neural differentiation medium (ND), consisting of BNMM with
GDNF (20 ng/mL PeproTech, Rocky Hill, NJ, USA), BDNF (20 ng/mL PeproTech, Rocky Hill,
NJ, USA) and dbcAMP (250 ug/mL Sigma, St. Louis, MO, USA) for 3 weeks. After 3 weeks, the
cells were passaged using accutase and replated into wells using ND medium and RI at 10uM.

After 1 day, the medium was changed to Brainphys medium (Stemcell Technologies) with GDNF
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(20 ng/mL PeproTech, Rocky Hill, NJ, USA), BDNF (20 ng/mL PeproTech, Rocky Hill, NJ, USA)

and dbcAMP (250 ug/mL Sigma, St. Louis, MO, USA) and were cultured for 4 weeks.

7.2.5 Live/dead staining

The viability and morphological features were monitored on a Nikon TE300 inverted microscope
(Nikon, Tokyo, Japan) after incubation with Calcein AM at 1 uM and ethidium homodimer-1 at 4
uM in complete culture medium for 15 minutes.

Confocal imaging was performed on a Leica SP8X confocal fluorescence microscope at
the University of Washington Keck Imaging Center. Image processing was performed on Leica
LAS X software (Leica Microsystems, Wetzlar, Germany) and IMARIS software (Bitplane,

Zurich, Switzerland).

7.2.6 Immunocytochemistry

The cell-scaffold constructs were fixed with cold 4% paraformaldehyde for 10 minutes at room
temperature. The fixed samples were permeabilized for 10 minutes with 0.5% Triton X-100 in
DPBS, blocked for 30 minutes and then incubated with primary and secondary antibodies diluted
in BD Phosflow™ Perm/Wash Buffer I (BD Bioscience). The incubation was at 4°C overnight for
primary and 1-2 hours for secondary antibodies and stained with DAPI. After washing 3 times, the
samples were embedded with Prolong Gold Antifade mounting medium (Invitrogen; Carlsbad,
CA, Cat. P36930) on glass slides. Fluorescence microscopy was done using a Nikon TE300
inverted microscope or SP8X confocal microscope as previously described. The following

antibodies were used: SOX2, Tra-1-60R, and nestin.
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7.2.7 Flow Cytometry

Cells were collected from the 2D controls or from scaffolds using accutase. The cells were then
fixed using 4% paraformaldehyde and stored in cell staining buffer (Biolegend) until ready for
staining. For intracellular staining, cells were permeabilized for 10 minutes on ice using 1% Triton
X-100 in PBS. For surface staining, the cells were not permeabilized. The samples were blocked
for 30 minutes before being stained with the antibodies according to the manufacturers protocol.
The antibodies used are OCT4 (Biolegend 653704), SSEA-4 (Biolegend 330412), TRA-1-60-R
(Biolegend 330618), SOX2 (Biolegend), nestin (Biolegend), Ki67 (Biolegend), SOXI
(Biolegend), CD44 (Biolegend 397508), CD184 (Biolegend 306506), CD24 (Biolegend 311110),

and CD271 (Biolegend 345112).

7.2.8 Functional Study

Cells were collected from the 2D controls and scaffolds after differentiating for 3 weeks and were
then plated onto 2D wells. After culturing in Brainphys medium (Stemcell Technologies) for 4
weeks, Fluo4-AM (ThermoFisher F14201) was added to the wells according to the manufacturers

protocol. Images were acquired using a Nikon TE300 inverted microscope.

7.2.9 Quantification of gene expressions by real-time quantitative PCR (RT-gPCR)

Total RNA was isolated using RNeasy Mini Kit (Qiagen, Valencia, CA). Reverse transcription
was performed with iScript cDNA synthesis kit (Bio-Rad, Hercules, CA). Quantitative PCR was
carried out using SsoAdvanced SYBR Green Supermix (Bio-Rad) or PowerUp SYBR Green
Mastermix (Applied Biosystems) with a Bio-Rad CFX96 Real-Time PCR Detection System. PCR
cycles were run for 3 minutes at 95°C followed by 40 cycles of 95°C for 15 seconds, 58°C for 40

seconds, and 72°C for 30 seconds. The primer sequences were with 90-110% efficiency and
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provided in Table 7.1. Targeted mRNA gene expression was normalized to GAPDH mRNA

levels. Relative fold changes in gene expression were calculated with Cq values analyzed using

Bio-Rad CFX Manager software.

Table 7.1 The sequences of primers used in qPCR analysis.

Primer Sequence 5’ - 3’

APP Forward CGAAATGCTTTAGGGTGT
APP Reverse AAGTGGAATCTTTGGAACAG
MAPT Forward AAGTCGCCGTCTTCCGCCAAG
MAPT Reverse GTCCAGGGACCCAATCTTCGA
3RTau Forward AGGCGGGAAGGTGCAAATAG
3RTau Reverse TCCTGGTTTATGATGGATGTT
4RTau Forward GAAGCTGGATCTTAGCAACG
4RTau Reverse GACGTGTTTGATATTATCCT
SYNGR3 Forward CGTCCTGGGTGTTCTCCATC
SYNGR3 Reverse CTGCTGATTTGCTGGAAGCG

SHANK?2 Forward
SHANK?2 Reverse
PSD95 Forward
PSD95 Reverse
NRF2 Forward
NRF2 Reverse
KEAP1 Forward
KEAPI1 Reverse
BACE1 Forward
BACE] Reverse
PSEN1 Forward
PSEN1 Reverse
PSEN2 Forward
PSEN2 Reverse
ADAMI10 Forward
ADAMI10 Reverse

CTGGCGAGCTGGGGTGATTA
TCAATGGGTGTGTCAGCTTTG
CTCAGGGTCAACGACAGCAT
AAGCCAAGACCTTTAGGCCC
AAACCAGTGGATCTGCCAAC
GACCGGGAATATCAGGAACA
ATTGGCTGTGTGGAGTTGC
CAGGTTGAAGAACTCCTCTTGC
GGGCTGGCCTATGCTGAGATTGC
GCACCACAAAGCTGCAGGGAGAA
TCTAGGGCCTCATCGCTCTA
GGCTGTTGCTGAGGCTTTAC
CGCTGCTACAAGTTCATCCA
ATGATGAGGTAGGCCTGCTG
ATGGGAGGTCAGTATGGGAATC
ACTGCTCTTTTGGCACGCT

7.2.10 AP 1-40 and 1-42 Analysis

AP peptides were measured as previously described.!* The conditioned medium of was harvested

from each culture condition 72 hours after replacing with the same volume of medium to measure
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secreted AP peptides. Concentration of A 1-40 and AP 1-42 was assessed using a human V-plex
AP Peptide Panel 1 (6E10) ELISA kit (Cat. K15200E-2, Meso Scale Discovery, Rockville, MD,

USA) following manufacturer’s instructions.

7.2.11 Statistical analysis

All data are presented as mean + standard deviation unless otherwise specified. Statistical
significance was evaluated on GraphPad Prism v.9 (GraphPad Software Inc., La Jolla, CA, USA).
Depending on the data set, unpaired two-tailed Student’s #-test, one-way ANOVA or two-way
ANOVA and Tukey’s test for post-hoc multiple comparison analysis were used and indicated in
captions. The number of replicates and p-values are stated in results and figure captions.

Differences were considered statistically significant at p-value < 0.05.

7.3 Results and Discussion

7.3.1 Scaffold Characterization

The nonaligned and aligned scaffolds were imaged using SEM, and the images of the nonaligned
and aligned scaffolds can be seen in Figure 7.1a and 7.1b, respectively. From the images, the
width of the pore size of the nonaligned scaffold is 81 + 25 pm and the aligned scaffold pore size
1s 189 + 49 um. These pore sizes allow plenty of room for cells to grow as clusters but also prevent
the cells from becoming too large and developing necrotic cores. Figure 7.1¢ shows the measured
compressive elastic moduli for the nonaligned scaffold and for the aligned scaffold in the direction
of the alignment. Both compressive elastic moduli are similar to what we expect the brain ECM
elastic compressive modulus to be. Figure 7.1d shows the relative pore alignment of both the

nonaligned and aligned scaffolds. The aligned scaffold’s pores are more aligned than the
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nonaligned scaffold pores. This means that the pore structure of the aligned scaffolds could help

the hNPCs and neurons to align in the direction of the pores.
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Figure 7.1 Surface and physical characterization of the scaffolds. SEM images of the a) regular
scaffold and SEM images of noncoated and Geltrex-coated scaffolds. The microstructure exhibits
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overall isotropic interconnect pores. Geltrex coating left a net-like fibrous residue on the surface
of the pores. Scale bars represent 100 pm. b) A columnar scaffold and SEM images from top and
side, showing the vertical columnar microstructure. Scale bars represent 500 um. e) The elastic
compressive moduli of the nonaligned and aligned scaffolds, f) the alignment of the nonaligned
and aligned scaffolds, and g) the pore size of the nonaligned and aligned scaffolds. An * indicates
a p less than 0.05. An n value greater than 3 was used for both tests.

7.3.2 Adhesion and Morphology of hiPSCs

The hiPSCs were plated onto nonaligned Geltrex coated, nonaligned condition medium treated,
aligned Geltrex coated, and aligned conditioned medium treated scaffolds for all 4 cell lines. The
hiPSC morphology and adhesion to the nonaligned and aligned scaffolds was evaluated using a
live/dead stain, and the images of the different scaffold conditions can be seen in Figure 7.2. The
hiPSCs adhere well to the Geltrex coated scaffolds and form clusters in the conditioned medium
treated scaffolds. The cells appear to adhere to the scaffold walls in the Geltrex coated scaffolds,
and the alignment of the pores can significantly impact the morphology of the cells. The cells
grown in the nonaligned scaffolds appear to be growing in random directions, while the cells grown

in the aligned scaffolds can clearly be seen to be growing along with the alignment of the pores.
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Figure 7.2 hiPSC adhesion and morphology evaluated via live (Calcien AM, green) and dead
(propidium iodide, red) staining. CViA2, [ID4, E9, and Swe22 cell lines were grown on nonaligned
Geltrex coated scaffolds (Nonaligned GT), nonaligned conditioned medium treated scaffolds
(Nonaligned CM), aligned Geltrex coated scaffolds (Aligned GT), and aligned conditioned
medium treated scaffolds (Aligned CM). The scale bars indicate 250 um.

7.3.3 Maintenance of the Pluripotency of the hiPSCs

The hiPSCs were collected for flow cytometry analysis after 4 days of culture. Flow cytometry
analysis of key pluripotency markers revealed that the scaffolds were able to maintain the
pluripotency of the hiPSCs when compared to the 2D controls. Figure 7.3a and 7.3b show the
percent positive populations for SSEA4 and SOX2, respectively. These markers were maintained

across all scaffold and cell conditions, with only a slight decrease being seen when compared to

158



the 2D. The percent positive population for the pluripotency marker OCT4 can be seen in Figure
7.3¢c. OCT4 was generally maintained across all conditions, except for the nonaligned Geltrex
condition for CViA2 and Swe22, the nonaligned conditioned medium treated condition for CViA2
and Swe22, the aligned Geltrex condition for E9, and the aligned conditioned medium treated
condition for CViA2. While there was a difference in these conditions, it was relatively small
(~0.2). The decrease could also be due to the 3D condition not being ideal for somatic cell
reprogramming. Figure 7.3d illustrates the percent positive populations for Tra 1-60, and the Tra
1-60 expression was well maintained across all the conditions. Figures 7.4, 7.5, 7.6, and 7.7 show
the immunostaining images for CViA2, 1ID4, E9, and Swe22, respectively. The Geltrex coated
scaffolds appear to be adherent to the scaffold, while the conditioned medium treated scaffolds
appear to be weakly adherent or nonadherent across all the cell lines. Cells grown in 2D showed
SOX2 staining appearing in the nucleus and TRA-1-60R staining appearing in the cytoplasm. In
the Geltrex coated scaffolds, the cells appear to be more adherent. While in the Geltrex coated
aligned scaffolds, the cells can be seen growing along with the aligned pores. SOX2 appears to be
mostly located in the nucleus and TRA-1-60 appears to be in the cytoplasm for the medium coated

scaffolds, indicating good maintenance of the hiPSCs in the scaffolds.
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Figure 7.3 Pluripotency expression from cells grown in the 3D scaffolds depicted as percent
positive populations for a) SSEA4 expression, b) SOX2 expression, ¢) OCT4 expression, and d)
Tra 1-60 expression. More than 3400 cells were analyzed in each condition, collected from 6
separate wells.
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Figure 7.4 Fluorescence images of hiPSC-CViA2 cells cultured for 4 days using
immunocytochemistry staining for TRA-1-60R-green and SOX2-red. DAPI staining for nuclei are

presented in blue. The scale bar is 50 um.
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Figure 7.5 Fluorescence images of hiPSC-1ID4 cells cultured for 4 days using
immunocytochemistry staining for TRA-1-60R-green and SOX2-red. DAPI staining for nuclei are
presented in blue. The scale bar is 50 um.
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Figure 7.6 Fluorescence images of hiPSC-E9 cells cultured for 4 days using
immunocytochemistry staining for TRA-1-60R-green and SOX2-red. DAPI staining for nuclei are
presented in blue. The scale bar is 50 um.
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Figure 7.7 Fluorescence images of hiPSC-Swe22 cells cultured for 4 days using
immunocytochemistry staining for TRA-1-60R-green and SOX2-red. DAPI staining for nuclei are
presented in blue. The scale bar is 50 um.

7.3.4 Adhesion and Morphology of hNPCs
The hiPSCs were then differentiated into hNPCs for 16 days. After differentiation, the hNPCs

were expanded twice in their respective scaffold condition before being used for subsequent

experimentation. The hNPC morphology and adhesion to the nonaligned and aligned scaffolds was
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evaluated using a live/dead stain, and the images of the different scaffold conditions can be seen
in Figure 7.8. The hNPCs adhere well to the scaffold walls in both scaffold conditions. The
alignment of the pores can significantly impact the morphology of the cells. The cells grown in
the nonaligned scaffolds appear to be growing in random directions (around the edges of the pores),
while the cells grown in the aligned scaffolds can clearly be seen to be growing along with the

alignment of the pores.

Aligned CM

Nonaligned CM Aligned GT

Nonaligned GT

cviazl

Figure 7.8 hNPC adhesion and morphology evaluated via live (Calcien AM, green) and dead
(propidium iodide, red) staining. CViA2, [ID4, E9, and Swe22 cell lines were grown on nonaligned
Geltrex coated scaffolds (Nonaligned GT), nonaligned conditioned medium treated scaffolds
(Nonaligned CM), aligned Geltrex coated scaffolds (Aligned GT), and aligned conditioned
medium treated scaffolds (Aligned CM). The scale bars indicate 250 um.
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7.3.5 hNPC Multipotency Maintenance and Differentiation Efficiency

After the cells were differentiated into hNPCs from hiPSCs, the hNPCs cultured for 4 days before
collecting for flow cytometry analysis. Flow cytometry analysis of key multipotency markers
revealed that the scaffolds were able to maintain the multipotency of the hNPCs after
differentiation when compared to the 2D controls. Figure 7.9a shows the percent positive
population for SOX2. This marker was maintained across all scaffold and cell conditions, with a
few exceptions such as the nonaligned Geltrex coated conditions for E9 and Swe22. The percent
positive population for the proliferation marker Ki67 can be seen in Figure 7.9b. Ki67 was
generally maintained across all conditions, except for the nonaligned Geltrex coated conditions for
E9 and Swe22 and the aligned condition medium treated scaffold for Swe22. Figure 7.9¢ and 7.9d
illustrates the percent positive population for the multipotency markers nestin and SOX1, and the
nestin and SOX1 expressions were well maintained across all the conditions except for the
nonaligned Geltrex coated conditions for E9 and Swe22 and the aligned condition medium treated

scaffold for Swe22.
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Figure 7.9 Multipotency expression from cells grown in the 3D scaffolds depicted as fold changes
compared to the 2D controls. a) SOX2 expression, b) Ki67 expression, ¢) nestin expression, and
d) SOX1 expression. More than 2000 cells were analyzed in each condition, collected from 6
separate wells.

7.3.6 hNPC Differentiation Efficiency
Figure 7.10a and 7.10b illustrate the differentiation efficiency from hiPSCs into hNPCs for the

cell lines CViA2, IID4, E9, and Swe22 in terms of the fold change and the overall percent positive
populations, respectively. In the 2 control cell lines, the 2D condition offered the best overall
differentiation efficiency. Among the scaffold conditions, the results indicate that the aligned
Geltrex coated scaffold offered the best efficiency for the CViA2 cells and the nonaligned
conditioned medium treated scaffold offered the best efficiency for the IID4 cells. Figure 7.10¢c
shows the histograms for CViA2, E9, and Swe22 cells grown in 2D and in the aligned CM scaffold
conditions, showing good distributions of the populations. Both the E9 and Swe22 cells had better

differentiation efficiency than the 2D controls across all of the scaffold conditions, however, the
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aligned conditioned medium treated scaffold offered the best efficiency.
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Figure 7.10 Differentiation efficiency of the cells grown in the scaffolds depicted a) percent
positive population and b) fold change. More than 5400 cells were analyzed in each condition,

collected from 6 separate wells.

7.3.7 Functional Neuron Study

After the initial 3 week differentiation period, the cells were passaged and replated into new 2D
wells and were subsequently differentiated for an additional 4 weeks before being stained with
Fluo-4 AM. Figure 7.11a, b, ¢, and d show the change in fluorescence divided by the initial

fluorescence for CViA2 cells grown in nonaligned Geltrex coated, nonaligned condition medium
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treated, aligned Geltrex coated, and aligned condition medium treated scaffolds, respectively. The
neurons were able to uptake calcium and subsequently release it. The cells that were originally
grown in 2D wells did not show any spontaneous signaling as seen in Figure 7.13a. Figure 7.12a,
b, ¢, and d show the change in fluorescence divided by the initial fluorescence for Swe22 cells
grown in nonaligned Geltrex coated, nonaligned condition medium treated, aligned Geltrex coated,
and aligned condition medium treated scaffolds, respectively. The neurons were able to uptake
calcium and subsequently release it. The Swe22 cells that were originally grown in 2D wells did
not show any spontaneous signaling as seen in Figure 7.13b. The cells grown on the aligned
scaffolds tended to exhibit more elongated morphologies and well defined neurite-like structures
extending between cells. Cells cultured in the scaffolds also tended to have more defined calcium
uptake and release, indicating the scaffolds help direct cell differentiation towards neurons when

compared to the 2D controls.
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Figure 7.11 Calcium imaging using Fluo4-AM in CViA2 cells cultured in different scaffold
conditions. Graphs show intracellular uptake of calcium as AF/Fo with representative images below
each graph showing calcium uptake and cell morphology. CViA2 cells grown on a) nonaligned
Geltrex coated scaffolds, b) nonaligned conditioned medium treated scaffolds, c) aligned Geltrex
coated scaffolds, and d) aligned conditioned medium treated scaffolds.
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Figure 7.12 Calcium imaging using Fluo4-AM in Swe22 cells cultured in different scaffold
conditions. Graphs show intracellular uptake of calcium as AF/Fo with representative images below
each graph showing calcium uptake and cell morphology. Swe22 cells grown on a) nonaligned
Geltrex coated scaffolds, b) nonaligned conditioned medium treated scaffolds, c) aligned Geltrex
coated scaffolds, and d) aligned conditioned medium treated scaffolds.
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Figure 7.13 Calcium imaging using Fluo4-AM in a) CViA2 and b) Swe22 cells cultured in 2D
conditions. Graphs show intracellular uptake of calcium as AF/Fo with representative images below
each graph showing calcium uptake and cell morphology.

Figure 7.14 shows the mRNA expression for various genes associated with synaptogenesis and
AD pathogenesis. The synaptic markers, synaptogyrin 3 (SYNRG3) and post synaptic density
protein (PSD95) generally increased for cells that were grown in 3D scaffolds, particularly for the
conditioned medium treated aligned scaffolds. This indicates that the aligned scaffolds were better
able to promote differentiation and synaptic connections between cells. The MAPT isoforms,
4RTau and 3RTau were generally upregulated in the aligned scaffold conditions, aside from the
4RTau expression in Swe22 cells. AP precursor protein (APP) and microtubule-associated protein
tau (MAPT) are two key markers in AD pathogenesis, and they were found to be upregulated in
the aligned scaffolds for all 3 cell types. B-site APP cleaving enzyme 1 (BACEI1) was also shown
to be upregulated in the aligned scaffold conditions for the diseased cell lines. These results

indicate that the scaffolds are able to promote more efficient differentiation of cells from hNPCs
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into neurons than the 2D controls and generally cause an upregulation of key genes associated for

AD pathogenesis.
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Figure 7.14 The mRNA expression normalized to the 2D cultured cell type for each cell type. The
results are presented as fold changes as described previously. 3°° The 2D differentiated cells were
set as 1-fold for each cell type.

7.3.8 Amyloid Beta Analysis

Medium was collected after the initial 3-week differentiation period before passaging the cells and
plating them onto 2D wells. The ratio of AR 1-42 to AB 1-40 is shown in Figure 7.15a and the
fold change compared to the 2D control is illustrated in Figure 7.15b. In clinical models, a
decrease in the AP 1-42 to AP 1-40 ratio is associated with Alzheimer’s disease, as more AP 1-42
builds up on the brain as plaque, hindering neuron function. 3°'2 In both cell lines, a decrease in
the AP 1-42 to AP 1-40 ratio is seen, indicating that the scaffolds are able to better model the in
vivo characteristic of Alzheimer’s disease, although in the control cell line only a significant
change in the nonaligned condition medium treated scaffold is significant. This is likely due to the

scaffold’s porous structure and surface charge, which allows it to better protect Ap 1-42 and AP
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1-40 during medium changes that may otherwise remove them. The scaffolds provide a better

model for AR accumulation in the brain, which could provide a better model for drug screening.
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Figure 7.15 Quantification of AB 1-42 and AP 1-40 shown as the a) AP 1-42 to AP 1-40 ratio and
b) AP 1-42 to AP 1-40 ratio fold change compared to the 2D control sample for each cell line. An

* indicates a p value of less than 0.05.
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Chapter 8 Summary of Major Findings

This dissertation presents the development and validation of chitosan-based biomaterials as a
robust platform for the culture, expansion, and differentiation of human neural stem cells. Through
systematic material design and biological evaluation, the research addresses key limitations in
current culture systems, including the lack of scalability, inadequate physiological relevance, and

non-compliance with regulatory standards for clinical use.

Chapter 3 demonstrates the influence of varying chitosan (CS) ratios within chitosan-
alginate (CA) and chitosan-hyaluronic acid (CHA) films on human neural stem cell (hNSC) fate.
The fabricated films exhibited consistent topography, favorable hydrophilicity, and a wide range
of mechanical properties, enabling a systematic exploration of the impact of polymer composition
on hNSC behavior. The 2D nature of these films allows for clear visualization and imaging of the
cultured hNSCs. Our findings demonstrated that pure CS films provided the most conducive
environment for ANSC adhesion and proliferation, and maintenance of multipotency, as evidenced
by light optical imaging, live-dead staining, alamarBlue assays, flow cytometry, and
immunostaining. This superior performance was observed despite absence of any exogenous
extracellular matrix proteins like laminin or fibronectin in the pure CS films.

The incorporation of chitosan to both alginate and HA films consistently resulted in
enhanced cell attachment, proliferation, and maintenance of multipotency compared to films
composed of solely of alginate or HA. Conversely, pure alginate or HA films predominantly
induced the formation of cell spheroids. While all chitosan-containing films supported adherent
cell populations for up to 4 days, except for the CA 1:3 ratio film, the HA films generally exhibited
a higher degree of cell adhesion. Collectively, these findings indicate that pure CS surfaces offer

a more favorable microenvironment for hNSCs compared to hybrid CA and CHA materials in
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terms of cell adhesion, proliferation, and the preservation of multipotency. Furthermore, this study
establishes a xeno-free and chemically defined 2D culture substrate that possesses significant
potential for migrating to 3D systems for future culture applications.

In Chapter 4, we developed a 3D microcarrier designed to expand hNSCs in dynamic
bioreactor culture systems. The microcarrier offers several advantages, such as providing
additional growth space and shielding cells from the dynamic environment. Our investigation into
the maintenance of hNSCs in dynamic cultures showed that the mechanical properties of the
scaffolds, including their compressive elastic moduli and localized micro- to nanoscale elastic
moduli, have a crucial impact on cell mechanosensing, structural integrity, and cell fate
determination. By utilizing pure chitosan, we successfully achieved xeno-free cultivation of human
stem cells suitable for clinical applications. Notably, this is the first study to expand hNSCs using
chitosan porous scaffolds in a dynamic culture system. The scaffolds maintained a stable
microstructure and demonstrated long-term durability without degradation. The scaffold pores
facilitated hNSC adhesion and distribution within a 3D space, while possessing appropriate
mechanical properties to support undifferentiated proliferation. When compared to collagen
scaffolds, the optimized chitosan scaffolds outperformed them in maintaining the proliferation and
multipotency of hNSCs. Moreover, the 4CS chitosan scaffolds were the best at supporting hNSCs
in terms of proliferation and multipotency, and we able to support hNSC expansion for up to three
weeks. Overall, this study presents a dynamic bioreactor culture platform utilizing chitosan

scaffolds as microcarriers capable of scaling up for ANSC production.

Chapter 5 demonstrates a novel continuous-flow rotational bioreactor system designed to
address key tissue engineering challenges through an adaptable, efficient, and cost-effective cell

culture platform. Its modular design accommodates various flask types and sample configurations,
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providing precise control over critical physiological parameters. A unique swivel connector
ensures continuous gas and media exchange during rotation, which reduces shear stress and
improves mass transport for enhanced reliability. The system successfully cultured cancer cells on
chitosan scaffolds and non-adherent cells, demonstrating its versatility. Integration with Arduino
and Python platforms supports customization, incorporation of additional sensors, and advanced
control algorithms to facilitate high-throughput testing, multi-sample processing, and complex
tissue culture models. This bioreactor serves as a powerful tool for tissue engineering research by
improving reproducibility, scalability, versatility, and affordability. Its tunable regulation of
environmental conditions maintains physiologically relevant cultures, while its user-friendly,
modular design accommodates researchers of all levels. These attributes make it suitable for
fundamental studies such as stem cell differentiation and tumor modeling, as well as clinical
applications in tissue regeneration and personalized medicine. Its cost-effectiveness broadens its
potential impact.

In Chapter 6, we fabricated 6CS scaffolds with various coatings or surface treatments to
assess their effect on the differentiation of hNSCs. The 6CS scaffolds provided a chemically
defined environment that closely mimics in vivo conditions, enhancing the efficiency and speed of
hNSC differentiation into cortical neurons. Notably, the pre-seeded 6CS scaffolds demonstrated
superior coating consistency and protein retention, leading to faster and more effective
differentiation. Compared to 2D controls, the pre-seeded scaffolds significantly enhanced the
expression of differentiation makers on day 14, with increases of 128% for MAP2B, 309% for
GFAP, 153% for DCX, and 42% for TUBB3. Cells grown in pre-seeded scaffolds exhibited

improved morphology and better attachment, indicating enhanced differentiation support.
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Gene expression analysis further confirmed that cells in the pre-seeded 6CS scaffolds
advanced towards mature cortical neuron phenotypes more effectively than those in Geltrex coated
scaffolds. Over the 14-day period, gene expression for key differentiation markers decreased for
the 3D samples while gene expression in the 2D samples increased, indicating the cells grown in
3D scaffolds are further along in the differentiation process than those in 2D. Even so, GFAP,
OLIG2, TBR1, and CTIP2 showed a 144%, 203%, 162%, and a 375% increase when comparing
the pre-seeded scaffold to the 2D control on day 14. While gene expression levels in 3D scaffold
cultures decreased over the 14-day period, suggesting maturation, expression levels in 2D cultures
continued to rise, indicating ongoing differentiation. By day 14, the pre-seeded scaffolds
outperformed 2D controls, with increases in GFAP (144%), OLIG2 (203%), TBR1 (162%), and
CTIP2 (375%), underscoring their potential in promoting quicker neuron maturation.

Overall, we have demonstrated a chemically defined 3D culture system that can effectively
differentiate hNSCs into mature cortical neurons. This 3D culture model could be a promising tool
for enhancing the efficiency of hNSC differentiation, potentially accelerating therapeutic strategies
for neurodegenerative diseases.

In Chapter 7 we demonstrated that our chitosan scaffolds provided a robust matrix to for
AD model constructs in vitro. The 3D culture not only supported hiPSC pluripotency but also
supported efficient differentiation into hNPCs and maintenance of the hNPCs. The scaffolds were
also able to effectively differentiate from hNPCs into neurons, showing higher levels of expression
of key neuron proteins than the 2D controls. The functional study indicates that the scaffolds were
able to better capitulate mature neurons and had higher levels of synaptic transmission and

expression than the 2D controls. Finally, the scaffolds caused the cells to produce higher levels of
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amyloid beta than the 2D controls, making it a more effective model of Alzheimer’s disease than

the 2D controls.

Collectively, these findings highlight the potential of chitosan-based biomaterials to
transform stem cell culture platforms by integrating biocompatibility, scalability, and functional
relevance. This work offers a pathway toward clinical translation of hNSC therapies and provides
a valuable foundation for the development of high-fidelity disease models. Future studies may
expand the platform to include additional neural subtypes, integrate biosensors for real-time
phenotype monitoring, or incorporate gene-editing tools to further explore disease mechanisms

and therapeutic interventions.
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